
Lawrence Berkeley National Laboratory
Recent Work

Title
THE TRANSPORT PROPERTIES OF CONCENTRATED ELECTROLYTIC SOLUTIONS

Permalink
https://escholarship.org/uc/item/6fs262m9

Author
Chapman, Thomas W.

Publication Date
1967-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6fs262m9
https://escholarship.org
http://www.cdlib.org/


UCRL-17768 

rlif'): 

University of California 

ErnestO. lawrence 
Laboratory Radiation 

THE TRANSPORT PROPERTIES 
OF CONCENTRATED ELECTROLYTIC SOLUTIONS 

1 ~ { 

Thomas W. Chapman 
(Ph. D. Thesis) 

November 1967 

TWO-WEEK LOAN COpy 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
for a personal retention copy, call 
Tech. Info. Diu;s;on', Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



UlIIVERSI'lf"'y OF CALIFORllJIA 

Lmu€nce Radiation l,aboratory 
B:srkeley, California 

ABC. Contract No. H-71~05-eng-48 

THE TFMmpORT PROPERTIES OF 
COIfCENTR';'T'.8D ELECTROLYTIC SOLUTIONS 

Thomas H. Chapman 

november 1967 

(Ph.De_ Thesis) 

UCRL-17768 



" 

I 

./{ 
-iii-

TABLE OF CON'l'El-!~S 

ABS':L'RA.CT 

10 nrrnODUCTIOI\T ••••••• 0 •••••• 00 •• b. 0 • ~ 0- •• 4).0 •••• 0. 0 eo. o ••. 0" .... <> 0 • 00. • 1 

II. . MASS TRAljSPORT IN DILVfE SOLUTIONS 0.0 •••••••••••••••• 0 ••••••• 7 

III ... MASS TRANSPORT IN CONCENTRATED SOLUTIONS .0 ........ 0 ••••••••••• 17 

IV. A SURVEY, OF 'l"'HE TRANSPORT PROPERTY DATA FOR BINA."Y 

v. 

ELECTROLYTIC SOLUTIONS ••••••••• ~o ••••••• o •••••••••• " ••• <> ••••• 29 

MEASUREj'iJENT OF'DIFFUSIVITY ..0 •••• 00 •••••••••••••••••••• 0 ••••• 

A. E:.:perir:lental 1,lethods for llieasuring ·Difi'usi~'lity • .......... 10 

1. Opt ical T<ethods 

2. Diaphragm Cell 

Conductometric Method •••• 0 .......................... . 

B. Pu~alY3is of Restricted Binary Diffilsion in 

Concentrated Solutions • ................................. 0 ••• 

C. An Experimental Method for the Observat ion of a 

Conce~tration Profile in Concentrated Solutions 

Rayle:'gh Interferometry •• o ••••• • ••••• ~ ••••••••••••••••••• 

D. Analysis Qf Rayle~gh Interference Patterns 0> •••••••• 1) ••••• 

94 

95 

99 

103 

105 

EX . .t'::;.ful,'E~rr.4.Y" APPAPATUS MID PROCEDURE .... •• i/o ... 0 ..... ~ ••• 0 •••• 0.. 112 

A. Optical Apparatus • ••••••••••• o ••• ~o._ •••••••• , •••• _ •••••• 112 

B. Optical Cells and Cell Holders o. •• o.oa- ••• o ................ . 116 

c. Misc~llaneous Apparatus .o.·.··· .. · ... ·~ .....• "o .......... . 123 

J. • •• 0 ....................... ' ..................... . 

z. ~f F~inges • ......... 0- ............. ~ ......................... . 1?7 

F!" T::ea-::.::er.t 0: Data ..................... " 0." ..... ........ J>.. .. ... ... . ....... . ... ..:...)1-

............ ,. -.......... '" .... .. 



VIL 

VIII. 

IX. 

-IV ... 

TABLE OF CO~ITE1~S (continued) 

EXF"SRIMENTAL RESULTS ••• of •••• It ••••••••• 0 ...... () ••• 0- ••••••••••• 

DISCUSSION OF RESULTS oe ••.••••••••• ., •••• o •• ~ •••••• · •••••• o •••• 

137 

142 

CONCLUSIONS AND RECOMMErIDATIONS ....................... 0·0 ......... 148 

ACKNOI<lLEDGEME?ITS 

APPENDICES 

.o ...... ooo •••••••• o •••••••••••••••• ~o •••• o ••• o.e •• e 152 

A. Funct ions Used to Fit Properties and Values of the 

Parameters for Various Systems .. 0 ........ ,,· •••••••••••••••• 0 l53 

Bo Binar.! Diffusion in a Diaphragm Cell ...... u eo ... eo ...... 0" 175 

C. Detailed Results of the Analysis of Restricted 

Diffusion ••••••••••••••••••••••••••••••••••••••••• ~ ••••• 186 

:N Oi':IEEC LA.TURE ........................................ ~ ............... .. 191 

REFEHE~'TCES .. " ••• <> ... " •••••• <> .•••••••• " .......................... " • " .. • • • • • • • •• 195 

, 

I 

, 



.;~ 

'J 

-v-

THE TRANSPORT PROPERTIES OF 
CONCENTRATED ELECTROLYTIC SOLUTIONS 

Thomas W~ Chapman 

Inorganic Naterials Research Division, Lay]rence Radiation Laboratory, 
. and Department of Chemical Engineering 

University of California, Berkeley, California 

ABSTRACT 

The fruitful application of refined analytic techniques for treating 

mass transfer problems in electrochemical systems, whether these systems 

be expe:rirlental tools or industrial pr:::-ces.ses, requi:"e.s accurate 'ralues 

:Jf the transp~rt pYJperties ::;f electrolydc 30iuti::ms. tIe in-restige.te 

here some problems in the definition, measurement, and c:Jrrelation of 

these properties in concentrated solutions. 

The flux expression which is usually used for describing mass transport 

in electrolytic solutions is inadequate at high concentrations and in 

mUlticomponentsystems. We discuss a set of flux expressions which are 

generally applicable. These equations serve to define the proper nULiller 

of independent transport properties which are state properties of a system 

and which have a more direct fundamental significance th,m those measured 

experir.'lentally. To hlVestigatethe dependence of these transport proper-

ties on concentration and temperature, '.ve calculate their values for the 

32 systems for which sufficient data are available. Z~e behavior of the 

calculated pro:perties is Uluch mGre system3.tic tn3.rl that of the·neas'..l.red 

pToperties. We i!lterp~et the ionic diffusi.:)n coeffi.cients defi~ed ~l'- sur 
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The concentrated-solution flUx equations may also be used to analyze .. 

experimental measurements. Their application demonstrates that a restric;,." 

ted diffusion measurement yields a well-defined differential diffusion 

coefficient. We develor a restricted diffusion apparatus which uses 

Rayleigh interferometry to observe a concentration profile. The method 

appears to be accurate to 0.2 .. percent. It is used t0measure the diffu-

sivity of nitric acid in vlaterat 25°C at concentrations up to 3 M. The 

results are consistent with qualitative generalizations drawn from the 

behavior of the transport properties calculated for other systems. 
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1. IN'rRODUCTION 

Progress in the analysis, design, and control of most engineering 

systems requires an accurate description of the distribution and motion 

of various chemical species within the system. In electrochemical systems, 

in particular, rates of reactions are often determined by how fast the 

reactants and products, usually ionic species, are transported to and 

frcmthe reaction sites, the electrode surfaces. Since the current 

passing through a cell is carried by ions, the resistance of the cell also 

deped.s up:m the InJtbn of the iCJns in solution. ~·:ass transfer calcula-

tionsin cases of practical interest usually require a knOi~ledge of the 

diffusion coefficients of individual species, as well as the electrical 

cond~ctance, in a multicomponent solution over a range of temperatures 

and conceCltrations. ;;s the engineering techniques for analyzing such 

mass transfer problems become more refined, the lack :::d accurate data for 

the transp'Jrt properties will become an increasingly serious dra"·iback. 

This the sis is c·::mcerned with the investigation of the transport proper-

ties, and in particular, the measurement of diffusbn coefficients in' 

electrolytic solutions. 

~~e cOGplete, quantitative description of Electroche~ical systems is 

composed of a nwriller of algebraic and partial diffErential equations, their 

pa:c2.~~'2":;e:;,~S, s-:.c. tr-,ei:r ocundarycJnditions. ?irst::f all, ;::n:!.e can writE 

ce.' 
1 

at 

for eaci~ 

- -q • rL + R. 
-l l' 

~. vne for::.: 

(I-I) 
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'. where ~i is the concentration of species i, t is time, !i. is the flux of 

speci~s_i, andRiisthe rate of generation of iinthehomogeneou8 phase .. 

The current density 2:.. through a solution is the algebraic summation of·. 

the fluxes of the various speciestinies their charges: 

i = F2:z.N. 
i 1-1 

where F is Faradayt s constant. An ,additional restriction in this situation 

is the condition of electroneutrality, expr.essed as· 

2: z:'c. = 0 '. 
i 1. 1 

(I-3 ) 

Because the solution iscond.ucting, it can support no appreciable net 

charge density in the bUlk phase. 

The solution of these three equations requires the specification of 

an expression for the flux .~. and a sufficient number of boundarycondi­

tions for the various dependent variables. The nature of the boundary 

conditions depends on the particulars of the problem at hand, and often 

they involve problems in the area of electrode kinetics. We shall not 

consider these; it is the question of the flux expression with which we 

are particularly concerned. 

The problem of describing the flux has two aspects. First, one 

must write equations which correctly relate the fluxes N. to the driving 
-1 

forces for transport. Such equations define a nUmber.of parametric co-

efficients, the transport properties, which shoUld be measurable state 

properties of the system depending only on pressure, temperature, and com-

position and independent of the gradients. 

.' r";;. 
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The second part of. the problem is to systematize the experimental 

information about these properties and their variation. Ideally, the 

organization ,of data should be done within the framework of a theory 

soundly based on a knowledge of the microscopic structure of matter and 

molecular interactions. Resulting correlations provide a reliable basis 

for extrapolation arid prediction of data. Since no such theory has been 

developed for electrolytic solutions,the organization of data must take 

the form of .qualitative generalizations and strictly empirical correla~ 

tions of available measurements. 

In the inveEtigation of transport properties, one must take care to 

distingUish between a state property and one which depends on the method 

by which it is measured. Transport properties, in general, depend upon 

concentration. A differential diffusion coefficient is a quantity well-

defined by an appropriate flux expression and corresponds to one particular 

concentration. An integral diffusion coefficient, on the other hand, 

represents some sort of average of the differential diffusion coefficient 

over a region of varying concentration. Many experiments yield integral 

diffusion coefficients because their analyses involved the assumption 

that the transport properties are constants. Such experiments should be 

analyzed more carefully to determine the relationship between the measured 

quantities and the differential coefficient. Only then does one have 

confidence in interpreting the results theoretically or applying them to 

another situation. 

In Chapter II of this discussion we present a summary of the relations· 

which are usefUl for describing transport in dilute solutions. Although 

the flux expression discusseu in that section is an approximation, it is 
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one which has been used quite generai1y andhas.been successful in making 
. . 

tractable. ma~y very complicated problems. It also· serFes to define the 

transport properties which are measured and reported in the literature. 
. . 

t\ 

. Since all the~icroscopic theories. oftranspo:d in electrolytic solutions I,:.! 

are limited by the· nature of their models to very.dilute solutions, we. 

include the discussion of thesE;! in Chapter II in conjunction with the 

macroscopic flux expression for diiute'solutions. 

In more· concentrated solutions and particU:1a:r'ly in mUlticomponerit 

systems, the approximate transport relations described in Chapter II prove 

to be inadequate. It is necessary to construct a more complicated flux 

expression which takes into account the cross effects of the fluxes of 

various species on one another and the fact that the appropriate driving 

forces for the transport of charged species are gradients of electro-

chemical potential. In concentrated solutions the flux of the solvent 

must also be considered, and the question of a frame of reference resolved. 

A set of flux relations which encompasses these effects is described in 

Chapter III. 'I'he equations presented there provide unambiguous definitions 

of the transport properties which characterize the irreversible phenomena. 

It is such well defined quantities that one should consider in any 

attempt to construct a molecular theory of transport properties or even 

an empirical correlation for their prediction .. ' Furthermore, the precise 

specification of the properties ·Vlhich are measured requires that the 

experimental methods be analyzed by means of these more general flux 

expre s s ions. 

Before it is possible to deal with the complicated problem of the 

properties of multicomponent s;jlutions, for which data are practically 
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nonexistent, we must first investigate the behavior of the transport 

properties of binary systems. In Chapter IV we summarize the available 

mass transport data for concentrated binary solutions for which it is 

possible to calculate the transport properties defined in Chapter III. 

Such calculations reveal the dependence of the defined quaritities on 

temperature and composition. On the basis of these observations, we draw 

some tentative 'conclusions about the characte:ristics of ionic diffusion 

coefficients which may guide us in estimating values for systems where.·· 

no measurements have yet been made. 

In order to develop qUarititative correlations, howeve:r, it is 

necessary to have much more diffusion coefficient and transference number 

data for concentrated solutions. In Chapter V we discuss the various 

methods now available for measuring di:ffusivity. Since none of these have 

been carefully analyzed for the case of concentrated solutions, we develop 

anew method for which this is possible. The new method is a hyb:rid of 

the restricted diffusion arrangement used I'd th dilute solutions and an 

optical technique which makes it applicable to concentrated solutions. 

Thus, we create a tObl for providing more of the requisite data. 

In Chapter VI are described the apparatus and procedures which were 

used in the experimental work. The method was tested by measuring the 

diffusivity of concentrated potassium chloride at 25°C, the accepted 

standard; it was then used to study nitric acid, for which no values 

have been previously available. 

Chapter VII presents the experimental results; these are discussed 

in Chapter VIII in relation to the qualitative generalizations suggested 

in Chapter IV. Also considered here are some 6f the problems of estimating 
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. ,',. 

'th~ diffuSioncoeffic:i.ent~ in mUlticomponent systems:fromblna:.ry s~lutlon 
-'"; .. -

. .,.. .... , , 
, , 

'Since" the' problem ofrnasstransport inelectrdlytic solutions is both ' 

vastandcompllcated, 'tllis ,thesis must' becollsidered' an -exploratory study , \1; 

to det(:!rmine what further Work should be done to provide ' .. ~he nece ssa~y 
, , 

d,atafor practical engineerin:g cal~ulati6hs. "EXisting rrdC:h::>scopi(! theories 

are not Of'anyuse,in predicting'values of technological :interest. We 
. ", , . '. ," :' ," '. 

are forced at this point to look at what eXr>e:dmental data th~re are~ and" 
. ",.. 

to supplement these data; in order to discern what empirical correlations. 

may exist and what general featUres ,ofbeha,vior~ust be accounted ·for by 

any future theoretical' efforts.ThEf cot),clusionsof this study and 

reconnnendations fortheciirection of additional work in thi·s area appear 

in Chapter IX. 

• ,!-.. 

, "~'" 



~} 

-7-

II. MAss TRANSPORT IN. DILUTE SOLUTIONS . 

To solve the equations given in Chapter -I, . one needs an expression 

for the flux of species i, N.. It is the usual practice with electrolytic 
-~ 

.' 44 
solutions to write that 

N. = z. uiFc . VtI> - D. 'Vc. + c. v 
~ ~ . ~ ~ ~ ~-

(II-I) 

where zi is the valence or charge number of species i, ui is the mo-

. bility of species i, <I> is the electrostatic potential, D. is theidiffusion 
~ 

coefficient of species i, and v is the fluid velocity. Equation (II-I) 

states that the flow of a species is due to molecular diffusion, convection 

byt he fluid motion, and electrical migration if the particles are charged. 

The first term defines the mobility, and the second, an expression of Fick's 

law, defines the diffusion coefficient. Since Eq. (II-I) involves the 

fluid velocity, it is also necessary in the description of mass transport 

to determine the function v from the fluid mechanical equations of con-

tinuity and motion. 

In a binary electrolyte and in the absence of current, the condition 

45 of electroneutrality requires that both ions diffuse at the sa.me rate. 

It is then possible to write the flux expression for the salt, 

Ns = -D Vc + cv , (11-2 ) 

where the diffusive flux is characterized by the diffusion coefficient 

of the salt, D, defined by 

D D (z Z ) 
+ - +-

(z D -z D ) + + .;.-

(II-3 ) 
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'" ... 
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c 
~c'" c, + ,- (II:-3a) ~=~ ..• 

.. " + '.-

"Whentbere is ,an el~ctric. field but"no concent'ration: gradient in the 

soluti~ri, :the ~cpXrent is given by" 
'. 

i - ~(# 2:z
i
2 u.c.)'W> 

•. J: 1. 
(11-4) 

1. . 

Byana'iogywithOhmfs law, theCdndUctlv:tty' or specific conductance of'. 

the solution,.K,' is idEmtified as • 

K (11-5) 

As a matter of co:mrenience one defines the equivalent conduetanceof a' 

solution A as 

A 
K 

N (II-6) 

whereN is the normality of the solutiOn given by 

N ::: Z C - ·-z c 
+ + 

.. (II-7) 

The transference number of an ion j is defined as the fraction Of 

the total current flowing in the solution which is carried by species j., 

That is, when Ve
i 

::: 0 and!. 1= 0, the current carried by species j is 

t.i 
J:'-

::: -~ zju .. e .. 'W> 
JJ 

2 z. u.c
j J ' J 

2 
L.z. u.C. 
i 1. 1. 1 

, (It-8) 

, 

... ---.-,.-, 

:'.: 

,,~. 

-' ... 

. .: 
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where tj must be 

and 

-9".. 

2 

tj ::: 
z;! UjC~. 

2 
L: Z; u.c. 
i 

1. 1. 1.. 

L: t. = 1.0 
1. 

i 

, (II-9 ) 

(II-IO) 

The transport properties D, K, and tj are the ones which are measured 

experimentally, used in mass transfer .calculations, and interpreted by 

microscopic theories. ' 

In the interpretation of the transport properties one should first 

of all realize that the correct driving forces in linear phenomenological 

laws, such as the first two terms in Eq. (II-I), are gradients of thermo­

dynamic potentials. 18 The true driving force for diffusion is not ,a con-

centration difference but a g:radieilt of chemical potential. Whenthe 

appropriate thermodynamic correction is made in Eq., (II-2), for instance, 

. 69 
one finds that the coefficient of theoretical interest takes the form 

of D/( 1 + .~ !~ ~) ,where y is the activity coefficient of the salt on a 

concentration scale. It is found that this quantity is much more constant in 

very dilute solutions than is the quantity D, by itself. 

Since the mobility ui can be defined in terms of the velocity a 

species attains resulting from a generalized force,65 it can be related 

to the coefficient of the diffus ion term in Eq. (I!-l) when this term 

involves a thermodynamically a.ppropriate driving force. At infinite 

dilution, where the activity equals concentration, such a force is 

RT V in c i ' and the resulting flux is -ui RT V in c i " Comparing this 

expression with the definition of Di in Eq. (II-I), one obtains the 
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Nernst-Einstein relation, 

D. = u. RT '. 
]. ]. 

(II-II) 

Note that this relation between ui and Di is true only at infinite dilu':'; " ' :f, 

tion~ 

KohJ,.rausch's 'lawof independent migration of, ions' states that the 

equivalent conductance at infinite dilution flO can be expressed as the 

suni of ionic' contributions, 

flO = AO + AO , +' (11-]2 ) 

whe,re the ionic limiting equivalent' conductances ~ide:pendonlY on the 

nature of the individual ion, the' solvent, and the temperature. The ions 

are so far apart that they do not influence one another. At infinite 

dilution the ionic transferencenurnbers, are gi venby 

t .(0) 
J 

~O 

= ~ 
flO 

The limiting mobilities u~ are related to the ~~ by 
]. ]. 

° u. 
]. Iz.l~ 

]. 

, 

(11-13 ) 

(II-14 ) 

and the ionic diffusion coefficients 'in the limit of zero concentration, 

D~ 
]. 

~~RT 
]. 

Iz.l~ 
]. 

(1I-15) 

From the foregoing relations for infinitely dilute solutions and 

Eq. (II-3) one ~an derive, the limiting value of the diffusion coefficient 
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of a salt to be 

RT 
z -z A,0A,0 

·n° ,+ - + -
=j- • -z z A,0+A,0 + - +-

(1I-16) 

This quantity is kn:)wn as the Nernst limiting value. At very small but 

finite concentr~tions one may account for most of the concentration 

dependence of n by writing 

n=no(l+d'i.n y ) 
d in c .' (1I-17) 

which is known as the Nernst-Hartley relation. 

Elaborate theoretical efforts to explain and to calculate the con-

centration dependence of the transport properties as they change from 

their limiting values 60 have been made by Onsager and Fuoss. Their vlork 

has been discussed at great length in a number of treatises15,29,67 so we 

shall not attempt to describe it in any detail. Essential1y, their model 

deals with two effects, the relaxation effect and the electrophoretic 

effect. The relaxation effect OCCUTS in the phenomenon of ionic con-

ductance. When oppositely charged ions are migrating in opposite directions, 

the equilibrium distribution :fu:qctions of the ions, given by the Debye-

Ruckel theory, are distorted from spherical symmetry_ This causes a.n 

electric field to be generated between the ions vlhich opposes the applied 

field and thus retards the motion of the ions. Onsagerfs limiting 

expression for this effect on conductance is 

q (z -z )1/2 
,- +-

1+ "'q 
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B 
e3.JJJii -
-- 3_ 

E == the dielectric constant-

- and e = the electronic charge •. _ 

Higher order temrs -in suchan e~pressionmay be-generated as the- number _­

ofJiJathematical~pproximations in the analysis is reduced. Equatioh 

(II;..18) haS been definitely confirmed byextreme-lycareful conductahce -­

nieasure_ments inverydilui;e solutions. One of -the more pe-rpleX:ing-p~obl~ms • 

-in- extending the theory to more concentrated solutions is-the question of' 

what effective dielectric constant applie_s as the ions get within a few 

water molecule's diameters 'of one another. 

The concept of an electrophoretic effect is based ona hydrodynamic 

model and is therefore of dubious worth. The assumption that particles 

of the same dimensions as the solvent molecules follow the stokes I. flow 

equation - for spheres in a viscous continuum is certaihlyuntenable. 

- 27 - -
Harned was able to make precise diffusion co~fficient measurements in 

very dilute solutions of many salts and claimed to verify the electro­

- 24 
phoretic __ correction. Guggenheim, however, has analyzed Harned I s data 

forsodiuinchloride and potassium chloride very carefully and concluded 

that the calculated electrophoretic correction is no larger than the 

experimental error. 76 Stokes has also pointed out th¢ inconsistency 

of the second electrophoretic term for unsymmetrical electrolytes vlith 

the linearized Boltzmann distribution. Since the calculated effect is 

small, particularly compared to-the activity coefficient correction in 

diffusion; and claimed to be applicable in only very dilute solutions 
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anyway, woe shall not consider itf'urther. * This is not to say that Har-

:Qed I S measurements are not important. They do serve to verify" the validity" 

of Eq. (11-17) in dilute solutions. 

other workers have endeavored to extend the microscopic theory of 

"" 11 62 
electrolytes to higher concentrations. Falkenhagen, Pitts, and 

Mirtskhulava54 obtain slightly different forms for the higher terms in 

:the conductance equation than do Onsager and Fuoss,but their results are 

not essentially different because they all base their work on"the 

•• " 13 
Debye-Huckel theory and the dilute solution flux formulation. Friedmari 

has developed avery elegant mathematical formulation along the lines of 

the Mayer cluster expansion method for calculating the concentration 

dependence of the ionic mobilities. Unfortunately, when he comes to the 

point of introducing an expression for the ion~solvent interactions, he 

is forced ·to use a hydrodynamic model; his final results, therefore, do 

not differ significantly from those of Onsager and Fuoss concerning the 

postulated electrophoretic effect. 

At high concentrations few generalities may be made regarding the 

concentration dependence of the measured transport properties. Conduc-

tivities, transference numbers, and diffusion coefficients may increase, 
t 

decrease, or remain constant in various concentration regions. The 

* Another confusing point about the derivation of the electrophoretic 
effect is that it predicts an enhancement of the sphe:re velocities due 
to interactions, whereas all other hydrodynamic work2b on the inter­
actions of spheres in Stokes flow predicts a net retardation. The 
Onsager and Fuoss derivation does not seem to be based soundly on 
hydrodynamic principles. 
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conductance 'is tlsuallyfitempirically by a power series in clf2" .It ha~ 
'·been'suggest~d32,70 truit the ~iffusion coefficient may be'representedby 

an expression such as Eq. (I1-17), perhaps including the electrophoretic 
'" 

correctioni'actor, with an 'additional factor of the viscosity afpure Ci 

water divided by the viscosity of the solution. This ad hoc correction 

. factor "is based aria hydrodynamic concept-of' diffusion. It does' account 
, , 

'qualitatively for the observed behaVior, but it has'not been tested ex'" 

,tensiv'ely and does not appear to be sufficiently accurate for satisfactory 

prediction. 

Because ,of the lack of both sound theory and adequate data,eveh ' 

less can be said about the temperature dependence of the transport proper-

ties. The first step in resolving this question is to explain the tem-

perature dependence of the limiting ionic mobilities. This would give 

the limits of the measured quantities to which any theory for the con...; 

centration dependence could then be applied. .Based once again 0I? a simple 

hydrodynamic model, one would expect the mobilities to correlate with the , 
. . t f St·,,· gh 1'· t t· 66 V1SCOSl y 0 water. uch,a corre1aJJon lS very rou and on y quaIl a lve. 

The only application of the principles of modern kinetic and statis-

tical mechanical theories of dense phases to a problem remotely related to 

10 ionic mobilities in water is the work of Davis, Rice J ,and Meyer on the 

mobilities of' argon ions in liquid argon. Formally the results may be 

expressed in terms ,of integrals of molecular interaction potentials and 

radial distribution functions. If it were possible to characterize the 

ion-water interactions and the structure of water around an ion with a 

relatively small number of molecular and electrostatic parameters, it 

should be possible to make the integral expression for the mobility 
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dimensionless to establish the basis :for a corresponding states corre­

lation.33 ,63 We attempted such a correlation by consideri~g only 

electrostatic ion-water interactions. Unfortunately, the situation is 

too complex for all the relevant parameters to be included in this vmy 

and no unified correlation could be discovered. This investigation did, 

however; reveal one interesting and useful fact. All the limiting equiva-
. . . . 

lent ionic conductances exhibit a similat temperature dependence between 

0° and 100°C which may be represented roughly as· 

(1I-20) 

The constant a. is negative and of almost the same magnitude as b.T. We 
l l 

shall give quantitative information regarding this behavior in Chapter ry. 

If one attempts to apply Eq. (II-I) to the description of concen-

trated binary solutions or of multicomponent solutions, he encounters a 

number of difficulties. Since the Nernst-Einstein relation, Eg. (II-H), 

is rigorous only at infinite dilution, one must deal with more transport 

properties than he is able to measure. Furthermore, this equation does 

not take into account the flux of one species due to a concentration 

gradient of another, and it does not clearly account for the flux of 

solvent. Which velocity should be used in the convective term has not 

been specified. Finally, as Guggenheim has pointed out,23,25 it is not 

possible to define thermOdynamically the electrostatic potential in a 

medium of varying concentration. 

The formulation of the microscopic theory has been somewhat confused 

by its basis on Eq. (II-I). The Nernst-Einstein relation is implicitly 



assumed so that the 'theory is directed at calculatiitg the concentration 
. . . . 

... dependence of two properties, the two ionic mobilities. . The' ,cfiangein . 

the ef'f'ective .. f'qrce on an ion due to the presence and~otion of' otlier 
'. . 

ions is calculated and then reiated to the ionic mobility through a !. 
. . 

. '. . . 

linear relati6nbetweentheion's velocity and its drivingf'o~ce. Inter-

actions o:f' f'luxes are thus neglected. Since the'.twocalclilated mobility 

. expressions are then applied to the three observedph~morneha, conductance, 

dif'f'usion,andtransf'erence; the ionic mobility takes on a dif'f'erent . 

character depending on the phenomenon in .which th~. ion lsinvolved. 
. . . 

Because o:f these dif'ficultie.s, both theoretical and practical, it 

.is necessary to use a more general flux equation than that. given pre-

viously. Such a f'lux expression is discussed in Chapter III.' 
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III. MASS TRANSPORT IN CONCENTRATED SOLUTIONS 

The shortcomings of the flux expression, Eq. (II-l),which limit 

its applicability to dilute solutions have been indicated in the last 

chapter. To avoid these difficulties and to imporve the treatment of 

concentratedsoluti~ns Newman, Bennion, and Tobias57 have proposed the use 

, * of,a set of generally applicable flux relations of the ,form 

c.c. 
= RT L: .2:....L 

j GT '1.j 
(v .-'v.) , 
-J -1 

(III-l) 

, where Ili is the electrochemical potential of species i and ,&'ij are the 
, ' 

transport properties defined by this equation. This equation is analogous 

to the Stefan-Maxwell equation for dilute gas rriiXture~3 and is equivalent 

** 58 to one developed by Ons,ager. Equations of a similar form have also 

b ' d'·' d' b': L' t 41 Kl 40 B 5 L 42 T 'd '1" 81 cJ ,een .1scusse y a1 y, emm, urgers, amm, rues e J., an _ 

Lightfoot, Cussler, and Rettig47 have applied Eq. (III~l) to liquid 

solutions. 

Equation (III-l) may be regarded as a force balance. The term civ l-1i 

is the driving force per unit volume acting on species 1. As species i 

moves through the fluid it experiences an equal and opposite drag from 

the other components; the force per unit volume exerted by species j on 

species i as a result of their relative motion is assumed to be propor-

tional to the difference in their velocities and is expressed as 

* This equation in the form presented is limited to isotherTJl3,l systems. 
It may be extended to include the effects of temperature gradients. 56 
We shall not consider this complication, however, and shall limit oUT 
present investigation to systems at constant temperature and pressure. 

** Equation (14), page 245, in reference (59). 
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(v . ...t-v .) • 
-tJ -J.. 

By the symmetrY-of thistel'1ll,andNewton t s third law of motion fl
i
,,; == 1Y.

i
" ' 

• : ,'J' J . '" : . 

" Because the Bi
j 

coefficients have the dimensions of cm2jsec, , ~re', shail",' 

:r'eferto them as multicomponent diffusion coefficients. Since w'e must 

consider the motion of the individual charged speci,es, a binary electro-

lytic solution is already in a sense a, mu~ticoinponent system. 

The number of independent equations of,the form (In-I) is one less 
( 

than theliurnber of species present. When the equations cif this form for 

all species are added, an identity results. The sum of the terms on 

the left side is zero by the Gibb s-Duhem equation; and the terms on:the 

right all, cancel because Jr.. == froi " 
,1.J '"J 

In order to rilake use of E'q. (III-I) in Eq. (I-I) it is necessary to 

inver,t them and thus to obtain explici texpress ions for !:!.i. When one 

performs this inversion; he has a choice to make regarding the reference 

velocity. Depending on this choice the resulting flux expressions take 

slightly different forms. 

For example, 'if the velocity of the solvent v is taken as the 
-Q 

reference velocity, the fluxes ~of the various sp.ecies in a binary electro-

lytic solution appear as foUows: 

v+cT/co 
to . 

!4 ffc'VJ..L + 
+~ 

+ c+ ~ (111-2 ) c + Y.t- -'- RT F z+ 
, 

v e 

v crlc to i 
N - 0 b"c'VJ..L + + c (111-3 ) == c v ==. - v , 

v RT e F z -Q 

, " 

~>.., 

V 



,0, 

-19-

and 

N = c v , 
-0 0-0 

where the diffusion coefficient is 

, 

the transference number is 

and 

z e -z b' 
+ 0+ -0-

Jl =vlJ. +VIJ. e + + --

is the chemical potential of the electrolyte .. 

(1II-4) 

(111-5) 

, (111-6) 

(I11-7) 

If the diffusion is considered 'with respect to the molar average 

velocity, y..*, these expressions take the slightly different forms 

and 

N = c v 

N = c v o ' 0-0 = -
fY 
RT 

v +.0-' 
c'V'lJ. 

vRT 

v ~ - cytJ. 
vRT 

The molar average velocity is defined as 

1 v* =-­
c T 

t* i 
+ +- +' c v* 

e ~ +-
+ 

* i t 
+ v* + F 

c e z 
.;. 

(t: t:) 
- + - + C 
Z Z 0 
+ -

v* 

(1II-8 ) 

(III-9 ) 

(III-IO) 

(I1I-11) 
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wherecT is the total solution concentration. 
'0 

The quantityt
j 

we call 

the transference number with respect to 'the solyerit, and tj is, that with 

respect to the molar average velocity; the two are related by 

c c 
t* 1 t* '- 00 = - = - + -, - t+ • + c

T 
c T, 

(111-12) 

Another 'possibly convenient fdrm of the flux equations is the one 

taken with respect to the mass average velocity ~, which appears in the 

e9.uations of motion. In this case the fluxes are written as 

v+MM cVj.l M t, 
. +0,lV e +~:t+ v = - v M ,v" -W - F z - p + ' 

+ 
(111 ... 13 ) 

n - p v --
vMM cV~ M t 

= - -v; 0 E:Y RT€ + F-'z- i+ P v, (11I-14) 

and 

n = P v' -
-0 0 -0 

(1II-15 ) 

where 

M =vM +vM 
s + + 

(I1I-16) 

and (11I-17) 

and Mi and Xi are molecular weights and mole fractions, respectively. The r,;, 

quantity tj is the transference number with respect,to the mass average 

velocity. 

In the above equations ~ and ~ are chemical potentials of electro-
e 0 

lyte and solvent, respectively. The quantities Vi and v are stoichiometric 

coefficients such that 
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v - v + v + . 

and Pi is the mass density of species i. 

, (III-IS) 

In order to talk about conductance it is necessary to define an 

unambiguous and measurable potential in the solution for use as a driving 

force for the current. Newman
56 

has accomplished this by taking it to be 

the difference in potential between two suitable reference electrodes, one 

of which is located at a fixed point in the solution with the other at the 

point in question. Application of thermodynamic principles to such an 

arrangement yields for a binary electrollyte 

(III-19 ) 

for the reversible electrode reaction given by 

z z+ 
s [Anion] - + s+[Cation] + so[Solvent] ~ ne 

Rearrangement of Eq. (III-19) and su,bstitution of an appropriate set of 

flux expressions such as Eqs. (111-2) and (III-3) give the explicit 

relation for the current 

i = - K'V<t>­
Fz+v+ 

Yl.t . [z + s + + z + i{;'+ 
~-- e n z tr -z If 

+ 0+ - 0-

K s zc J 0++ 
n c ' o 

(1II-20) 

where as the coefficient of 'V<P, the conductivity K, has been identified as 

K = 
z z ~cT' 
+ -

RT 

(c lr +c b ) 1r 
- 0+ + 0- +-

C U +c fj +c fJ 
- 0+ + 0- 0 +-

• (I11-21) 

When concentration and temperature are uniform, VJie = 0, and. Eq. (111-2'0) 
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,is the same as Eq. (11-4)., Theref6re the conductivity defined here is the 

same as thatwhich'is usually m~asu.red. 

Since experimental measurements of diffusion coefficients in binary 
, ' 

solutions are always based on an equation of the form (II-2), 

N = -DVc + c!. " -s 
(11-2 ) 

it is interesting to obtain an equation of this form, from the flux ex-

pression valid for concentrated'soiutions. In the abSence of current 

the flUxes' of salt and solvent in a binary solution become, according to 

Eqs. (III -2) through ( III -4) , 

and 

N -s 

N N 
--t- (111:-22) 

(1:r:1-4) 

At constant temperature and pressure, the gradient of chemical potent~al 

may be expres sed as 

(II1-23 ) 

Substituting this relation into Eq. (III-22) and comparing the result .. lith 

Eq. (11-2), we obtain 

D ~lr :~ (1+ ~ ;:~). (I1I-24 ) 

We have chosen to use here the set of inverted flux expressions vlhich 

yields the solvent velocity as the frame of refernce. Alternative forms 

may be used, and a frequent choice for the frame of reference is the 

volume average velocity. (See Hartley and Crank32 and Harned and Owen.
30

) 
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When Eqs_ (III-22) and (III-4) are substituted into the conservation 

Eq. (I-I), these become 

and 

dc 
. 0 

""""'Cf. ::: - C v. v - v • Vc 
t 0-0 -00 

and these may be rewritten as 

and 

dc V-DVc 
':Si"" = ~--'-'---- - v ,. V c 
UlJ dc -0' 

1 -

co· 

c 
c 

o 

cl - - -- V-v 
( 

d.c ) 
o c de -0 

o 

o 
dc 

de 
+ ~ V-DVc :::: 0 de . 

(III-25) 

, (III:...26) 

(III-27) 

(III-28 ) 

The equations are put into this form because it is a particUlarly 

convenient one for the analysis of experimental methods for measuring 

diffusivity in binary electrolytes.. For this purpose it is also ~on-

venient ,to define another diffusion coefficientDM as 

D :::: C V D = D '(1 _..£.. dc 0 
) :::: f}' C T (1 + d .in y) 

Moo I c dc c . d In m ' 
. 0 0 

(III-29 ) 

where V is the partial molar volume of the solvent, 'Y is the activity 
o 

coefficient on the molality scale, and m is the molality. Because of 

the approximations to Eqs. (II-27) and (III-28) 'which are commonly in 

use, DM is the quantity usually measured and reported as the differential 

diffusion coefficient. It 1's also identical to the diffusion coefficient 

employed in the works by Bird, Stewart, and Lightfoot 4 and by Chapman 
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, ' 
, ' 

"aIld cO~ling~ 7 , We hote that there is only one independent diffusion 

'coef:ficient and, that in di~ute solutions -these subtle refinements are irrele-

vant pecauseat infinite dilution 

The' activity coefficient ;"correction" factor (in Eqs. (111-24) and (II1--:-29)) 

" has ar.isen naturally from the useof''V~ as the driving force for diffusion 
." , " , ' " e ' 

(Cf' .Eq. (II:-17». The additional factor of c'; Co occurs because D is 

refe'rred to the solvent velocity; it is a ,sort of drift factor resulting 

from the view of diffusion through a stagnant solvent. 

Thus we see that a ,number of different diffusion coefflcients and 

transference numbers may be defined and measured 'in concentrated so.lu-

tions according to- the ,particular choice of, the flux expressions.', It 

requires great ,care andd,etailed analysis to. determirieexactlywhat qmin-

tityis obtained from a particular experimental arrangement and also 'What 

quantity should ,be used in the treatment of a particular mass transfer 

problem. furthermorce, because of the correction factors appearing in 

the concentrated-solution flux equations, the complete 'investigation of 

these problems requires, in addition to the transport property data, 

accurate thermodynamic data for the density and activity coefficients of 

solutions. 

In Chapter V and in Appendix B, we apply Eqs. (III-27) and (III-28) 

to analyze diffusion of a concentrated solution 'With va.riable properties 

in two particular configurations and thus demonstrate ways in vlhich a well-

defined differential diffusion coefficient may be obtained. 

In a binary electrolytic solution there are three independent transport 

properties, which are measured and reported as the conductance, the diffusion 
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coefficient, and the transference number. Provided these are sufficiently 

w.ell defined, it is possible to calculate from them the quantities (J' , . +0 

~-o' and ~~ according to relations given above. In any form the three 

independent transport properties are generally functions of temperature, 

pressure, and composition; only in certain forms such as the Jr.. repre­
lJ 

sentation, are the data dependent on these variables alone and not on any 

other property of the system. For this reason the greatest hope for 

finding order and simplicity in the correlation and theoretical interpre-

tation of transport data lies with the investigation of information reduced. 

to the latter, more fundamental fOrTI4 

Because of the prevalence of the· dilute solution equations and 

because all the microscopic theories treat these equations, it is import~mt 

to see the relation of the concentrated solution equations to them. Let 

us consider Eq. (III-I) for one of the ions i in a dilute solution. In 

this case c. « c , the total concentration cT is essentially co; and 
10 

the equation may be approximated by 

c . \71-1.. RT (c. v. ) 
.&oi 

v - c. , 
1 1 1 -{) 1 -1 

(III-30 ) 

or after rearrangement 

c. \71-!. 

, !'!i·· - tt . 
1 1 

+ :::: 
RT c. v oJ.. 1 -{) 

(III-51 ) 

This equation is to be compared with Eqs. (II-I). The driving forces 

for both diffusion and migration are included in one term by the use 

of the electrochemical potential as the proper thermodynamic driving 

force. The Nernst-Einstein relation (11-14) therefore arises automatically 

if one chooses to separate \7~i into a concentration term and an electrostatic 
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poteriti';llterm.( Such separation 'c~nbeaccomplished unambiguously only 

at the limit of zero concentration where the ~ctiv:tty coefficients may 

all be taken as unity.) Identifying ~i in this equation with the 

coefficients of,Eq. (I1":4), we find that in the limit of infinite dilution 

X9RT 
hO. ::: D9 = __ J._"?.....",. 

01 J. ~~il~ 
(11t-32) 

The limits of the /Y. coefficients are thus related t6the'limiting ionic 
oJ. 

equivalent conductances. 

, ' " 56, 
We present from Newman Table I which compares the expressions 

for the three transport properties as they arise from,the dilute and 

concentrated solution flux formulations. The Nernst-Einsteinrelation 

has been used in the dilute solution case in order to bring out the 

similarities. Equation (111-21) for K has been rearranged. 

D 

t+ 

1 
K 

Tabie I. Comparison of transport property expressions for ,a 
binary electrolyte 

Dilute solutions Concentrated solutions 

D+DJz+-zJ If +IX (z+-z ) 
f1 o 0- -

::: 
Z D -:-z D • = IY z t:r-z 
+ + -- + 0+ - 0'-

z+D+ z e 
to + 0+ 

::: • ::: 
Z if' -z J:Y z+D+-z_D_ '+ + 0+ - 0-

(Co t_ ) o ) -RT 1 cot_, -RT 1 (.t;.- + c + da-::: 

c z z f- • 
z-r c+D_ K 

0+- cTz+ -

" 

I' 
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We see that in dilute solutions the quantitiesD+ and D_ correspond 

-directly to Ir-+ and It' ,respectively. In the dilute solution formulation -
- 0 0- -

no quantity arises which corresponds tob: ; the latter represents inter-- - +- -

actions between the ionic fluxes, and these are neglected in the macroscopic-

dilute solution formulation. The.Onsager-Fuoss theory of' the-relaxation 

effect in conductance does, however, take the electrostatic forces betw-een 

the ions into account, and thus it introduc~s the quantity~_ implicitly 

in the conductance. Comparison of the concentrated solution expression 

for the conductance with the Onsager limiting law, Eq. (11-18), reveals 

the concentration dependence of~..,. at very high dilution to be predicted 

on the basis of electrostatic forces and the Debye-Huckeldistribution 

function to be 

2 2 1/2 172 
c z z q( z -z) (z v) E 
0+- + - + + 

, (111..,.33) 

where E= B~N and N is Avogadrots number. We have taken the liberty 
o 0 

of substituting the quantities Jr. at the concentration of interest for 
Ol 

the limiting mobilities which appear in the Onsager equation, because 

with the concentrated solution theory we have the three independent 

transport properties at our disposal" In the derivation these mobilities 

are supposed to represent the facility with which the ions move through 

the solvent so that li.Cc) is the appropriate parameter. Equation (111-33) 
Ol 

indicates that lJ:_ vanishes at zero concentration and in the limit exhibits 

a c1/ 2 dependence. 

In the preceding chapter we indicat.ed little confidence in aspects 

of the microscopic theory other than the relaxation effect. We are th us 
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le:f.twith practically no theoretical basis for considering the behavior 

of the coefficients' ~i. The concentrated solution formul~tibn has,' 

however, accomplishe!i the distinction and separation of the effects of 

. ion-ion interactions and ion-solvent interactions" The problem of cal-
. . 

culatirig thefj'. coefficients is therefore in form the' same as the problem 
.' . 01 . '. . ' . 

. of calculating diffusion coefficients in solutions Of nonelectrolYtes • 

. That is, it can be stated formally in terms of correlations of molecular 

motions, intermolecular forces, and radial distribution functions. To 

.. ' be sure; it is much more complicated in detail because. of the' complex 

structure of water, the orientatio.n of the water molecules, and the rather 

long.,-range nature of the ion-dipole .interaction,but one might hope that, as 

the kinetic theory of liquids becomes more highly developed, it will offer 

some clue to the problem of diffusion in el~ctrolytes. At the same time 

one can hardly expect to make very significant progress by methods simpler 

and more heuristic than those required for problems .. lith non-electrOlytes. 

In the meantime, however, a qualitative investigation of these quantities 

is in order. 

In the next chapter we report on a survey of the literature for 

existing data in binary electrolytic solutions from which the quantities 

tr
o
+' %_, and. ~_ may be calculated. 'The results are interpreted iri. 

terms of the microscopic structure of solutions,' and vie consicle:rthe 

possibility of predicting lJ.
i

.' coefficients where no measu:rements are 
. J 

available. 
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IV. A SURVEY OF THE TRANSPORT PROPERTY DATA 
FOR BINARY ELECTROLYTIC SOLUTIONS 

The investigation of the behavior of the lfj coefficients in a 

binary electrolytic solution requires values of diffusivity, trans-

ference nwnber, conductance, and activity coefficients for.the system. 

Since different concentration scales are in use, it is necessary to 

have density data to put them all on the same basis. It has often been 

. suggested that the ionic mobility is related to the solution viscosity77 

so it is interesting to investigate this property as well. An attempt 

was made to obtain all the existing data for diffusion coefficients and 

transference numbers, the scarcest data, for binary aqueous electrolytic 

solutions. At the same time data were also collected for density, 

viscosity, conductance, and activity coefficients. 

Most of the data were located with the help of the Chemical Abstracts 

indices and were taken from the original sources. The search for trans-

port nwnber data was facilitated by a recent review on the measurement 

of these properties by Kaimakov. 35 Many conductance and transport number 

measurements are summarized in Landolt-B~rnstein.43 Older density, 

viscosity, and conductance data are available in the International 

Critical Tables83 and in Tirmnerman' s compilations. 79 Since the activity 

coefficient data must be differentiated, it is desirable to have a smooth 

and consistent set of data. For this reason most of these data, at least 
71 . 

at 25°C, were taken from the Appendix of Robinson and St8kes or chosen 

from what appeared to be the best single sourCE. In some cases the 

derivatives 8f the activity coefficient Vlere available in the literature. 
8 

All the data collected and their sources are given in a separate report. 
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,The systems for which data on all these properties ll:r:eavailable, 

the temperature, and maximum concentration are listed in Table II. ,Since 

the transference numbers of ammonium nitrate and potassium iodide are 
, , 

near o. 5:, the values for dilute solutions were assumed to be constant and 

'extrapolated to, higher concentra'tionsfor the purpose of these calcula-
, , 

tions. To determine the properties of interest for the systems in Table 

II; we wrote a computer program which takes all the experimental data 

for' 'a systemjconverts concentration and each property to consistent 

scales, fits the various properties with empirical equations for in:ter-

polation, differentiates the activity coefficient data,and calculates 

the fYi,. coefficients. Since the conductivity data are usually most 
J ' 

abundant and also show the greatest variation with concentration, they 

were not interpolated for the calCUlations but were used as the points 

where calculations were made. The equations used to fit the experimental 

data for the various systems are surmnarized in Appendix A. For viscosity 

~nd conductance the equations given in the Appendix are in most cases 

'accurate only at high concentrations, because the data values at higher 

concentrations are much larger than in dilute solutions and bias the 

fit. 

Miller53a has previously investigated the data for the various 

chloride,s at 25°C and calculated two other sets of transport properties 

equivalent to those defined here but defined somewhat differently. He 

does not, however, attempt any physical interpretation of the results. 

We believe that the form chosen here lends itself more readily to such 

interpretation than those discussed by Miller. 

~-, 

'~' 

, ' 
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Table II Aqueous electrolytic solutions for·which all 
transport data are available 

Solute Temperature (OC) Maximum 
concentration 
(moles/liter) 

Ammonium chloride 25.00 .20 

Ammonium nitrate 25.00 8.00 

Barium chloride 25.00 1.24 

Cadmium sulfate 25.00 .50 

Calcium chloride 25.00 .96 

Cupric sulfate 25.00 .55 

Hydrochloric acid 25.00 4.00 

Lanthanum chloride 25.00 .05 

Lithium chloride 25.00 3.00 

Lithium chloride 35.00 8.31 

Lithium chloride 50.00 3.00 

Lithium nitrate 25·00 6.92 

Phosphoric acid 25.00 11.00 

Potassium bromide 25.00 3.00 

Potassium chloride 0.00 1.00 

Potassium chloride 18.00 3.54 

Potassium chloride 25.00 4.00 

Potassium chloride 35.00 3.54 

Potassium chloride 50.00 3.51 

Potassium iodide 25.00 3.50 

Potassium sulfate 25.00 .25 

Silver nitrate 25.00 3.03 

Sodium chloride 0.00 4.03 

Sodium chloride 18.00 4.00 

Sodium chloride 25.00 5.00 

Sodium chloride 35.00 4.42 

Sodium chloride 50.00 5.00 



Table II( continued) 

Maximum 
Solute .Temperature Concentration 

. (Oe) (moles/liter) 
':( 

"-
Sodium hydroxide 25.00 1 .. 11· 

Sodium iodide· 25.00 1.00 

Sodium sulfate 25.00 .20 

Sulfuric acid 25.00 5.38 

Zinc sulfate 25.00 .25 
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The smoothed experimental data as well as the calculated quantities 

for the systems listed in Table II are presented'inthe same order in' 

Tables III through XXXIV. In these tabies concentration is given in ,moles 

per liter of solution, viscosity is in centipoise, .and the equivalent 

conductance is in cm2/Ohm~equiv. The diffusion coefficient DM is in 

cm2/sec. The activity coefficient correction (1 + d £n~/d £n m) is 

dimensionless. The three tt 0 coefficients are all given in cm2/sec. 
lJ 

. The quantity G, which will be introduced in Eq. (IV-I), is expressed 

lOn, (OK)3/2/(mole/£)1/2 •. Th tOtO h- d G t d 0 e quan l les +_ an . are presen e ln 

standard digital computer notation for a floating point variable where 

the number following E is the exponent of 10 in scientific notation. 

Since the interpolation formulae given in Appendix A are not very 

reliable in dilute solutions, properties in Tables III to XXXIV at con~ 

centrations below one molar are obtained from linear interpolation of 

the experimental data. Values given for zero concentration are consistent 

with the properties of water and the limiting values of the transport 

-' 

properties. Values of G are not given for concentrations belav.] which 

.experimental conductance data are available. 

Some af the results in Tables III to XXXIV and in Appendix A are 

less reliable than others. The data are particularly questionable for 

the diffusivities of cadmium, sodium, and potassium sulfates and for 

the transference number of phosphoric acid. See Ref. 8 for the raw 

data and their sources. 

Some results for IJij representative of those in the tables are 

presented in logarithmic plots in Figs. 1 through 9. The systems 

presented graphically are ammonium nitrate at 25°C, calcium chloride at 
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25°C,cup:dc sulfate at 25°C,hydrochloric acid at 25°C, lithiUIil nitrate 

at 25°C, potassiilln chloride at O°C,25°C, and 50°C, and sodium. chloride 

, ' 

We first of' all coilfirmed by our c8;lculations the advantage of 

'considering the diffusion coefficient based on an activity di'iving force 

rather than 'the expe:rlmeiltally measured one. Whereas the measured 

diffusivity may increase, decrease, or shOrr mUltiple maxima and minima in 

various concentration regions, the thermodynamic diffusion coeffieient 

shows a much smaller concentration dependence, particularly iIi dilute 

,solutions, because most of the variation is accounted for by the concen-

tration dependence of the activity coefficient. In most solutions the 

thermodynamic diffusion coefficient is nearly constant'or increases 

slightly up toa concentration of a few tenths to one molar. At higher 

concentrations, thermodynamic diffusion coefficients decrease with 

increasing concentration. 

It was furthermore found from these calculations that the behavior 

of the Iff. . coefficients is much more systematic than that of the measured 
1.J 

properties D, K, and t+. The quantity if is zero at zero concentration +- " ' 

and is found to increase over many orders of magnitude with increasing 

concentration. The zero-concentration limiting value of ty .is propor­
'01. 

tional to the limiting ionic equivalent conductance of the ion iaccord .. 

ing to Eq. (111-32). This is a property of solvent, temperature, and 

iori only and is known for most ions over a "ride range of temperatures. 

The variation of IV:.. from its limiting value is not extreme. At high 
01. 

concentrations it seems almost invariably to decrease gradually with 

concentration, going to perhaps half, or at the worst, a thtrd, of its 
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Table III. It.-:TIl:miurii chlo:c:!.c:-3in -;-.'ater a.t 2 5°C::'.::. =:::..:========= 
:::::..-===--=--==~-==-::----..::--=::=---:::...-=--=========-..:.o -':=·~~==-"':"'-=-5--:"--=-- d ;~:y -====-"=:""--=--=-~--=-":5====:: :-- 5 

c P 11 A t+ D1,?<l0 1 + dJ.n:n cb'o+xl0 ~ Xl.O a'+_ G 

.. _--_. __ ._--_. 

o. .9971 .8903 
.001 1.0005 .8903 
.OJ.O 100037 .8903 
.050 1.0068 .8902 
• 100 1.0097 ,,8900 
.200 1,,0072 .S397 

-----------------
O. 

,,001 
.010 
.050 
.100 
,,200 
.300 
.500 
.700 

1.000 
1. :300] 
2.00C) 
2.500 
3.000 
j • ·~~;\~:O 
Ii c O~)j 
L~ 0 ~;CO 
:';0 :~\}) 

6.oc<] 
7 Co C:·.·.~~O 

e~O\~)·J 

.9971 

.9971 
c.9974 

09978 
09980 
• 99,Sl~ 
.9937 
o 9')~~'7 
.9)!~:3 

1.0236 
1.0! 
1 nc:~l: 

• '-." .--': .. ' r 

1.C71~6 
1 ~(y~·?6 
10:'_': I.:).i_ 

1 
..i .• 

-.. .. -.'" . 
L~~~.:j). 

1 ., 
:': .. 1.:_" 

lol"(" I 1 
lG;~C' 1, 

! ')-:'j~: .~~ 
..!-. 0'" _~ ," 

.8903 

.8S133 
Qq-:!: 

.u'.....·';1 .. 

.83;:"5 
0 6323 
q~~l :.~ 

• \.J"-""':'. ' 

~·S7"?9 
• ~~6)13 
.2663, 
o-~·-~ 

1) '-):; [:) 

.20:357 
(:.::-Q\ 

e."J,,/'-' 

~ ,561;'5 
orST36 
oeS57 
a S!JJ.3 
"' 9~?(' 

", .... 
, ' 

c .. _·...!_t_'·' 

, i'~ ...... • ~ 
...:..... ~ -' '- .... ~' 
1_ n'.· 

lL~9091 
128.80 
123.80 
128.80 
128.80 
J23"So 

1L,.00 
142.00 
136 0 20 
128.00 
122c'{0 
llr-( .00 

ll3.52 
103 0 60 
105.23 
101. 43 
96 0 J.") 
...--'"' r-,..r 
~l.. {D 

87~(30 
81+007 
S\J.:_1~3 
(i6 e 97 
r(3 051 
; -........... 

l"'i) $~'I 
" 

~~.J 0 i ..... ) 

:- '- : ~:) .. 

----------
,,4907 1.99 l f 1 .. 0000 o • 1.958 2.032 o. 
,,4906 1.973 • 9876 .001 1.958 -2.032 3.917E-09 
.4905 1.933 .9637 .010 1.961 20035 3.917E-08 
04900 1.880 .9297 .050 10974' 2.050 1.958E-07 
.L~907 1.S55 .9113 ,,100 1.990 2.068 3.917E ... 07 . 7.387Z+J3 
.4911 1,,837 .8941 .200 2.004 2.077 6.008E-07 8.0!.'(3+O3 

Ta.ble TV. Amrconiurn nitrate in "rater at 25°C. 

~,072 

.5130 .,ll fO 

.51/10 

.5140 

.51/~0 
051l;0 
.,1:10 
.,1/:0 

-.5111-4 
.51L12 

05139 
.513·3 
.5138 
c ~jlj,g 
_51:);) 
~ 51!·~J. 

• ~~ilj:·? 
.51l:·3 
c5J)I,2 

o ~Il:j 7 

10929 
1.9l0 
1.8("2 
1.2-17 
1.785 
1.750 
1. 730 
1.707 
1.693 
1.679 
1.660 
1.. :;39 
1.615 
1.)39 
1 "~6:) ~._ 0../ 

1.~j~;O 

1 )~«) 
c '~/..--' 

1 a ~~G'?) 

10 !·~12 
1. :)65 
ln~).·~12 

1.0000 
.9866 
.9598 
.9178 
.8909 
.8580 
.S359 
.801.'9 
.7820 
.7553 
07J.88 
.6,3'(11-

0 65$9 
f:;r,0 

.o..J'~O 

O
c . .,qO, 

• I...."U __ I 

t}58C7 
• 566,S 
• ~)Ji')J 
.5205 
&5025 
~)i9:)) 

O. 
.001 
.010 
.050 
0100 
.200 
.30e 
.50·:; 
o7()O 

1.0'JO 
I.. SOC) 
2.000 
° <;rv, 
c:... " ./"--'\" 

3.000 
3.5<",-J 
1. (\' ..... "1 ... \.- '-, \. 

1, ~-', r. ~I ... 

5. C'~. ,', 
6,jC\1'~ 
7.00· ... ; 
8.c\\) 

1.957 
1.967 
1.986 
2.021 
2 .01~6 
20080 
2.105 
2.142 
20171 
2.205 
2.211-5 
20271 
2.226 
2.290 
r. ;-,,\0'­
,:: . :- ( ... \ .... ~ 

~~ o?:r·~ 
~~ • ~"')'h~SI 
?~··:l·S 
~~. Jjl 
n '-)' ,") 
.:::: 0 ~ J..v 

, \.~; c~;:; 
...1- •• "--~./ 

1.902 
10905 
1.914 
1.933 
10948 
1.9'(2 
1.991 
2.023 
2.01f9 
2.082 
2.122 
2.1)1-8 
2.163 
2.167 
2.1G;? 
2. ])f9 
2.12(; 
2.oS'6 
?012 
1 .. 8913 
1. 7:)6 

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

o. 
2.876E-08 
9.248B-08 
2.204E-07 
3.192E-07 
h.765E..:07 
6.085E-07 
8.249}~-07 
1.012E-06 
1.254E-06 
1.586E··06 
1. 858E··06 
2.087E-06 
2.280B-06 
2. Ji1,a: --06 
2.5'nE-06 
2.6[J,SE-06 

2.7TTE-06 
8 

. /" 
2. 95E-Ob 
2.9Lf3E,-06 

·2.927E-06 

9.563F-t\') 
9. 472:':+~)3 
9.029:::+',-') 
8.903::;+03 
8.6:?!i;';+\'j 
8- 7,Cl;Y.'+!~j _..." .,.1...- J, \~., . 

8.218:~;-H)j 
8 .11;'~:-I<\j 
8 0 O(~O.t~>l--< .. 1:5 
8 • ~') 1~~~:: ~!-.):5 
8 .):"~\;:·hJ:5 
8. 6::~~};-1 \~3 
8.9jO-E+03 
9. 26~i;_·,:·h)) 
9 oOO!f: :r()j 
J.. om.:<-' I. ~!f 
1. 01IL~'; C<i 
1. l~:'_)~'; -t<")lf 
1.;~ ~i ~~r"l -eli I 
1.>_)(;~:-I\Jh 

-.-----------.. --~-.- .. ------.--.. ----~.-- .. - ... --.----------._---.--_._---------_ .. _-------_ ... ----_. _____ M ____ _ 

~ 
\Jl 
I 
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Table VII. Ga~cium chloride in water at 2~oC. 

c P ~ fl: . e D 105 1+ ~ c .e' .(:<105 (Jxl05 ' ~- G + ~ d[!L.'Il o 0-

o. .9971 .8937 135.86 .4380 1.335 1.0000 o. .792 2.032 O. 
.001 1~0016 ~8940 128.20 .4380 1.294· .9631 • .001 .. 793 2.057 9.736E-09 3.710E+03 
.010 1.0079 .8966 115.60 .. 4363 1.219 .9008 .010" .787 2.112 3.357E-08 }.430E+03 
.050 1.0087 .9082 102.46 .4363 1.128 .8376 .050 .754 2.207 9.193E-08 2.795E+03 
.100 1.2072 .9228, 92.00 , .4342 1,.091 .8250 .100 .. 715 2.274 1.290E-07 2.785E+03 
.200 1.3:1-66 .9514 84.40 .4342 1.076 .8486 .• 200 .654 2.344 2.080E-07 2.400E+03 
.300, ' 1.3239, .. 9796 80.45 .4326 1.086 .8960 .300 .602 2.384 2.813E-07 2.116E+03 
.500 1.3531 1.0384 75.49 .4326 1.129 1~0205 .500 .517 2.407 4.155E-07 1.732E+03 
.700 1.3582 1~P986 67.69 .4307 1.178 1.1653 .700 .462 2 .. 323 4.925E-07 1.348E+03 

1 .. 000 1.0830 1.2078 ,60.89 .2586 1.243 1.3886 1 .. 000 .381 2.184 6 .. 0llE-07 7.72lE+02 

~ 
~ 
I 

TableVID. Cupric sulfate in water at 25°C • 

o. • 9971 .8937 133.38 .4030 • 854 1.000 o • .715 1..060 o • 
.• 001 .9971 • 8948 108 .. 30 .3472 .792 .8599 .001 .. 762 1 .. 163 1.037E-09 ' 8.236E+03 

.010 .9971 .9007 72 .. 25 .3237 .688 .. 6647 .. 010 .841 1 .. 346 3.100E-09 9.902E+03 

.050 .9972 .9257 50.50 .3055 .. 584 .5033 .050 .920 1.561 8.}09E-09 9.37lE+03 

.100 .9972 .9571 43.60 .. 3040 .549 .4582 .100 .933 1 .. 660 1.345E-08 8.560E+03 

.200 .9972 1.0198 . 38.20 .4342 .530 .4418 .200 .900 1 .. 759 ' 2.252E-08 7. 412E+03 

.. 300 .9972 1.0848 33.82 .4326 .520 .4441 .300 .850 1~805' 2.90lE-08 '7.043E+03 

.500 .9972 1.2390 29.00 ' .4326 .488 .4491 .500 .765 1.755 4.038E~08 6.203E+03 

.700 .9972 1.4065 31 .. 38 .4307 .• 445 .4483 .700 .703 1.550 6.263E-08 Q.084E+03 



Table IX~ Hydrochloric acid in water at 25° c. 

c p ~ A to. D r105· 1+·~ c ~.f<105 11. xl05 
~- G + Iv dlnm o 0-

o~ .9971 .8937 426~12 .8208 3.336 1.0000 o. 9.308 2.032 9. 
.001 1.0016 .• 8938 421.24 .8210 3.279 .9893 .. 001 ·9.260 2.018 3.534E~07 2.266Ef03 
.010 1.0038 .8943 411.88 .8214 3.177 .9692 .010 9.196 1.994 . 9.67lE-07 2.599Ef03 
.050 1.0072 .8968· 398.97 .8220 3.060. • 9452 .050 9.190 .1.960 1.946E-06 . 2.877Ef03 
.100 1.0073 .9000 391.20 .8224 3.020 .9382 .100 9.244 1.,941 2.595E-06 3.062Ef03 
.200 1 .. 0118 .9060 381.49 .8240 3.022 .9448 .200 9.355 1.913 .. 3.466E-06· 3.266Ef03 
.. 300 1.0122 . .9117 372.53 .• 8240 3.061 .9630 .300 9.420 1.886 4.072E-06 3.38lEf03 
.500 1.0158 .9224 360.86 .8250 3 .. 173 1.0152· .506 9.477 1.832 5~149E-06 3.490Ef03 
.700 1.0173 .. 9342 . 349.04 .8251 ·3 .. 298 1.0795 .700· 9.394 1.771 6.092E-06 3.447E+03 

1.000 1.0146 .9498 334.70 .8445 3.488 1.1912 1.000 9 .. 068 1.673 7.485E-06 3.233E-+03 
1.500 1.0231 .. 9755 306.78· .8461 3.787 1.4112 1.500 8 .. 253 1.504 1.127E-05 2.680Ef03 
2.000 1.0316 1.0009 281.93 .8443 4.067 1.6669 2 • ..000 7.312 1.347 1.478E-05 2.090E+03 
2.500 1.0399 1.0263 259.41 .8401· 4.339 1.9437 2.500 6.413 1.218 1.745E-05 1.619E+03 ~ 
3.000 1.0482 1.0519 238 .. 80 .8339 4 .. 614 2.2095 Y.OOO 5.668 1.130 1.883E-05 1.372Ef03 Cl:l 

I 

3.500 1.0563 1.0779 219.85 .8263 4 .. 901 2.4140 3.500 5.166 1.091 1.86lE-05 1.478Ef03 
4.000 1.0644 1.1044· 202.36 .8175 5.209 2.5060 4 .. 006 4.973 ·1.109 1.65lE':'05 2.090Ef03 

Table X. 
... .. 0 

Lanthanum chloride in water at 25 c. 

o. • 9971· .8937 146 .. 07 .4769 1.293 1.0000 o • .618 2.033 o. 
.001 .9971 .8951 131..16 .4705· 1.175 .8976 .001 .617 2.090 5.527E-09 2.243E+03 
.010 .9971 .9016 111~25 .4681 1 .. 068 .7991 .010 .617 2.185 2 ,,006E-08 1.985E+O} 
.050 .9971 .9251 94.95 . 04598 1.118 .8810 .050 .571 2.125 6.630E~o8 1.700Ef03 

t:i • 



• 

Tab~e XI •. Lithium chloride in water at 25°C. 

c p IJ. A to 
+ D~105 1+~· d£nm c bot-X105 ~ xl05 

~- G 

O. .997~ .8937 ll5.62 • 3337 1.368 1.00000 • 1.027 2.050 0 
.001 .9980 .8938 . ll2.37 .3357 ~.356 .9898 .001 1.025 2.065 1.693E-08 1.296E+04 
.010 .9994 .8952 107.28 .3345 1.332· .97~8 .010 ~.019 2.093 6.255E-08 1. 117E +0 4 
.050 .9996 .90~1 100.13 .3339 1.298 .9516 .050 ~;'002 2.127 1.G08E-07 9.783E+03 
.. 100 1.0015 .9086 95.83 .3380 1.280 .946~ .~Oo ,.984 2.141 2.467E-07 9.0~lE+03 
.200 1.0021 .9235 90.20 • 3289 1.264 . .9515 .200 .953 2.14~ 3.766E-07 8.280E+03 
.300 ~.0072 .9384 85.31 .3289 1.259 09655 .300 .928 2.12~ 4.817E-07 7.803E+03 
~500 1.0087 .9682 81.40 .3288 1.262 ~.0047 .500 .877 2.081 6.9~9E-07 6.849E+03 
.700 1.0150 .9980 77.50 .3289 1.273 ~.0521 .700 .832 2.024 8.714E-07 6.239E+03 

1.000 1.02J,.0 1.0329 73.03 .2855 1.295 1.1320 1.000 .772 ~.933 1.120E-06 5.528E+03 
1.500 1.0325 1.1038 66.76 .2777 1.336 h2817 1.,500 .683 1.778 1.486E-06 4.658E+03 
2.000 1.0436 1.1802 61.51 .,2707 1.375 1.4473 2 .. 000 .606 1.632 1.795E-06 4.068E+03 
2.500 ~.0546 1.,2621 56.83 .2634 1.409 1.6272 2.500 .537 1.501 2.050E-06 3.681E+o3 ~ 
3.000 ~.0655 1.35ll 52.54 .. 2554 1.437 1.8204 3.000 .475 1.386 2.251E-06 5.279E+02 \0 . , 



. . Table XII. Lit h it::;) chloride in v;''lter at 35°C. 
=.=::::::::~=:.:::-.--:....-:::::::::.=:-=-::====-':--" -.::-:-:~:::.-~:- :-':::"-D- ·-~0-·5-~-·.- d2r2i.-=--===·=:::- ~~~1':""'0"5 ;;-J' 03 --= ~ 

c p ~ . .II. v+ ~(". _-I dinm c'O+'< V' "+ _ _ ... __ . __ ._---_._ .. -.. _-------------'------......,...._. 
o. 

.010 

.010 

.050 

.100 

.200 
.• 300 
.500 
.700 

1.000 
1..5C)O 
2.0().:) 
~ • :jO{) 

3.000 
:2 .50:) 
h.ooo 
1.~. )(X) 
5.C";:) 
6 ~ O'~';~J 
7.,C.:\.J 
8.0·» 

10. ()C·\.' 

.99)n 
1..0507 
1.0300 
1.1063 
1. 131lt 
1..1562 
1.1712 
1.1857 
1.1999 
1.0177 
1...0;:::~)l 

1.:):';·03 
1.0513 
1.(1,:;22 
1.07jO 
J..o.:~j·3 
1.O~;')~5 
l.}"O:.', 
1. ~.;~7:·52 
1., ~ ,1;"";.'2 

1. ]·5~1 
1, ~;'}l) ~:)r( 

• 719lt 
.7195 
.7205 
• 72l~9 
" 730L~ 
.7413 
.7523 
• T71~3 
.7962 
.8558 
,,8106 
.8531 
.9L~38 

1.0581 
1 .. 1818 
1.3070 
1~ll-309 
1. 5539 
1 J>osrJ 
20116S 

.2 ~:)3}7 
309352 

11~0.18 
82al0 
'82.10 
82.10 
82.10 
82.10 
82.10 
82~10 
82.10 
8L72j. 

77.29 
72.ltLf 
67 .. 50 
62,,64 
57.91 
53.35 
lf9,,00 
l+lt .. 36 
yy .2~~ 
30.50 
2·l_~ .6~j 
l~) ,.J,.? 

• .3 2f:23 
.2570 
.2290 
.1980 
~1680 
.121-00 
.1320 
.1310 
.1300 
02910 
.2809 
.2706 
.2599 
o 21+J39 
.2377 
02264 
.2153 
.204:; 
.,18)5 
• J.61.:-3 

J hOl 
It"-- '.,..I •. L 

.. 1~~90 

1 ~'" • ()O 
1.721 
1 .. 691 
1.649 
1.626 
1.605 
1.598 
1,,600 
1 .. 611 
1.634 
1.673 
1 .. 720 
1.756 
1.78L;. 

1..801f 

1,,815 
1,,818 
1,,812 
1.775 
J.~706 
1.60Lj 
1.310 

1.0000 
.9883 
.9681 
.9472 
.9430 
.9522 
.9702 

L0173 
100721 
1.1551 
1..3123 
L1:800 
1_6535 
1.8315 
2~012e 
2.1972 
2~3S55 
2.5796 
3.00)9 
3 ~5:~)5 
hc-l~C:~) 

18. !f2~2,J 

O • 
.001 
.001 
.050 
.100 
.200 
.300 
.500 
.700 

1,,000 
1.500 
2.,OO(J 
2,,500 
3~000 

3.500 
4.000 
It.500 
5.000 
6.000 
7.000 
E) .. ooo 

10.000 

1 .. 320 
1.319 
1..3]6 
1..303 
1.287 
1.253 
1.220 
1 •. 15)+ 
1..087 

.963 

.8ltl 
~7lto 
.. 655 
.581 
.517 
&1~61 
.lt12 
.367 
,,290 
.22~? 

,,159 
.029 

2.536 
2.536 
2.533; 
2.524 
2.512 
2.h88 
2.464 
2.417 
2.369 
2.353 
2.154 
1.992 
1 .. 860 
1.751 
1.659 
1.579 
1.506 
1.4-36 
1.291 
1.119 

.902 
., 209 

o. 
l.303:8,:,09 
1.303E":08 
6·.513E-03 
1.303E-07 
2.605E-07 
3 .. 908:8-07 
68 513E-07 
9.118E-07 

/' 

1.352E-Oo 
1,,894:2-06 
2.25TE-06 
2.2~8:z.,s-06 
2 .. 60or~-o6 
20631rt!~~o6 
2 ~ 601rs~c6 
2.527E-06 
2.1nSE-06 
2 .1)·~~(E~ -06 
1~871i·Z-06 
1. 662E-CS 

'1 I> 620:8 -C\:) 

G 

5.073E+03 
4.890E+J3 
4.42U:+03 
3 .. 9';'5E+03 
4.ooo1C+03 
It.026i:~+03 
h.06]];+-o) 
l~. :238Y+D3 
1~.414::~+03 
4 ~ e?)E-{ ()3 
5. 2E};·=1~~~~·-r·-::~}~) 
5 "71~~t~-: ()3 
6 ",- .... 1 .. • .. _. I .~. 

!J O;.)O~~J·r\.)) 

::,=::=:=::,:.:-=~~:=--.:=.-=-~-=---===.~~~=~;---~-=.~~~:==--~=--=:==--=~=====-,,:=:"--~~====--=:::;.:.==--:==---==--=='=== 
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Table XIII. Lithium chloride in water at 50o Q. 

c p u. A to 
+ D1<id05 1+ ~ 

dZrun c t:r xl05 tf xl05 
0+ 0- h+_ G 

-
o. .9881 .5467 179.84 .3477 2.353 1.0000 o. 1.804 3.384 o. 

.001 1.2040 .5468 123.20 .2510 2.333 .9835 .001 1.803 3.383 2.458E-09 

.010 1.2230 .5476 123'.20 .2480 2.296 .9555 .010 1.799 3.379 2.458E-08 

.050 1.2410 .5513 123.20 .2460 2.242 .9275 .050 1.782 3·359 1.229E-07 

.100 1.2450 .5558 123.20 .2450 2.213 .. 9223 .100 1.760 3.335 2.458E-07 

.200 1.2560 .5649 123.20 .2450 2.187 .9346 .200 1.715 . 3.287 4.917E-07 

.300 1.2610 .5740 123.20 .1320 2.178 .9583 .300 1.671 3.238 7.375E-07 

.500 1.2690 .5923 123.20 .1310 2.179 1.0201 .500 1.583 3.141 l.229E-06 7.012E+03 

.700 1.2770 .6105 115.87 .1300 2.191 1.0921 .700 1.470 3.009 1.639E-06 6.108E+03 
1.000 1.0128 .6384 110.38 .3164 2.218 1..2025 1.000 1.·301 2.810 2.236E-06 4. 752E+o3 
1.500 1.0246 .6518 100.31 .3010 2.267 1.4152 1~500 1.085 2.520 3.236E-06 3.614E+o3 
2.000 1.0362 .6940 92.16 .2883 2.311 1.6407 2 .. 000 .920 2.271 4.143E-06 2.883E+03 
2.500 1.0477 .7524 84.95 .2781 2.345 1.86762.500 .794 2.060 4.896E-06 2.152E+03 , 
3.000 1.0590 08200 78.37 .2699 2.367 2.0830 3.000 .697 1 .. 886 5.44'7E-06 1.42lE+03 ~ 

I-' 
I 



c p Il 

o. .9971 .8937 
.001 1.0010 .8941 
.010 1.0022 ~8982 
.050 1.0026 .8991 
.100 1.0029 .9053 
.200 1.0034 .9142 ' 
.300 1.0040 .. 9233 
.500 1.0050 .. 9433 
.700 10 0057 .9647 

1.000 1.0388 .9940 
1.500 1.0586 1.0554 
2.000 1,.0779 1,,1223 
2 .. 500 1.0970 1.1949 
3.000 1.1159 1.2745 
3.500 1.1346 1.3628 
4.000 1.1531 1..4618 
4.500 1.1715 105735 
5.000 1.1898 1.7001 
6.000 1.2263 2.0065 
70 000 1.2625 2.3986 

I', 

Table XIV. Lithium nitrate in water at 25°C .. 

A t:' 'D
lIr

l05 " 1+ ~ 
d£nrn 

c Ab¥105 .q;~05 ~-

1l0.16 .3512 1.336 1.0000 o. 1.030 ' 1.902 O. 
102.79 .3210 1 .. 320 .9869 .001 1.028 1.908 6.064E-09 
102.75 ,.3320 1.292 ,.9637 ,.010 1.018 1.961 6.051E-08 
92.95 .3580 1.256 '.9382 .050 1.002 1.999 1.331E .. 07 
91.56 .3760 1 .. 241 .9309 .100 .983 2.046 2.229E-07 
82.59 .4100 1.233 .9353 .200 .961 2.044 3.166E-07 
79.60 .1320 ' 10235 .9487 .300 ·939 2.043 4.103E-07 
77.20 .1310 1 .. 249 .98)0 ·500 .• 896 2.041 '5.976E-07 
73.58 .1300 1.267 1.0260 .700 ' .860 2.005 7.496E-07 
69.86 '.2954 1.291 1.0911 1.000 .810 1.928 9.742E-07 
63 .. 78 -.2925, 1.322 1.1988 1 .. 500 .738 1.783 1.248E-06 
58.22 .2921 1.338 1.3036 2.000 .673 1~633 1 .. 455E-06 
53.13 .2932, 1.341 1.4045 2.500 .616 1.487 1.609E-06 
48.48 .2954 1.334 ',1.5011 3.000 .563 1.347 1.719E-06 
44.21 .2983' 1.317 1.5929 3.500 .516 1.217 ,1. 789E~06 
40.29 .3018 1.293 1.6790 4.000 .474 1.097 1.825E-06 
36.69 .3058 1.263 1.7583 4.500 .. 436 .988 1.830E-06 
33.38 .3103 1.230 1.8290 5.000 .402 .891 1.807E"''06 
27.55 .3204 1.155 , 1.9348 6.000 .347 ' .734 1.684E-06, 
22.65 .3320 1.078 1.9740 '7.000 .309 .627 1.472E-06 

"' 

G 

1.105E+04 
1.043E+o4 
9.660E+03 
9.218E+03 
8.776E+03 ' 

,.7 .892E+03 
7.311E+03 
6.616E+03 
5.991E+03 I 

5.423E+03 -I="" 
1\), 

5.053E+03 I 

4~665E+03 
4.466E+03 
4.335E+03 
4.234E+03 
4.166E+03 • 
3.729E+03 
2.065E+03 



'-

c p !l 

o. .9971 .8903 
.001 .9997 .8923 
.010 1.0012 .9106 
.050 1.0025 .9026 
.100 1.0026 .91l4.a 
.200 1.0058 .9524 
.300 1.0075 .9610 ' 
.500 1.0101 1.0127, 
.700 1.0103 1.0623 

1.000 1.0487 .9983 
1.500 1.0742 1.2617 

, 2.000 1~0995 ',1.5901 
2.500 ,1.1246 1.9306 
3.000 1.1495 2.2597 
3.500 1.1743 ' 2.5703 
4~000' 1.1989 e.8652 
4 .. 500 1.2233 3.1535 
5.000 1.2476 3.4488 
6.000 1.2956 4.1274 
7.000 1.3430 5.0528 
8.000 1.3897 6.3942 

10.000 1.4812 11.0406 
12.000 1.5702 19.5212 

'i:' . 

Table XV. Phosphoric acid in.water at 25°C. ' 

A t~ DMX105 1+ ~ 
dZrun c "6f~<105 ..e-()~05 . ~ ... G 

383.86 .8950 1.920 1.0000 0 ... 9.143 1.073 O. ..-
336.38 .9005 1.809 .9641 .. 001 8.703 ,1.051 1.974E-08 3.509E+04, 
223.00 . .8880 1.5~9 .8888 .010 7.916 1.007 3.203E-08 6.260E+o4 
133.05 .9040'. 1.261 .7639 .050 6.907 .935 ' , 5.830E-08 6.772E+o4 , 
104.05 .9063 1.068 '.6823 .100 6.389 .888 8.07lE-08 6.433E-K)4 
83.01 .9090 .861 .5879 .200 5.891 .829 1.188E-07 5.737E+04 
73.60 ~8770 ~748 .5340 ' .300, 5.643 .790 l.525E .. 07 5.26lE+04 
64.71 .8700 .637' ~4825 .500 5.447 .739 2.158E-07 4.579E+o4 
60.82 .8970 .597 , .4701 .700 5.348 .699 2.79lE-07 4.212E+o4 
60.15 .8906 .593 .4881 1.000 5.406 .660 4.026E-07 3.732E+04 
59.71 .9000 ' .646 .5589 1.500 5.615 .609 5.64'!E-07 3.389E+04 
58.31 .9078 .717 .6461 2.000 5.7.49 .567 7.158E-07 3.108E+04 
56-.36 .9141 .783 .7341 2.500 5.777 .529 8.552E-07 2.924E+04 
54 .. ,07 .9191' .837 .8174 3.000 '5.707 .493 9.820E-07 2.850E+o4 
51 .. 58 .9231 .875 .8945 3.500 5.553 .458 1.096E-09 '2. 702E+o4 ' 
48.95 .9264 .897 .9654 4.000 5.335 .423 1.195E~06 2.617E+o4 
46.25 .9291 .905 1.0307 4.500 5.071 .389 1.280E-06 2.553E+04 
43.52 .9316 .900 1.0916 5.000 4.778 .356 l.350E-06 2,.511E+o4 
38.07 .9364 . .855 1.2048 6.000 4.172 .290 1.443E-06 2.431E+o4 
32.79 .. 9420 .775 1.3167 7.000 3.633 .227 l.47lE-06 2.410E+o4 
27.78 .. 9495 .674· 1.4437 8.000 3.259 .169 1.;432E-06 2.480E+o4 
18 .. 89 .9735 .450 1.8793 10.000 3.334 .072 1.144E-06 3.382E+04 
lia 81 1.0142 .260 3.1599 12.000 4.948 .010 5.657E-OT 4. 743E+o4 

I 

&' 
I 



Table XVI. Potassiumbromideirtwate~at 2~tC. 
.c p Jl A. to 

+ Drvr<105 1+~ . d2n.m 
c ~f<105 4~105· ~- G 

o. • 9971 .8937. 151~80 .4847 2.018 1.0000 o • 1.958 2.082 O. -.-
.001 .9972 .8938 148.78 ~4933 1..995 .9868 .001 1.967 2.079 3.400E-08 8.450E+03 
.010 .9975 .8937 143~15 .4933 1.952 .9618 .010 1.982 2.077 1.119E-07 8.146E+03 
• 050 .9979 .8926 135.44 .4923 1.898 .9281 .050 2.003 . 2.081 2 .. 743E-07 7. 488E+03 
.100 .9988 .8908 131.19 .4850 1.875 .91ll .100 ·2.012 2.089 4.163E-07 7~022E+03 
.200 1.0013 .8873 126.59 .• 4834 . 1.863. .8973 . .200 .2.019 2.104 ·6.458E-07 6.456E+03 
.300 1.0055 .8840 122.50 .4913 1.867 .8934 .300 2.019 2.114 . 8.077E-07 .6.352E+03 
.500 1.0064 .8774 120.35 .4873 1.891 .8961 .500 2.017 2.128 1.200E-06 . 5. 582E+03 
.700 1.0140 .8706 ll7.76 .4863 1.923 .9047 .700 2.0~0 2.128 1.516E-06 5.277E+03 

1.000 1.0806 .8647 115.44 .4847 1.974 .9233 1.000 1.999 2.125 1.967E-06 4.8t6E+03 
1.500 1.1217 .8578 112.31 .. 4854 2.056 . .9561 1.500 1.976 2.095 2.655E-06 4.5G6E+03 
2.000 1.1624 .85.56 109.45 .4865.· 2.132 .9904 2.000 1.944 . 2.052 3.258E-06 4.216E+03 
2.500 1.2030 .8581 106.56 .4864 . 2.205 ·1.0260 2.500 1.903 2.009 3.772E-06 3.886E+03 I 

+=-
3.000 1.2433 .8658 103.52 .4839 2.278· 1.0635 ,.000 1.849· 1.972 4.193E-06 3.556E+03 +=-

I 

Table XVII. Potassium chloride in water at O°c. 

o. .9999 1.7870 81.70 .4982 .996 1.0000 o. .992 1.000 O. . . 
• 001 1.0083 1.7869 80.30· .4962. ..985 .9864 .001 .993. 1,,·004 . 1~818E-08 6.822E.f.o3 
.010 1.0134 1.7855.·77.40·· .4943 .965· .9611 .010 .994" •. 1.013 5.690E-08 .. 6.930E+03 
.050 1 .. 0005 1 .. 7796 73 .90.4953· .. 939· .9275 .050 .• 995 1.026· 1.480E-07 6.008E+03 
.100 1.0227 1.7723 71.50- .4957 .927 .9111 .. 100 .995: 1~033·· 2.196E-07 5.758E+03 
.200 1.0307 1.7576 69.10 .4890 .. 919 .8985 .200 ~993· 1.039 3.437E-07 5.2.34E+o3 
.300 1.00921.7429 67.71 .4957 .919~8957 .300. .991 1.039 4.599E-07 4.866E+03· 
.. 500 1.0326 1.7134 66;.60 .. 4880 .928.9022 c.500 .985 1.038 6.924E-07· 4.129E+03 
.700 1.0180 1.6840 65.81 .. 4880 .. 9~L .• 9150.700· ~9·75 1.,028 9~269E-07 3 .39~E+03. 

1.000 1.0426 1.6654 65.23 .4863 .963 .9417 1.000. +:960 1.oi4 1.278E-06 ·2.286E+03 
1.500 1.0672 1.·6437 62~59 ,.4862 1.003 .9973 1.500 .... 926 .979 1.920E-06 .4~432E+02 . ~ 

.. .. 



~ 

Table XVIII. Potassium chloride in wRter at 18°c. 

e P I..l A to 
+ D 105 , 1+ ~ M>< d[nm 

e . i£:f1o. 5 ~.?o.5 b+_ G 

o.. .9986 1.0.530. 129.87 .4919 1.687 1.0.0.0.0. o.. 1.660. . 1.715 o.. 
.0.0.1 .9987 1.0.514 127.26 .4870. 1.667 .9858 .0.0.1 1.661 1.722 2.679E-o.8 8.644E+03 
.0.10. .9986 1.0.514 10.2.60. .4870. 1.631 .9599 .0.10. 1.661 1.722 4.483E-o.8 8.587E+03 . 
.950. .9987 1.0.513 10.0..41 .4870. 1.584 .9270. .0.50. . 1.657 1.720. 1.25o.E-o.7 .8.334E+03 
.10.0. 1.0034 .1.0.511 10.0..13 .4860. 1.562 .9124 .10.0. 1.652 1.717 2.253E-o.7 8.o.l7E+03 
.20.0. 1.0.0.34 1.0.487 10.0..0.0. .4860. 1.547 .9037 .20.0. 1.643 1.712 4.258E-07 7.384E+03 
.30.0. 1.0.0.43 1..0.461 99.95 .4860. 1.546 .90.47 .30.0. 1.633 1.70.7 6.263E-o.7 6. 751E+03 
.50.0. 1.0.0.51 1.0.422 99.92 .4860. 1.556 .9171 .50.0. 1.614 1.696 1.o.27E-o.6 5.484E+03 
.70.0. 1.0.0.81 1.0.382 99.84 .4850. 1.573 .9350. .70.0. 1.595 1.685 1.427E-o.6 4.253E+03 

1.0.0.0. 1.0.446 1.0.371 98.15 .4863 1.60.1 .9665 1.0.0.0. 1.555 1.642 1.94o.E-o.6 3.618E+03 
1.50.0. 1.0.683 1.0.355 94.91 .4859 1.649 1.0.214 1.50.0. 1.486 1.572 2~8o.o.E-o.6 3.052E+03 
2.0.0.0. 1.0.910. 100.370. 92.40. • 4853· 1.697 1.0.782 2.0.0.0. 1.420. 1.50.6 3.645E-o.6 . 2.629E+O;i 
2.5o.Q. 1.1123 1.0.422 90..48 .4848 1.747 1.1374 2.50.0. 1.358 1.444 4.449E-o.6 2.36LE-tD3 .!:-
3.0.0.0. 1.1317 1.0.523 88.63 .4847 1080.2 1.1999 3 .. 0.0.0. 1.30.2 1.385 5.195E-o.6 2.o.8LE-tD3 \Jl 

I· 

3.50.0. 1.1492 1.0.690. 86.29 .4852 1.866 1.2668 3.50.0. 1.253 1.329 ;i.868E-o.6 2.112E-tD3 
4.0.0.0. 1.1645 1·0.937 82.93 .4867 1.941 1.3387 4.0.0.0. 1.212 1.276 6.454E-o.6. 2~17LE-tD3 



Table XIlC. Potassium chloride in water at 25°C. 

c p ~ A to 
+ 

D0105' 1+ ~ 
d2nn:i 

c ~f<105 t(;'..1<105 
~- G 

o. .9971 .8937 149.83' .4905 1.993 1.0000 o. 1.956 2.032 O •. 
.001 .9971 .8938 146.95 .4902 1.970 .9859 .• 001 1.960 2.037.3.323E-08· 8.542E+03 
.010 .9971 .. 8941 141.32 .4902 1.926 .9594 .010 1.968 2.047 1.07lE-07 8.419E+o3 
.050 ~9971 .8941 133.33 .4901 i.870 .9237 .050 1.981 2.062 2.59lE-07 7. 848E+03 
.100 .9972' .8940 128.90 .4900 1.844 .9058 .100 1.988 2.071- 3.930E-07 7.356E+03 
.200 .9972 .8933 124.50 .4900 1.827 .8907 .200 1.994. 2.080 6.220E-:-07 6.615E+03 
.300 .9973 .8929 120.89 .4897 1.825 .8856 .300 1.994 2.082 7.989E-07 6.313E+03 
.500 .9973 .8919 117.90 .4896 1.839 .8865 .500 1.992 2.082 1.160E-06 5.660E+03 
.700 .. 9975 .8917 115.11 .4898 . 1.861 .8931 .70b 1.984 2.076 1.460E-06 5.334E+03 

1.000 1.0428 .8919 111.81 .4886 1.896 .9082 1.000 1.968 2.060 1.866E-06 4.988E+03 
1.500 1.0649 .8946 108035 .4884 1.953 .9354 1.500 1.931 2.023 2.520E-Ob 4. 588E-+03 
2.000 1.0867 .8996 105.60 .4882 2.005 .9645 2.000 1.886 1.978 3.105E-06 . 4·.220E+03 
2 .• 500 1.1082 .9080 102.98 .4881 2.055 .9960 2.500 1.836 1.926 3.625E-06 3.907E+03 I 

. .j::;" 

3.000 1.1294 .9211 100.17 •. 4879 2.104 1.0314 . 3.000 1.780 1.868 4.079E-06 ·3.754E+03 0'\ 
I 

3.500 1.1504 .9403 97~01 .4877 2.157 '1.0725 3.500 1.719 1.806 4.463E-06 3.690E+03 . 
4.000 1.1712 .9671 93.39 .. 4876 2.215 '1.1210 4.000 1.655 1.739 4.778E-06 3.596E+03 

'l,:. 
"f' 
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Table XX. Potassium chloride in water at 35°C. 

c p J.l A t: D~105 1 + ~~r2 c ~.f.<105 .c.61<105 l1'+_ G 

O. .9941 .7194. 180.27 .4889 2.478 1.0000 o. 2.424 2.534 o. 
.001 .9942 .7195 176.89 .4880 2.454 .9855 .001 2.436 2.548 3.779E-08 9.869E+o3 
.010 .9943 .7199 169.92 .4886 2.409 .9593 .• 010 2.454 2.570 1.213E-07 9.804E+03 
.050 .9945 .7206 140.50 .4885 2.349 .9269 .050 2.446 2.564 2.274E-07 9. 57lE+03 
.100 09950 .7213 136.70 .4870 2.318 .9130 .100· 2.435 2.556 3.587E-07 9.27lE+03 
.200 .9959 .7226 134.79 .4885 2.293 .9054 .200 2.414 2.539 6.213E-07 8.672E+03 
.300 .9964 .7233 134.16 .4860 2.286 .9074 .300 2~393 2.522 8.838E-07 ~.072E+03 
.500 .9987 .7258 133.65 .4888 2.292 .9?16 .500 2.350 2.488 1.409E-06 6. 873E+03 
.700 10 0003 .7297 133.43 .4850 2.310 . ~9410 .700 2.308 2.454 1.934E-06 5.674E+03 

1.000 1.0394 .7307 132.28 .4832 2.343 .9744 1.000 2.243 2.398 2.662E-06 4.313E+03 
1.500 1.0614 .7374 126.29 .4830. 2.402 1.0310 1.500 2.132 2.282 3.695E-06 3.625E+03 I 
2.000. 1.0830 .7465 121.74 .4831 2.460 1.0881 2.000 2.030 2.173 4.644E-06 3~196E+03 .j::"" 

-:J . 
2.500 1.1043 .7586 117.79 .4830 2.516 1.1473 2.500 1.932 2.067 5.510E-06 2.929E+03 I 

3.000 1 .. 1253 .7740 113 .. 64 .4826 2.571 1.2112 3.000 1.832 1.963 6.290E-06 ··2.778E+03 
3.500 1.1461 .7929 108.61 .4818 2.625 1.2839 3.500 . 1.727 1.857 6.98lE-06·· 2.348E+03 
4.000 1.1667 .8154 102.11 .4804 2.680 1.3700 4.000 1.613 1.748 7.580E-06 1.850E-+{)3 

./ 

( 
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Table XXI. Potassium chloride in wate~ at 50°C. 

c p ~ A e + 
D 105 1+ d2ny c h'¥105 IX xl05 

tf+~ G ~, ·d2nm o 0-

o. .9881 .5467 228.26 .• 4860 3.289 1.0000 O. 3~200 3.384. o. 
.001 1.0006 .5467 199.64 .4850· 3.259 09857 .001 3.201 3.386. 7.285E-09 
.010 '1.0034 .5469 199.64 .4850 3.201 .9598 .010 3.212 3.399 7.285E-08 1.063E-+o4 
.050 1.0140 .5477 197.00 .4840 3.119 .9277 .• 050 . 3.260 ,3.458 3.332E-07 1. 15.4Ef0'4 
.100 1.0185 .5487 194.59 .4840 3 .. 075 .9138 .100 3.255 3.457 6.144E-07 8.857E-+03 
.200 1.0296 .5507 186.51 .4840 3.034 .9063 .200 3.224 3.431 9.930E-07 7.707E+03 
.300 1.0320 .• 5528 '181;..13 .4830 3.019 .9084 .300 3.187 3.396 1.328E-06 7.003E+03 
.500 1.0440 .5568 174.14 .4830 3.018 .9231 .500 3~110 3~320 1.960E-06 ' 6.019E+03, 
.700 1.0580 .5626 169.18 .4830 3.034 .9435 .700 3.037 3.246 2. 554E-06 5.373E-+03 

1.000 1.0329· .5679 161.57 .4831 3.072 .9'758 1.000 2.935 3.141 3.278E-06 . 4.702E-+03 
1.500 1.0542 .5802 155.66 .4829 3.145. L.0326 1.500 2.785 2.983 4.580E-06 ' 4.120E+03 
2.000 1.0754 .5936 149.92 .4828 3.216 1.0886 2.000 2.650 2.839 5.753E-06· 3.607E+03 I 
2.500 1.0964 o908i 143.1313, .4826 3.281 1.1447 2.500 2.520 .2.702 6.781E-06 3.312E+03 .p-

co 
3.000 1.1175 .6238 . 137.69 .4823 3.336 . 1.,2036 3.000 2.388 2.563 7.651E-06 3.065E-+03 I 

3.500 1.1386 .6410 131.65 .4818 3.383 1.2691 3.500 2.249 2.419 8.354E-06 2.831E+03 
4.000 1.1599 .6603 .,126.11 .4810 3.421 . 1.3464 4.000 2.096 2.264 8.880E-06 3.395E-+03 

'~. .. 



~ 

Table XXII. Potassium iodide in water at 25Q C. 
0 D,,.x105 1+~ '~+<105 4;~105 ~-c P J.l A t+ c G 

.1.--1 ' d2nm 

o. • 9971 .8903 150.46 .4889 2.001· 1.0000 o • 1.958 2.046 o. 
.001 1.1204 .8902 136.85 .. 4883 1.975 .9878 .001 1.958 2.047 6.863E-09 
.0;1.0 1.2279 .8896 136.85 .4882 1 .. 929 .9646 .010 1.959 2.049 '6.863E-08 5.912E+03 
.050 1.3257 .8867 134.97 .4883 1.880 .9339 .050 1.964 2.058 2.995E-07 6. 758E+03 
.100 1.3976 .8832 131.11 .4887 1.866 .• 9196 .100 1.978 '2.072 4.467E-07 6.464E+03 
.200 1..5040 .8776 126.89 .4900 1.872 .9105 .200 2.001 2.093 6.757E-OT 6. 134E+03 
.300 1.5458 .8721 , 124.51 .4900 1.892 .9110 .300 2.018 2.108 8.761E-07 ,5.865E-f03 
.-500 1 .. 6395 .8609 121.58 .. 4900 1.943 .9228 .500 2.039 2.126 1.238E-06 5.457E-f03 
.700 1.7013 .8497 119.68 .4900 1.995 .9403 .700 2.047 2.131 1.577E-06 5. 134E+03 

1.000 1.1183 .8328 117.51 .4903 2~067 .9560 1.000 2.043 2.124 2.071E-06 4. 742E+03 
1.500 1.1766 .8175 114.89 .4904 2.170 .9993 1.500 2.013 2.092 2.860E-06 4.273E+03 
2.000 1.2343 .8088 112.37 .4902 2.259 1.0407 2.000 1.971 2.050 3.546E-06 3.979E+03 
2.500 1.2917 .8066 109.61 .4899 2.345 1.0778 2.500 1.934 2.013 4.096E-06 3.871E+03 

I 
+=-

3.000 1.3490 .• 8111 106.49 '.4897 2.435 1.1088 1.989 4.486E-06 3.947E+03 
\0 3.000 1.909 I 

3.500 1.4064 .8225 102.99 .4898 2.536 1.1315 3.500 , 1.905 1.985 4.696E-06 4.024E+03 

Table XXIII • Potassium sulfate in water at 25°C. 

o. .9971 .8937 153053 • 4788 1..529 1.0000 o. 1.956 1.065 o. 
.001 .9971 .8943 144.50 .4818 1.456 .9254 .001 ' 2.019 1.092 8. 192E,..09 5.315E+03 
.010 .9972 .8967' 127 .. 50 .4829 1.342 .,8258 .010 2.099 '1.118 2.820E-08 5.026E+03 
.050 .9971 .9051' 109.25 .4848 1.231 .1525 .050 2.130 hill 7.866E-08 4.041E+03 
.100 .9972 .9150 101.15 .4870 1.186 .7261 .100 2.126 1.103 ,l.272E-07 3.52l.E+03 
.200 ' .9972 09342 93.09 .4890 ' 1.126 .6801 .200, 2.142 1.112 2.035E-07 3.150E-f03 

.• 300 .9974 .9541 84.40 .4910 1.070 .6372 .300 ' 2.170 1.122 2.398E-07 2.978E+03 

,. 



Tab1eXXD! • Silver nitrate in water at -25°C. 

A 
0 DMX105 1 + d2ny ~X105 ~i05 -,0'+_ c p ~ t+ dfnm c- G 

00 • 9971 .8937 133 .. 33 .4642 1.765 1.0000 o • 1.647 1.:901 - O. 
.001 - .9978 ... 8939 130.47 .4648 - 1.749 .9869 .001 1.654 1.908 2.505E-08 1.010E+o4 
.010 .9985 .• 8947 - ,124.72 .. 4648 1.713 .9588 .010 1.669 1.921 7.943E-08 1.015E+o4 
.050 ~9992 .. 8970 115.20 .. 4652 1.647 .9092 .050 1.696- 1~936, 1.763E-07 1.036E+o4 
.100 .9999 .8995 109.10 .4652 1.595 .8725 .100 1.715 1&943 2.51lE-07 1.037E+o4 
.200 1.0041 .9046 91~73 .4664 1.521 .8210 .200 1.734 - 1.939. -3.103E-07 1 .. 047E+o4 
.300 - 1.0112 .9102 85 .. 94 .4664 1.463 .7817 .300 L754 1.936 3.694E-07 1.056E+o4 -
0500 1.0111 .9213 81 .. 31 .4687 1&371 .7197 .500 -1.793 1.930 4.818E-07 1.075E+o4 -

.• 700 1.0112 . .9346 79.32 .4'676 1.297 .6697 .700 1.831 _1.924 6.06lE-07 1.094E+o4 
1.000 1.1373 .95i3 77.94 .4968 1.205 .6108 _ 1.000 1.890 1.914 7.832E-07 1.122E+o4 
10500 1.2060 .9979 70.04 .5101 - 1.084 -- .5317 1.500 1.969 1.891 9.258E-07 1 .. :206E+o4 I 

2.000 1.2742 1.0506 64 .. 08 .. 5232 .. 989 - .4704 2.000 2.048 1.866 1.030E-06 .1.289E+04 
-\.J1 

0 

2.500 1.3420 1.1079 59.26 .5364 .912 .4214 2.500 2.126 1.838 1.108E-06 1.373E+o4 I 

3.000 1.4096 1.1697 55 .. 21 .5499 .849 .3818 3.000 2.205 1.804 1.170E-06 1.457E+o4 
3.500 1.4770 1.2364 51.69 .5(;)40 .796. .3496 3.500 2.284 1.765 1.22lE-06 - 1.540E+04 

'~ t,. 
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Table "XXV. SodilL.'U chloride in vrater at OoC~ 

c p ~, A to 
+ Dr:{10J 1+ ~2lY'/ 

d2nm c l:5":ft<105 ~Xl05 q+- G 

o. .9999 1.7940 67.53 .. 3926 .785 1.0000 O. .• 646 1;,,000 O. 
.001 1.0001 1.7943 67.20 .3702 .775 .9861 .001 .644 1.009 ' 3.373E-08 3.044E+03 
.. 010 1.0003 1.7953 61.70 ,,3690 .757 .9609 .010 .639 1.026 '2.810E-08 l.l~E+o!I-
0050 1.0008 1.7978 58.20 .,3675 .731 .9298 .050 .628 1 .. 046 8.323E-08 8.836E+03 
.100 10,0021 1.8009 56.30 ' ,,3660 .717 .9170 .100 .619 1.052 1.362E-07 7.6:')OE+03 
0200 1.0044 1.8064 54~00 .3660 .705 .9114 .200 .605 1 .. 050 2.249E-07 6.479E+03 
.300 1.,0049 1.8126 53.54 .3650 .700 .9157 .300 .593 1.041 3.410E-07 5 ... 127E+03 ' 
.500 1.0088 1.8280 50 0 80 .3641 .698 .q354 .500 .573 1.017 4.707E-07 4.723E+03 
.700 1 .. 0095 1.8492 50.13 .3625 .701 r:. h ·.!>9~1 ' .700 .555- .990 7.029E-07 3.579E+03 

1.000 1,,0432 1.8713 47 .. 66 .3574 .. 708 1.0068 1.000 .528 .949 7.924E-07 3.530E+03 
1 .. 500 1.0636 1.9462 43.66 .3556 .721 1.0907 1.500 . .486 .881 9.897E-07 3.209E+03 
2.000 ' 1.0834 200486 39.85 .3536 .. 735 1.1866 2.000 .446 .814 1.237E-06 3.036E+03 
2.500 1.1028 2.1755 36.54 .3516 .748 1.2999 2.500 .. 405 .747 1.595E-06 2.863E+o3' I 

\Jl 
3.000 1.1218 2.3233 34.02 .3496 .760 1.4407 3.000 .364, .676 2.108E-06 2.691E+03 ~ 

I 
3.500 1.1405 2.4881 32.53 .3480 .773 1.6246 3.500 .321 .602 2.807E-06 2.518E+03 
4.000 1.1590 2.6659 32.27 .3470 .• 788 1.8791 4.000 .278 .522 3.+17E-06, 2.345E+03 
4.500 1.1772 2.8529 ~30.44 .3469 .803 2.2563 4~500 .233 .436 . 4.857E-06 2.172E+03 

.. l 



Table :X:X:TVI. Sodium chloride in water at l8°e. 

q 1\ t Dr,X10) 1 + dtrry t:r 5 lr. 5 fr' G p 11 c ,¥<10 xl0 + " d£nill o 0"- +-

o. .9986 L.0600 108.84 .3934 1.350 1.0000 O. 1 .. ,113 ' 1.716 O. 
.001 1.0032 1.060i 106 .. 49 .3822 1.336 .9874 .001 1.112 1.726 2.03lE-08 9.564E+03 
.010 1.0029 1.0610 101..95 ,.3800 1.308 .9644 .010 1.109 1.744 6~698E-08 9.218E+O~ 
.. 050 1.0075 1 .. 06u9 95.71 .3800 ' 1.269 .9364 .050 1.097 1.765 1.697E-07 8.166E+03 " 
.. 100 100071 100691 92.02 .3753 1 .. 249 .9253 .100 1.084 1.770 2 ,,614E-07 7.483E+03 
.200 1.0195 1.0630 89.20 ' .. 3750 1~229 .9220 .200 1.060 1.763 4.515E-07 6.070E+03 
.300 1.0193 1..082") 84 .. 97 .3723 1 .. 222 ~9281 ' .,300 1.039 1.744: 5.694E-07 5.993E+03, 
.500 1..0401 1.1934 ,80 .. 94 .3700 1.219 .9517 ' .. 500 .• 996 1.707 7.983E-07 5.224E+03 ' 
,.700 1.0391 1..1224 77. 69 .3680 1 .. 222 .9820 .700 .958 1.659 1.039E-06 4. 670E+03 

1.000 1.0396 Lll~59 74.41 ~3627 1.233 1..0339 1.000 .902 1.586 1.377E-06 4.012E+03 
1.500 1.0591 1~2035 69 .. 11 .3592 1.(~53 1.1322 1.500 .818 1.459 1. 816E-06 3.375E+03 
2.000 1.0782 1.2674 64.60 .3567 1.271 1.2435 2.000 .739 1.333, 2.309E-06 2.728E+03 
2 .. 500 1.0969 1.3400 60.49 .3547 1.286 1.3710 '2.500 .664 1.207 2.92OE-06 2.297E+o3 I 

3.000 1.:1154 1 0 4249' 56.59 .3529 1.298 1..,5212 3.000 .. 592 1.084' 3.693E-06 1. 885E+o3 ~ 
'I 

3.500 1.1337 " r 52 .. 81' .3513 1.309 1.7044 3 .. 500 .521 .962' 4.658E-06 1. 440E+03 1.5202 
4.000 1.1517 1.6482 49.12 .3496 1.318 1.9373 4.000 .452 .841 5.840E-06, 9.954Eto2 

.' ts. 

~ 



.' 

c p f...l 

o. .9971 .8937 
.001 .9971 .8939 
.010 .9973 .8950 
.050 .9972 .8985 
.100 .9975 .9025 
.200 .9972 .9104 
.300 .9979 .9185 
.500 .9974 .9348 
.700 .9991 .9522 

1.000 1.0367 .9788 
1.500 1.0560 1.0287 
2.000 1.0750 1.0857 
2.500 1.0936 1.1514 
3.000 1.1120 1.2270 
3.500 1.1302 1.3138 ' 
4.000 1.1482 1.4127 
4.500 1.1654 1.5246-
5.000 1.1S, 1.6504 

Table XXVII. Sodium chloride in water at 25°C. 

A to D.x105 1+ ~ c t:J.xl05 ~X.105 + M . d2nm .(t er- . tr. +- G 

126.45 .. 3962 1.610 1.0000 o • 1.333 2'.032, O. 
123.70 .3951 1.591 • 9869 .001 1.332 2.041 2.485E-08 9.640E+03 
118.51 .3947 1.556 .9626 .010 1.330 2.059 " 8. 199E-08 9.285E+03 
111.06 .3930 1.510 .9314 .050 1.322 2.084 1.997E-07 8.575Ei03 
106.74 .3918 1.487 .9172 .100 1.314 2.095 3.022E-07 8.026E+03 
101.71 .3918 1.468 .9086 .200 1.297 2 .. 101 4.664E-0T' " ,,' 7'~344E+03 
98.37 • 3919 1.463 . .9097 .300 1.281 2.097 6.058E-07 6.896E+03 
93.62 .3918 1.465 .9231 .500 1.247 2.076 8.475E-07 6.283E+03 
90.04 .3919 1.473 .9428 .700 1.212 .2.045 1.060E-06 5.852E+03 
85.74 .3'684 1.488 .9786 1.000 1.161 1.990 1.345E-06 5.~56E-t03 
79.82 .3634. 1.510 , 1.0440 1.500 1.076 1.884 1.758E-06 4. 774E+03 
74.71 .3595 .1.527 1.1147 2.000 ' .995 1.770 2.106E-06 4.352~+O3 
70.02 .3566 1.539 1.1911 2.500 .917 1.654 2.395E-06 4.016E+03 
65.59 .3547 1.550 1.274-1 3.000 .845 1.538 2.631E-06 3.750E+03 
61.33 .3536 1.561 1.3651 3.500 .778 1.424 2. 813E-06 3.535E+03 

.57.23 .3535 1.574 1.4656 4.000 .717 1.313 2.94-5E-06 3.369E-t03 
53.27 .3544 1.591' 1.5767 4.500 .662 1.207 3.025E-06 3.248E+03 
49.45 .3564 1.613 1.-6989 5.000 .614 1.106 3.055E-06 3.171E+03 

!J 
~ 
~I 



Table XXVIII. SodiUm. chloride in water at 35°C. 

c p !l A t: D0105 1 + ~~ni! c .c;-¥105 tt;.~05, ~_ G 

0..9941 .7440 153.80 .4003 2.031 1.0000 O. 1.693 2.537, o • 
• 001 1.0285 .7439 150.38 .3893 2.011 .9892 .001 1.691 2.548 3.109E-08 1.020E+o4, 
.010 1.1367 .7433 143.49 .3880 1.973 .9699 .010 1.684 2.568" 9.943E-08 1.01lE+o4 
.050 1.1585, .7403 107.21 .3880 1.920 .9472 .050 1.671'2.560 1.586E-07 9.920E+03 
.100 1.0566 .7366 102.67 .38j3 1.891 .9388 .100 1.656 2.549 2.326E-07 9.689E+03 
.200 1.o~66 .7332 100.40 .3826 1.863 .9380 .200 1.625 2.526 3.806E-07 9.225E+03 
.300 1.0661 .7419 99.65 .3832 1.852 .9449 .300 1.594 2.;504 5.287E-07 '8.762E+03 
.500 1.1010 .7593 99.04 ;,830 1.848 .9679 .500 1.532 2.~60 8.247E-07' 7.835E+03 
.700 1.1169 .7767 98.78 .3797 1.854 .9960 .700 1.470 2.416 1.121E-06 6.908E+03 

1.000 1.0804 .7930 98.78 .3690 1.870 1.0408 1.000 1.376 2.351 2.082E-06 5.518E+03 
1,.500 1.0935 .8407 92.86 .3649. 1.902 1.1242 1.500 L.264 2.200 2.257E..;06 4.615E+03 I 

2.000 1.1002 .8952 87.66 .3619 1,,930 1.2169 2.000 1.158 2.043 2.442E-06 3.873E+03 ~ 
2.500 1.1047 .9563 82.68 .3594 l..953 1.32402.500 1.052 1.876 2.904E;..06 3.389E+03 I 

3.000 1.1096 1.0237 77.77 .3572 1.970 1.4553 3.000.944 1..698 3~829E-06 2.840E+03 
3.500 1.1a..71 1.0~Q 72.90 .3551 1.981 1.6272 3.500'. ".829 1.505 ,.357E-06, 2.267E+03 
4.000 1.1286 1.1744 98.08 .3530 1.987 1.8693 4.000 .708' 1.296 "7.595E-06 1. 572E+03 
4.500 1.1455 1.2561, 63.34 .3509, 1.988 ,2.2426 4.500.576 1.;068 1.063E-OB 8.609E+02 

_, (9 , 
,'. ~", 

" 
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Table XXIX. Sodium chlDride in water at 50°C. 

° D0105 1+~ LY~105 ~xlO5 c p 11 A t+ c p+- G d£nm 

o. .9882 .5467 196.69 .4035 2.731 1.0000 O. 2.289 3.384 o • 
.001 .9962 .5530 172.35 • 4010 2.711 .9877 .001 2.289 3.386 6.265E-09 
.010 1.0079 .5530 172.35 .3950 2.672 .9655 .010 2.292 3.407 6.265E-08 
;;050 1.0275 .5530 172.35 .3890 2.613 .9390 .050 2.302 3.501 3.133E-07 1.06oE+o4 
.100 1.0643 .5530 165.26 .3890 2.578 .9289 .100 2.281 3.512 4.825E-07. 9. 726E+03 
.200 1.0928 .5532 156.66 .3857 2.541 .92~ .200 2.230 3.495 7.596E-07 8. 649E+03 
.300 1.1351 .5620 151.27 .3825 2.522 .9351 .300 2.176 3.458 1.015E-06 7.815E+03 
.500 1.1568 .5794 143.41 .3800 2.50( .9622 .500 2.073 3.362 1.481E-06 6.696E+03 
.700 1.1771 .5918 137.52 .3793 2~506 .9972 .700 1.975 3.254 1.922E-06 5.899E+03 

1.000 1.0277 .6081 ~0.35 .3735 2.516 1.0521 1.000 1.840 3.085 2.678E-06 5.010E+03 
1.500 1.0466 .6410 120.66 .3688 2.545 1.1625 1.500 1.641 2.810 3.566E-06 3.958E+03 
2.000 1.0652 .6789 112.42 .3955, 2.577 1.2848 2.000 1.468 2.551 4.426E-06 3.242E+03 
2.500 1.0835 .7224 104.98 .3631 2.606 1.4176 2.500 1.316 2.3ll 5.364E-06 2.686E+03 I 

3.000 1.1016 .7714 98.12 .36n 2.629 1.56143.000 1.i80 2.088 6.452E-06 2.239E+03 \J1 
\J1 

3.500 1.1194 .8251 91.78 .3592 2.645 ' 1.7176 3.500 1.057 1.883 7.743E-06 1.863E+03 I 

4.000 1.1371 .8825 85.94 ,.3573 2.654 1.88_85 4.000 .944 1.694 9.279E-06' , 1.540E+03 
4.500 1.1546 .9426 80.62 .. 3551 2 .. 654 2.0785 '4.500 .838 1.521 1.109E-Q5 1. 247E+03 
5.000 1.1719 1.0042 75.87 .3526, 2.646 ,2.2936 5.000 .738 1.362 1.322E-05 ' 9.791E+02 
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Table XXXII. Sodium sulfate in water at 25°C. 

c P Il A ° t+ D!v?<105 l+~ d2nm c ~105 ~105 .6+- G 

o. • 9971 .8937 130.11 .3850 1.230 1.0000 O. 1 .. 333 1.065 O • 
.001 .9972 .8945 119.07 .3836 1.180 .9424- .001 ' 1.356 ~082 6.669E-09 5.272E+03 
.010 .9974, .8986 106.52 .3829 1.103 .8486 .010 1.406 1.125 2.293E-08 5.465E"+03 
.050 .9977 .9137 89.91 .3828 1.036 .7561 .050 1.475 1.189 5.677E-08 5.242E+O; 
.100 .9983 .9328 81~63 .3828 1.017 .7260 .100 1.505 1 .. 213 8.684E-08 4.956E+03 
.200 .9992 .9726 72.75 .1690 1.000 .7100 .200 1.505 1.214 1.354E-07 4.500E+03 
.300 1.0003 1.0136 68.13 .1630 .980 .7040 .300 1.,480 1..206 1.1$lE-07 4.069E-+03 

Table XXXIII. Sulfuric acid in water at 25°C. 

o. • 9971 .8937 429.67 .8138' 2.599 1.0000 o. 9.305 1.065 o • J 
\J1 

.001 1.0104 .8941 '390.80 .8190 2.473 .9368 '.on 9.509 1.080 1.732E-08 5.945E+03 --:J 
I 

.. 010 1.0169 .8981 185.40 .8190 2.244 , .8272 .010 9.861 1.106 1.507E-08 2.252E+03 

.050 1.0234 , .9054 2~1.20 .8132 1.~5i ·lOOl .050 10.228 1.132 1.29~-07 6.020E+O~ 
, .100 1.0300 .9120 1 7.05 .8190 1. 2 • 504 .100 10.284 1.1.36 1.02 E-07' 1.086E+O 
.200 1.0330 .9283 140.14 .8150 1.745 .6258 .200 10.103 1,.123 2.053E-07 7.888E+03 ' 
.300 1.0~67 .9451' 164.61 .8080 1.~43 .~51 .300 9.811 1.101 4.044E-07 7. 140E+03 
.500 1.0 34 .9789 211.00 .7930 1. 13 • 874 .500 ~.ll0 1.052 9.845E-ol :2.488E+03 
.700 1.0502 1.0141 206.50 .77"60 1.908 .7553 .700 .5 2 1.003 1.415E-O 1. 886E+03 

1.000 ' 1.0551 1.0131 201.36 , .8046 2.046 .8633 1.000 7.677 '.929 2.113E-06 1.387E+03 
1.500 1.08~6 1.1165 i~~:~~ :t~~~ 2.224 1.038~ 1.500 6·r6 .825 2.~8E-Og g.0~8E+03 
2.000 1.11 4 1.2540 2 .. 341 1.199 2.000 5. 73 .739 3. 4E-0 .1 8E+02 
2.500 1.1472 1.4096 147.35 .7800 2.420 1.3509 2.500 4.696 .666, 3.896E-06 7. 567E+02 
3.000 1.1779 1. 57lt6 131.33 .7713 2.485 1.5033 3.000 4.061 .604, 4.152E-06 ' 7.053E+02 
~.500 1.2084 1.7443 116.62 .7620 2.558 1.6743 3.500 3.523 :~ 

4.266E-06 6. 792E+02 
.000 1.2387 109169 103.19 .7~16 2.657 1.e880 4.000 3.041 4.250E-06 6.603E+02 

4.500 1.2"685 2.0921 91.00 .7 02 2.799 2.1789 4.500 2.582 • 6 4.112E-06 6.397E+02 
5.000 1.2980 2.2710 79.97 .7274 2.998 2.6021 5.000 , 2.117 .395 3.86lE-06 ' 6.422E+02 
6.000 1.3555 2.6480 61.10 .6974 3.614 4.3671 6.000 1.072 .285 3.047E..;o6 6.422E+02 

, , 



Table XXXIV. Zincsul:fa.te in nter M-25°C. 

c p Il A t: D.x105 l+~i.i.rry c· tr~lo5 ;&'..;<105 
. M· run 0 0 .. ~- G 
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original va1ue~ ,An exception i~ sulfuric acid, in which tf 'decreases 0+ 

'almost an order. of magnitude. 

Let us look more closely at the behavior of the ~_ coefficients. 
. . 

.. These coefficients for various systems ha.v~qualita.tively similar 

behavior •. Over the concentration range 10-3 to above one molar the .. 

function increases somewhat more rapidly than the predicted cl / 2 dependence. 

For most of the 1-1 electrolytes the values are close to one another, 

but the ~_ values for 2-2 electrolytes are more than an order of magni- . 

tude Im·rer, and acids are considerably higher. Values for 1-2 electro- . 
, 

lytes fall somewhat belovT those for 1-1 electrolytes •. The b coefficients 
+-

increase w'ith temperature by about a factor of 1.5 or 2.0 from O°C to 

50°C a~~ordingto the data for sodium and potassium chlorides. 

Equation (III-33) may be rearranged to the form 

(IV-I) 

... whereG should be inversely proportional to the 3/2 power. of the dielec­

tric constant and at infinite dilution equal 2858.5. (~K)3 t/moi~ ]~/2 ~. 
The quantity G was calculated for the systems listed in Table II. Some 

of the results are shown in Fig~lO. Although G is not a constant, it 

is found to vary less thananoi-der of magnitude, with most of the 
. 

variation occurring at high dilution and to be a similar function of 

concentration for almost all the SUbstances considered; furthermore, 

. it appears to be relatively ins~nsitive to.tem~rature. This means that' 

the appearance of the charge numbers, ionic diffusion coefficients, 

c
l
/
2 

and temperature in the theor€ticalequat~on'(IV-l) is appropriate 
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to the extent that these variables partially account ~or the gross 

differences in ~_ of the various systems and its variation over many 

orders o~ magnitude. Part o~ the concentration dependence of G results 

from the appearance of ~i in Eq. (IV-l); if the constant limiting values 

t:foi are used .. however, there is no substantial change in the appearance 

of Fig. 10. 

Unfortunately the values of G at low concentrations do not extrapo-

late to the theoretical value ~r even converge to the same value for 

different substances. The values are actually closer together and closer 

to the theoretical value at higher concentrations. It is difficult to 

determine ~_ or G very accurately in dilute solutions because ~_ is a 

small difference between two large experimental quantities. Conversely, 

a rop,ghestirnate of G might be satisfactory for p:redicting ~_ values 

with Eq. (IV-I) because the magnitude o.f t{- is significant only at 

concent:rations where G appears to be fairly constant. 

The function G may be interpreted as a catch-all quanti tywhich 

includes the effects of ,the many inadequacies of the idealized theory. 

The value of G (in (OK)3/2/(moles/l)1/2) for most elect:rolytes is between 

7000 and 10,000 in very dilute solutions.. With increasing concentrations 

it drops to between 4000 and 5000 above one molar and may drop even more 

in very concentrated solutions. The only exceptions to this general 

behavior are ammonium nitrate and silver nitrate. These two systems 

appear to be anomalous in that G increases with concentration and 

becomes considerably higher than in other cases. 

The valuesf.ar hydrochloric acid are particularly low in dilute 

solutions but remain near 2000 at higher concentrations. Sodium hydToxide, 

however, does not appear to behave differently from other, more typical 
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Fig. 10 The empirical function G for various systems 
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electrolytes. 

In generalJ the values of G for .uni,;:.univalent electrolytes fall 

within a band characterized by the following limits 1 

at c = 0..5 M, G = 60.0.0. ± 10.0.0. ; 

at c '!: 1.0. M, G = 450.0. ± 10.0.0. ; 

at c = 2.0. M, G ;:: 350.0. ± 10.0.0. ; 

at c = 3.0. M,and above, G =30.0.0. ± 100.0. • 

The temperature dependence of Gfor sodium, potassium, and lithium 

. chloride is not great. All values betw·een 0.° and 5o. o C fall within the 

limits given above. Since data at higher concentrations and various 

temperatures are often not as accurate as one 1muld like, it is difficult 

to say how reliable the observed variations in Gare. Although the G 

~alues for a system at different temperatures do not coincide, there is 

no systematic trend in their variation with temperature. 

Divalent synnnetrical electrolytes -were found to exhibit higher values 

of G. For copper sulfate these are 10.,0.0.0. at 0..25 M and 850.0. at 0..5 14. 

Cadmium sulfate appears to be quite similar and zinc sulfate is even 

higher. 

Values of G calculated for the unsynnnetrical electrolytes BaC12 , 

CaC1
2

, and LaC1
3 

as well as ~S04 are lower than those for symmetrical 

electrolytes. Barium and calcium chlorides are near 2250. at 0..5 M and 

150.0. at 1 .. 0. M. Lanthanum chloride appears to fall even lower. Potassium 

sulfate, on the other hand, is somewhat higher, and sodium sulfate is 

only slightly lower than the typical G values for uni-univalent electro­

lytes. 
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Rewriting Eq. (IV-l), we obtain the expression for lY : 
+-

{c (z +.(10+- z_~_)(l + .[q)i5./
2 

(z+v +)1/2 
.' . ( .:' )·lJ2 2 . 2. .' . 

G c ~ - z . z z q 
0+- +-

; .. ::"" 

• 

If it is necessary to estimate a value of ~_ where no data are available, 

brt6extrapolate limited data,one ,could choose a \ra.lue for G~ depending,' 

upon the type of electrolyte being considere~J from the range of values' 

:we have calculated here •. 

It is unfortunate that the variation of G cannot be interpreted"\ 
. '\ .. '," 

in terms of the Onsager-Fuoss-Debye-Huckel model.. Since G should be 

inversely proportion~l to E3/ 2 , one would expect it to increase with 

increasing concentration, an effect quite opposite to that observed. 

It appears, then, that the theory is inadequate for solutions of concen­

trations where ~ is of significant magnitude. Even at very loW' con-
+-

centrations the electrostatic model breaks down because the 4._ coeffi-

cients become chemically specific. (At infinite dilution all the 

values of G should approach a common value, e3 .[4rr.N /3 (Ek)3/2 
= o 

Since the limit of the diffusion coefficient of an ion tr. in the . Ol 

solvent is given by its limiting equivalent conductance, it is interesting 

to investigate how lbi varies from its limit at finite concentrations 

in various solutions. The ion which has been studied most extensively 

is chloride. The diffusion coefficients of the chloride ion in various 

solutions are shown in Fig. 11. In every case except hydrochloric acid, 

lrH20-Cl- initially increases with concentration, goes through a maximum, 

" . 
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1.0 ~.o 3.0 
concentration (equiv/liters) 

Fig. 11 The diffUsion coefficient of chloride ion in 
various aqueous solutions at 25°C 

'<'. 

". ::: .. :-.-



'.-' 0' 

. ~ .' 

. ..- ' .. ~. 
. and decrea.ses at highercoricentrationa. 'lheia.rgest increase observed; 

almost. 20 percent, occurs withcalciUJl'l.i'he·:heXt largest ef'fect. is caused.· iI 

by barium;8.ndthe available dataf'br lanthanum indicate a~imilarly 

large.increase. 

Of' the other halides; data ,~eavailahle o:i1ly for potassium bromide" 
• 0 0 . ' - .' • '. 

sodium iodide, and potassium iodide, all at 25°C •. Thediffusidh coefficients 
• • o. • •• .:. ' •• 

of these halide ions all, exhibit aIfiaxiinum with concentration, as shown· . 

in Fig. 12. The iodide :mB.xima.. are slightly larger than those of' the 

corresponding chlorides. As in the chlorides, the potassium salt maximum 

appears at a higher concentration than that of the sodium salt, but in 

this latter case.the potassium iodide ~imum is somewhat greater than 

for the sodium salt. The maximuin for bromide is very similar to, but 

. slightJ,y larger thEm, that for the corre13ponding chloride and is almost 

identical to that for potassium iodide. 

The behavior of' the nitrate ion in silver, lithium, and ammonium 

nitrates is similar to that of the halide ions in that these systems 

exhibit JilaxiIna in b'H~O_NO- ~ which are shown in Fig. 13. With lithium, 
-'2 3 ' 

the nitrate ion diffUsion coefficient drops off at high concentrations, 

whereas with silver and ammonium its value does not change greatly in 

concentrated solutions. 

The behavior of several alkali metal ions is shown in Fig. 14. In 

lithium chloride and lithium nitrate b'~O_Li+ decreases smoothly with 

increasing concentration. The cation coefficient in sodium chloride and 

sodium hydroxide decreases uniformly, but it exhibits a slight increase 

in dilute solutions of sodium iodide before decreasing, and it increases 

very rapidly in sodium sulfate. In potass'ium salt solution ff~O_K+ 

.''':' 
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1.0 .to 3 .. 0 

concentration (equiv/liter) 

Fig. 12 Halide ion diffusion coefficients 
at 25°C 
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Fig. 14 Alkali metal ion diffusion coefficients 
at 25°C 
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goes through about a 2 or.3 percent ~imum before decreasing ,1ncohcen'" 

_trated solutions. With sulfate tile potassium ion dlffusioncoefficient ,"J' 

increases very rapidly at low concentrations. 

The calculations for hydrochloric and sulfuric acids ;yj..eld the 

diffusion coei'ficients for hydrogen ion shown in Fig. 15. .(1~;_H+ 

iIi sUlf'u:rlc acid goes through a simple :ma.xini.Uin, whereas that in hydro­

chloric acid behaves rather strangely, going through a minimum and then 

a maximum before decreasing at higher concentrations in a manner quite 

similar to that in sulf'u:ric acid. Cal.culai;ions with the phosphoric acid 

data which were sun:rrnarized in Table XV indicate that the hydrogen ion 

diffusion coei'ficient drops oi'f from its limiting value very rapidly with 

concent:r.ation. These calculations are in doubt, however, because the 

experimental diffusion data do not appear to extrapolate to the Nernst 

value; also there is considerable divergence of several sets of data for 

the transference number. 

The diffusion coefficient of hydroxide ion in sodium hydroxide is 

also shown in Fig. 15.' It is seen to exhibit a maximum of about lO 

percent near .2 molar and then to decrease with increasing concentration 

up to one molar. 

According to Tables III and IV; the diffusion coefficient of ammonium 

ion in ammonium chlorid:e and ammonium nitrate also increases in dilute 

solutions. The maximum in ammonium nitrate, however, occurs near 3 molar, 

which is much higher than for other ions. The subsequent decrease of 

~O-NH4+ at higher concentrations is not rapid. 

The only other ion for which appreciable data are available is 

sulfate. is shown in Fig. 16 for solutions of sulfuric acid, 
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4+ (H~SO'f) .. 

,;30- (Na.O H) 

1.0 :t.o 3.0 '1.0 

concentration (equiv/1iter) 

Fig. 15 Ionic diffusion coefficients of hydrogen and 
hydroxide at 25°C 
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copper sulfate, zinc sulfate, sodium sulfate, and potassium sulfate. In 

all cases this coefficient increases with concentration in dilute aolu-

tions.. The increase is greatest w"ith zinc and copper; the maximum 

increase over the limiting vaiue in Qupric sulfate is almost 90 percent. 

The increase in sulfuric acid amounts to about 5 percent before 

tr = decreases gradually with concentration up to 5.5 molar. 
~0-S04 

Of the other ions which are included in Tables III through XXXIV, 

the diffusion coeffioients 0.1' zinc and copper in .sulfate solutions both 

go through rather sharp maxima at low concentrations. The lJ. coefficients 
01 

for barium, calcium, and lanthanum in chloride solutions do not exhibit 

maxima but decrease continuously with increasing concentration. Silver ,.-

ion, on the other hand, increases from its limiting value and continues 

to increase up to 3 molar. 

Since the diffusion coefficients, transference numbers, and other 

pertinent properties of potassium, sodium, and lithium chlorides have 

been measured over a range of temperatures, we may also investigate the 

temperature dependence of the ionic diffusion coefficients. In Chapter 

III we indicated that the limiting diffusion coefficients of various 

ions all fb.llow a similar dependence on temperature. According to Eq. 

(III-32) the limiting diffusion coefficients fr. at various temperatures 
01 

may be calculated from the limiting ionic equivalent conductances 

tabulated in the Appendix of Robinson and stokes. 72 For the purposes 

of interpolation the results can be fit by an equation of the form 

(IV-3) 



-82-

. This equation follows from Eq. (11-20 )e~cept for the term in r ~ which 

was introduced to make the fit more accurate over a temperature range of 

100°C.. Coefficients of Eq. (IV-3) and values of ~i at 25°C for various 

ions are given ih Table XXXV. The fit is generally within a percent or· 

two over the entire rarige. 

In order to investigate the temperature dependence of the ionic 

di:ffusioncoefficients at finite concentrations, w'e have plotted the 

° 
quantity J1;il ~i at various temperatures versus concentration for the 

ions of sodium, potassium, and lithium chloride solutions in Fi~s. 17 

through 22. It is found that the concentration dependence at different 

temperatures is roughly the same and that most of the temperature dependence 

is accoUnted for by that of lr~i. 

. 82 
The diffusion data for these systems were all obtained by Vitagliano ' 

by the Gouy method. He also provides the activity coefficient correction 

based on data of Caramazza. 6 It is seen in the figures that values based 

on these data for potassium and sodium chlorides all fall below the , 

well-corroborated values for 25°C. One might suspect that some inconsis-

tency has arisen in the measurements because the values of tSi/~i at 

0°, 18°, 35°, and 50°C for the various ions all differ less among them-

selves than they do from the values for 25°C. Assuming that Vitaglianots 

data are consistent among themselves, one might conclude that there is a 

slight temperature effect on ~he concentration dependence of the fJ' . ; 
o~ 

values of f:[ .Ib;°i seem to decrease more rapidly at higher temperatures 
o~ 0 

than' at lower temperatures. This effect, however, seems to be very small, 

and in sodium chloride there is an inversion of the order of the 18° and 

35° curves between the 0° and 50° curves. 

,~.' 

........ 
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Table XXXV. Limiting ionic diffusion coefficients in water at 25°Cand the 
coefficients of Eq. (IV-3) representing their temperature dependence 

Ion z. d. (25°C)X105 
(a) (b) ( c) 

~ 
o~2 

(cm 
2

; sec( °K)3/2 ) 2; . 2 ( cm2; sec ( oI{)5/2) (em /see) ( cmsec( OK) ) 

Acetate -1 1.0884 -2.23492 E-08 +1.44415 E-09 -1.58715 E-12 

Ammonium +1 1.9573 -4.25901 E-08 +3.13303 E-09 -2 .. 57595 E-11 

Barium +2 0.84666 2.69722 E-08 -4.02517 E-09 +1.48163 E-I0 

Beryllium +2 0.59877 

Bromide -1 2.0795 1.64023 E-08 -3.93244 E-09 +1.86298 E-I0 

Calcium +2 0.79171 1.51031 E-08 -2.62609 E-09 + 1.06624 E-I0 

Cerium +3 0.61917 I 
Q:l 

Cesium +1 2.0560 2.02209 E-08 -4.20989 E-09 +1.89362 E-I0 \.>J 
I 

Chlorate -1 1~ 7926 1.38440 E-08 -3.33957 E-09 +1.58686 E-10 

Chloride -1 2.0318 1.03570 E-08 -3.24800 E-09 +1.66650 E-10 

Cobalt +2 0.73183 

Cupric +2 0.71320 

Fluoride -1 1.4743 

Hydrogen +1 9.3091 -4.14093 E:-07 +4.26060 E-08 -1.01781 E-09 

Hydroxide -1 5.2772 -1.97281 E-07 +1.81433 E-08 -3.54824 E-10 

Iodide -1 2.0449 1.03310 E-08 -3.19709 E-09 +1. 63840 E-10. 

Lanthanum +3 0.61828 1.19921 E-08 -2.10208 E-09 +8.55552 E-11 

Lead +2 0.92477 

LithIum +1 1.0294 -4.05971 E-10 -1.16844 E-09 +7 .. 58604 E-ll 



Table XXXV (continued) 

Ion zi 
lY~i (2~OC)Xl05 (a) (b) . (0) 

(cm2/sec(OK)3/2 ) . 2 . 2 
(cm2 / sec( °K)5/~) (cm /sec) (om/sec(OK) ) 

Magnesium +2 0.70588 2.91534 E-08 ...4.11630 E-09 +1.45178 E-I0 

.' Nitrate -1 1.9017 2.06960 E-08 -4.18101 E-09 +1.85124 E-10 

Potassium +1 1.9560 -2.22478 E-09 -1.60418 E-09 +1.13170 E ... 10 

Rubidium +1 2.0707 1.71488 E-08 "'3.88494 E...;09 + L 80915 E-10 
Silver +1 1.6473 1 .. 82639 E-08 -3.78099 E-09 +1.68455 E~10 

Sodium. +1 1.3333 4.30925 E-09 -1.96743 E-09 +1.08304 E-I0 

strontium +2 0.79104 1.77859 E-08 -2.91201E-09 +1.14144 E-I0 I 

1.0647 4.24746 E-08 -6.14640:E-09 -1-2.20452 E-I0 
co 

SUllate -~ .j::'" 
I 

Thallium. +1 1.9879 
Zinc' +2 0.70256 

Ions for which constants are not given have not been measured over a range of temperatures 

,) . 
·r 

. ',.>' " .,.'. . ... " ~., ,t . 
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1.0 , ~.o 3.0 If. 0 
concentration (equi v/liter) 

Lithium ion diffUsion coefficients in lithium 
chloride solutions at various temperatures 

1,0 ~.o 3;0 If..O 
concentration (equiv/liter) 

Fig. 18 Chloride ion diffUsion coefficients in 
lithium chloride solutions at various 
temperatures 
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. Fig. 19 Potassium ion ·di:ffusion(loeff1cients in potassium 
chloride Bolut~bns at various temperatUre,s' 
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Fig. 20 Chloride ion diffusion coefficients in potassium 
chloride solutions at various temperatures 
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1.0 -l.0 1.0 
concentration (equiv/liter) 

Fig. 21 Sodium ion diffusion coefficients in sodium 
chloride solutions at various temperatures 

/.0 ;J.o 3,0 If..o 
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Fig. 22 Chloride ion diffusion coefficients in sodium 
chloride solutions at various temperatures 
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A number of qualitative generalizations maybe made regarding the 

doncentration dependence of the ionic diffusion coefficients.. The variation '", 

from' the limiting vallie depends on the nature of both the -diffusing ion 

and the counter ion present. The
r 
value of ~i may gradually decrease froIn 

its limiting value as it does in the majority of' cases for sodium and 

lithium; it may exhibit a small maximum in the region -of several tenths. 

molar ,and then decrease at higher concentrations as is the case for most 

halide ions and nitrate; or it may incr~aiJe very rapidly at low concentra. ... 

tions, go through an appreciable maximum, arid then decrease at higher 

concentrations as appears to happen for both ions whenever sulfate is 

present. For all ions for which concentrated solution data are available, 

except silver in silver nitrate, the diffusion coefficients decrease at 

higher concentrations. 

These observations may be interpreted in terms of the structure of 

aqueous ionic solutions. Modern theories of the structure of water12,36,64 

indicate that at lower temperatures the water molecules are rather loosely 

arranged in a hydrogen-bonded tetrahedral structure. When an ion is 

introduced into this structure, it may alter it by virtue of its size as 

well as by its ability to orient the polar vtater molecules in its vicinity. 

It is believed that some ions have a structure-enhancing effect and that 

some destroy the water structure. Evidence for these effects comes from 

considerations of viscosity of electrolytic solutions, thermodynamic 

properties such as entropies and heat capacities of ions in solution', 

variation of dielectric constant with concentration, and nuclear magnetic 

resonance studies in electrolytic solutions (see references 36 and 64). 

It is supposed that a small ion with a large charge has the ability to 
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impose a structure on the water around it because of the high electric 

field at its surface. A large ion, on the other hand, disrupts the. natural 

water structure by breaking up the continuing tetrahedral configuration 

of water molecules in the volume it occupies. 

In general we should expect that structure-breaking ions would 

increase the diffusion coefficients by effectively decreasing the local 

viscosity, that is, by reorienting the water molecules so that the con-

straining intermolecular forces are reduced. structure-making ions, on the 

other hand, would be expected to dec:rease the diffusivity with increasing 

concentration by o:rienting the water molecules such that the effective 

intermolecular forces are enhanced. 

At concentrations above one molar the ions of an electrolytic 
o 

solute are so close together (less than 10 A on the average) that almost 

all the water molecules must be trapped in a particular orientation by 

the fields of the ions. The increased forces in this configuration (both 

ion-solvent and ion-ion) must be responsible for the high viscosities of 

ele'ctrolytic solutions, and, in particular, the same strong ion-solvent 

forces must cause the observed decrease in ionic diffusion coefficients 

at high concentrations. At low' and intermediate concentrations there is 

a region where most of the water molecules are only partially and indi:rectly 

affected by the presence of ions. It is in this concentration range that 

a Viscosity minimum is observed for some solutions and where the ionic 

diffusion coefficients may inc:rease to a maximum. 

If' an ion is intrinsically structure-breaking, it should even at the 

limit of zero concentration exhibit a higher diffusivity than one which iEI-

structure making. This general scheme ,works reasonably well in the inter­

pretation of the ion:ic diffusion data. The halide ions, Cl-, r-, and Br-'; 

, I 
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have relatively high diffusion aoe fficients , in general exhibit inaXima, 

, and are therefore believed 'to be structure-breaking. This is in agreement 

w1ththe f'actthat a nuniber of halide solutions cause a mininrumin the 

viscosity of aqueous solutions. Of the alkali metal ions investigated, 

only potassium consistently showBa maximum; it also has a relatively 

high . limiting diffusivity so it must be structure-breaking. Lithium and 

sodium are structure-lIlaking.. Nitrate behaves similarly to the halide 

ions and is taken to be structure-breaking., 

Sulfate ion;has been found to cause large increases in its own 

diffusivity as well as that of its counter-ions in solutions of lclW' con­

centrations, so that it must be structure-breaking by virtue of its size. 

It does not have quite as high a limiting diffusivity as the halide ions 

or nitrate, but this may be due to its larger mass. 

The monatomic, polyvalent ions of barium, calcium, and lanthanum would 

be expected to be structure-making and are found to possess continuously 

decreasing diffUsion coefficients. Zinc and cupric ions, on the other 

hand, exhibit unexpected maxima, but these may be due to the very strong 

effect of the sulfate ion on the structure of the solution. 

The interpretation of the diffusion coefficients in strong acids 

and bases is somewhat more difficult. The high mobilities of these species' 

is attributed to fast pl'oton transfer between w'ater molecules and the 

hydronium or hydroxide ions. This mechanism is both acid-and base­

catalyzed so that the increase of diffusivi ty w'i th concentration may be 

related to the rate of the proton exchange. At high concentrations 

there are re1L.atively fewer water molecules present, and because of the 

effect of the counter-ion on their structure, these are apparently not in 
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as favorable a configuration to accomplish the proton transfer. Thus, 

the mobility or diffusion coefficient decreases in concentrated solutions. 

We also observed that the presence of hydrogen ions decreases the 

effect of anions in breaking the structure so that the usually large 

increase of the sulfa,te ion diffusivity is minimal and that of chloride 

ion does not occur.. The presence of the extra proton in these solutions. 

is believed to intensify the strength of .. the hydrogen bonds in water, and 

there is even spectroscopic evidence37 for the existence of a stable 

species ~04 +. The hydrogen ion, therefore, is strongly structure-making 

a.nd opposes the effects of the structure-breaking anions .. 

The somewhat anomalous behavior of the ammonium ion, in that its 

diffusivity does not decrease greatly in concentrated solutions, may be 

related to this ion's uni<lue similarity to water. Since it is of the same' 

size and mass as the water molecule and able to form hydrogen bonds of 

about the same strength, it is believed to be only slightly structure­

breaking. 38 Even at higher concentrations it apparently does not act 

very strongly to change the solution structure. 

It is difficult to translate these qualitative explanations of the 

behavior of ionic diffusion coefficients into accurate quantitative 

correlations from which unknown values may be estimated. The situation 

is very complex with a large number of physical parameters entering into 

the problem.. Looking at the data in this way, however, does point out 

the <lualitative effects for which any satisfactory microscopic theory or 

correlation must be able to account. 

Few suggestions have been made regarding the prediction of transport 

properties. As indicated earlier, Hartley and cra.nk?2 have suggested 
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that the relative viscosity be employed in'the estimation of diffusion 

84· . . 
coefficients. Wendt realized the eXistence. of the three independent 

t~anspo~t properties, but he was willing to neglect· ~_' and, to assWne 

that the b'i coefficients are constant.· These approximations are valid ~. 
.0. 

only at very low· concentrations .. 

Newmanet al~ 57 tentatively proposed that ~i is inversely propor­

tional to viscosity. This approximation is equivalent· to th8.tof Hartley 

and Crank. and has several unsatisfacto!'y implications. First of all, it 

requires that all transference numbe!'sbe constant, which is definitely 

not the case in most systems. Furthermore, such a form cannot account 

for the varied behaviors described above., particularly the large maxima 

in Ari- One reason that a simple viscosity correction to ~. does not 
. o. 01 

wDrk better may be that the viscosity of a solution results from the. 

microscopic transport of momentum by both ion-solvent and ion-ion inter­

actions, whereas the diffusion coefficient fr. is related directly only 
. 01 

to the ion-solvent interactions. 

No single, simple quantitative !'elation can possibly account for the 

complicated behavior of the ionic diffusion coefficients. At con~entra-

tions around one molar and above there is generally a decrease of tr. which 
01 

corresponds to an increase in the viscosity. In very few cases, however, 

are these properties inversely proportional. In many cases ~i in this 

concentration range drops off as !'apidly as viscosity to the -4 pow·er, 

and the decrease may be even more severe. Therefore, if one wishes to 

estimate an ionic diffusion coefficient, h~ is probably on safer ground 

to look at the behavior of the particular ion or of similar ions in some 

other systems and then to guess a reasonable value on the basis of the 
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argUments given above. Since. high accuracy in the· value of' ~_ is importa,nt 

Only in ~ry concentrated solutions J the estimation of' .b'+_ based on Eq .. 

(IV,..2) and the empirical function G(c) illustrated in Fig. 10 is a slightly 

more satisfactory situation.,. 

In order to develop more reliable schemes for estimating both the 

ionic diffusion coefficients and the fr coefficients it is necessary to 
+-

have more data to establish the patterns of behavior of many other; ions 

as well as the relative effects of various counte:r-ions. rn·the following 

chapte:rs we develop a method for measuring diffusion coefficients which 

is soundly based on the equations of Chapter III. 
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v. MEA.SlJREMF!NT OF DIFFUSIVrI'Y 

From the summary of the transport data given above, one can see that 

values of diffusion coefficients and transfereilce nUmbers in concentrated 

,sol.utions are still relatively scarce. Because of ,the need for mOre. 

extensive accurate data, both for d1re~t practical application and as a 

basis for a successful theory or correlation for concentrated and lllulti­

component solutions, we decided to devel,opthe necessary means formeas .... 
. - . . . 

uring accurately di.ffusioncoefficients in concentrated binary solutions. 

In conjunct ion with this, a program of transference number measurement 

* has been undertaken concurrently by one of our co-workers. 

A. Experimental Methods for Measuring Diffusivity , 

In deciding what experimental method would be chosen for the diffusion 

studies, we considered all the techniques which are presently available. 

Since a number of thorough reviews2,3 4, 48, 68 on the methods for measuring 

diffusivity have appeared over the last twenty-five years, no detailed 

** discussion of these seems necessary or desirable here. Also, since the 

vast majority of the modern work in diffusion has been done by a relatively 

small number of men, it is suggested that the original papers be consulted. 

We shall simply outline the several general categories of methods which have 

been shown to be reasonably accurate and note the particularly relevant ad-

vantages and disadvantages of each. 

10 . Qptical Methods 

Most of tlie popular optical methods are based on the solution of Fickt s 

* Paul Millios, of this laboratory, is working to develop a moving boundary 
experiment to measure the transference number of ammonium nitrate. 

** A particularly complete discussion of the m~asurement of diffusivity has 
been given recently by Geddes and Pontius.lb 

.;;,.: . 

.-:f< 
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law for free diffusion.17 That is, diffusion takes place from an initially 

sharp boundary in an effectively infinite column of solution. Most of 

these methods use interferometry or Schlieren analysis to observe the grad-

ient of the index of refraction as it changes with time. Such a measure-

ment can be made quite accurately. Unfortunately, the analysis of these 

experiments requires the assumption of a constant diffusion coefficient, or, 

at best, a specified concentration dependence. Therefore it is necessary to'-

start with a very small concentration difference, which minimizes the 

favorable density gradient acting to stabilize the solution against convec-

tion. Furthermore the analysis of the measurements depends rather critically 

on the initial condition. One must be v'ery careful to lllake the initial con-

centration boundary as sharp as possible; it is necessary in any case to 

make a zero time correction, which detracts from the elegance of the method. 

Such methods do offer the advantage of affording measurements in a 

relatively short time. In spite of the various difficulties, several in­

vestigators, notably Gosting,21 and LongSWorth,49 have succeeded in de-

veloping the Gouy method to an accuracy of 0.2 percent, and as a result a 

large portion of the reliable data, particularly in concentrated solutions, 

has been obtained by this technique. Recently it has been developed for 

the study of multicomponent solutions as wello9,14,39 

2. Diaphragm Cell 

A method which is not as accurate as most of the optical methods but 

which is more convenient to use for approximate measure:ments, is the dia­

phragm cell as_developed to its modern form by stokes.?) The cell employs 

pseudo-steady state diffusion through a porous diaphragm which separates 

two closed volumes of solution. The method is not absolute, and each 

diaphragm must be calibrated with some substance of known diffusivity. 
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This cell measures an integral diffusion coef:ricient, that is, a complica.ted 

average of diffusivity overtheconcentr8:tion difference in the diaphragm 

and o\ter;the duration of the. run, but an analysis bas been developed which 

makes it possible to calculate approximately the differential coefficient 

. from the measUred values .74 
It appears that under the best, circumstances 

'an accUracy of half a percent is possible with the diaphragm cell. Because 

chemical analysis of the solutions is involved, this type of experiment 

offers a means for studying multicomponent diffusion. 

It seems that the primary disadvantage of this method, aside from its 

limited accuracy, is that one may 11ia.ke measurements without ,being aware of 

a siza~le systematic error. ,For example, the effective diffusion path 

length which is determined by calibratio~ may change from solution to 

solution because changes in density or viscosity may alter the hydro­

dynamics at the faces of the diaphragm. (For f'urther comments on the 

diaphragm cell method and an investigation of its analysis see Appendix B.) 

3. Conductometr.ic Method 

A method has been developed by Harned27 which has made it possible to ( 

measure diffusivities of electrolytes at concentrations as low as 10-3 molar 

where the values may be readily extrapolated to the Nernst limiting value. 

The results obtained for many: systems have been gratifying in verifying 

the theory of the Nernst limit and the activity coefficient correction as 

well as indicating high experimental accuracy. The upper limits of Harned1s 

measurements for several systems also agree quite well with the results of 

the Gouy optical method, and thus his method appears to be accurate to one 

or two tenths of a percent. 

The essential features of Harned's cell are that it is of finite length 

such that diffusion is of the restricted type and that the decay of a con-

..... : 

" "j 

'0 
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centration gradient with time is monitored by a conductivity difference 

between two points in the cell. 

The solution of Fickts second law for an enclosed column of solution 

of height a and with constaht properties takes the form of a Fourier series: 

00 

c = c + L 
°n=l 

2 2 . 2 '. 
A e -n 7t D/a t 

n 
cos n7rX/a (V-I) . 

where D is the diffusion coefficient;. x is distance from the bottom of 

the cell, t is time, and c is the uniform concentration at infinite 
. 0 . 

time. The c.oefficients A depend upon the initial distribution of solute . . n '. 

in the cell. Measurement of the difference in concentration between two 

symmetrical points in the cell causes the even terms in the series to 

vanish: 

2 2 
c(~) _ c(a-s) = ~ e -7T nt/a cos rrs/a 

2 2 
+ 2~e -9rr TYt/a cos 3rrs/a 

2 2 
+ 2A

5
e-25rr Dt/a cos 5rr~/a 

-I- •••• ~ • 

(V-2) 

Harned chose r;: to be a/6 so that the second term in the above equation 

also vanishes} and 

c(a/6) - c(5a/6) 
2 

2A 
-nt(rr/a) 

Ie cos (rr/6) 

+ 2A 
-25Dt(rr/a)2 ( 

5e cos (5rr/6) + •••• V-3) 
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Because of' the factor of' 25 in the :exponent in the second term this 

ser"i:es converges very rapidly with time, and at sufficiently l.arge times· 

a plot of£n [c(a/6) -c(5a/6)], versus time is ilnearwith a. slOpe .01' 
2· . .. . . . .. 

~D(7f/a). The same exponential'f'orm holds for any prollerty which is pro-

port iorial to conc ent rat ion~ Harned placed two pairs of . electrodes . i~ his 

cell at a/6 from each end and thus was able to determine the diffusiv'ity 

from the change in the dif'fe.rence of c;nductivity betWeen these two loca-· 

tions over a period of days. Because this analysis is independent of the 

initial concentration profile in the cell, the special care which is re­

quiredin setting up the free-diffusion experiments is not necessary in 

this case. 

Of the various methods for measuring diffusion coefficients the Harned 

approach demonstrates the greatest finesse in treating the problemo It is 

therefore unfortunate that this technique is not directly applicable in 

concentrated solutions. In many solutions the conductance can not be used 

to monitor the concentration difference accurately because it is not a 

linear function at higher concentrations and may even exhibit a maximum 

as in the cases of potassium hydroxide, sulfuric acid, and lithium chloride. 

Furthermore, in order to obtain a conductivity cell constant of reasonable 

magnitude the diffusion channel must be made fairly vride. For Harned's 

measurements in dilute solutions the electrode spacing was 3/8 inch. 

(The height of his cell was about two inches, and the depth was at least 

28 
two centimeters, since electrodes of this length were used in some cases.) 

With the most concentrated solutions measured by Harned, .5276 N KCI, the 

electrode size was reduced to a one millimeter diameter circle, which must 

be close to the practical lower iimit of this experimental variable. 

Solutions of higher conductivity would require a wider cell. Already at a 

",\ " .. 
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spacing of 3/8 inch Harned had to take major precau;tions to ,avoid the ,in-

duct ion of convection in his cell. , To make the cell wider would almost 

surely make the prevention' of convection impossible. The extension of 

this approach for use in concentrated solutions requires that another 

means of observing the concentration distribution in the cell be devised. 

Preferably the new method will allow the cell to be made smaller in cross 

section to diminish the possibility of convection. 

Before considering these experimental difficulties, one should ask 

several theoretical questions regarding the possibility of extending 

Harned's method to concentrated solutions without losing the accuracy he 

achieved at high dilution.' Since Harned's analysis was based on the 

dilute solution equations with constant properties, it remains to show 

that the method will give a well-defined differential diffusion coefficient 

in concentrated solutions. For that ma:tter, it has been only an assump-
-

tion that Harned's dilute solution values are differential coefficients 

because his concentration differences are so small. A more complete 

analysis of the problem based on the concentrated solution equations will' 

elucidate the nature of the diffusion coefficient which is measured in 

this type of an experiment. 

B. Analysis of Restricted Binary Diffusion, in Concentrated Solutions 

In Chapter III we presented the flux expressions for solute and solvent 

which are appropriate in concentrated binary solutions. These were used 

with the conservation equations to derive the analog of Fick's second law, 

Eqs. (111-27) and(ttI-28): 

dC 
dt c V VeDV'c 

o 0 
(111-27) 
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and 

de 
....:.2.. v.nvc :::: 0 de: .'. . • (111..;28") 

. .1. • " 

Let us use these equations to analyze the decay of a one.;;.dimensional con ... 

centration gradient in a column of solutioIlOf height 8.. 

'. At infinite time the concentration will beconie uniform in the cell,_ 

Let us then call the concentration, the density, and the height of the 

00 .00' oci 
column c ,P ,and a , respectively. At the bottom of the cell the fluxes 

are zero which means that 

v I o y=0 
= 0 (v-4) 

and 

dC I dy y=O :::: O. 
(V-5) 

At the top of' the liquid column the fluxes vanish also so that 

(v-6) 

Since the mass in the system remains constant, another ,boundary condition 

is that 

a 

J p dy:::: 
o 

00 

a 

.f 
o 

00 

P dy 
co co 

a p (V-7) 

We solve these equations by assumint· that all the variables can at 

large times be expanded in singular perturbation expansion series of the 

type 

00 + EC(l) + 2 (2) + c c E C • . . , (v-8) 

00 Ea(l) + 2 (2) 
a :::: a + E a + • 0 . , (V-9) 

and 

v 
(1) + EV (2) + = EV . . , 

0 0 o • 
(V-IO) 

' .. , .. ', 

. i. .. 

>, . 
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where E is a fUnction of time and goes to zero as t goes to infinity. v 
'0 

is the solvent velocity. ;The coefficients c (i), a (i\ and v 0 (i) are in.:.. 

dependent of time; c(i) and v (i) then depend only on p~sition. 
o 

For convenience we apply the definition 

DM.E C V D , 
. 0 0 

(V-II) 

and for use in the solution of Eqs. (III-27) and (III-"28) we express this 

. quantity as its Taylor series around coo: 

00 

c 

(c-c ) 

2 
I d.DM 2 

+ - - (c-c) 
2 dc2 

bo 00 

c. 

+ • • • (V\.12) . 
. '.' 

00 00 

where DM = DM(C ). -Substitution of Eqs. (V-8) through (V-II) into Eqs. 

(III-27), (III-28), and (v-4) through (V-7) and equating terms of equal 

order in E yield a hierarchy of differential equations with boundary con­

ditions from which E and the coefficients c{i) a(i) and v (i) can be , , 0 

determined. The a bUity to generate these necessary equations justifies 

the assumptions expressed in Eqs. (v-8), (V-9), and (V-IO). 

The results of these manipulations are very complicated. The equations 

which were solved and the various functions obtained are given in Appendix 

c. The important conclusions are that 

-D~t (7r/a 00)2 
E = e , (V-13 ) 

and the difference in concentration between points one-sixth of the overall 

length from each end of the cell is given by 

.6c 

(v-14) 
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where ~ depends upon the initial condition, and the constants K, L, and 
- , 

M depend on the concentration derivatives ~f the properties of the solution. -
~ ... 

Explicit expressions for K, L, and M are given in Appendix C. Since it was 

found that a(l) = 0 and that a (2) is very smail,* we no longer distihguish 

between the height of the cell and the actual height of the liquid column. 

It is seen in Eq. (V-14) that the second term in this series is of 

order €3rather than€25 as suggested by Harnedt,s Fourier series ~olution:. 

Nevertheless at sufficiently large times the first term predominates, and 

the Harned-type measurement yields the differential value DM corr~sponding 

to the concentration cooo 

It is interesting to investigate the order of magnit 11de of the co-

efficient of this second term. For an initially sharp boundary at the 

center of the cell, the value of Al is 2(,6,c)o/7fo (It seems worthwhile to 

,approximate this cpndition experimentally since it will minimize the non-

symmetrical coefficients of higher terms and hasten the approach of the 

concentration profile to the symmetrical cosine form expressed by the, 

leading tel1m.) From Eqs. (c-24) and (C-25) it can be shown that K and L 

, 3 3 
are proportional to Al and therefore to (6C)o. The ratio of the second 

term in ,6,c to the first term is therefore proportional to 

00 -5 2 
Since a is usually about 6 centimeters and DM is about 2 X IOcm /sec, 

this ratio is 

* See Appendix C. 

. '. . . 
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where t .is here expressed in hours. The duration of a run is several 

days so that the exponential term rapidly becomes very small. The use of 

a small initial concentration difference also helps to minimize the mag-

nitude of the second term in relation to the, first. The fact that the 

3 . 25 . 
second term is of order E·· rather than E as Harned states is therefore 

unimportant. The method is nevertheless valid and yieldS a well-defined, 

* differential diffusion coefficient even in concentrated solutions~ 

c. An Experimental Method for the Observation of a Concentration 
Profile in Concentrated Sblutions ... Rayleigh-Interferometry 

We have discussed above the reasons why Harnedts conductometric 

analysis is limited to dilute solutions. The extension of the restricted 

. diffusion approach requires the application of some other method for ob-

serving the concentration difference 6c in the cell as it changes with 

time. An obvious solution to this problem is the use of one of the many 

optical techniques which lend themselves so readily to in ~ analysis 

of concentration gradients and have already been developed for work on 

free diffusion experiments. Rather than the Gouy method, which yields 

the gradient of refractive index, we chose instead Rayleigh interferometry, 

which gives a mapping of the refractive index directly. Since aver small 

concentration ranges the refractive index is very nearly linear with con-

eentration for most electrolytes, a map of index of refraction is essen-

tially a map of concentration. This approximation becomes increasingly 

good as the concentration gradient gets smaller and smaller; and it is such 

a situation that prevails when the measurements are to be made in a restricted 

diffusion experiment. 

* Since the concentration dependence of the diffusion coeff-icient DM is 
most severe at low concentrations the coefficients of the second 'term 
of Eq. (V-14) are actually more important in dilute solutions. There­
fore the evidence that Harnedts results are accurate lends support to 
our conclusion that the method is valid in concentrated solutions o 
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The Rayleigh interference metho,d for observing concentration gradients 

and boundaries in liquids has been developed by a ntiinber of workers for 

applications in electrophoresis, ultracentrifUgation, a~d free diffusion. 

The modern modification of the Rayleigh refractomet·er sUc:h that it yields 

a concentration profile was 'devised by Philpot and Cook~ 6l Their additioIi 

of a cylindrical lens set up a one-to-one correspondence betweenthere-

fractive index at a point in a vertical cell and, the interference'pa.ttern 

on only one horizontal line on the horizontally enendediIrage of the cell.. 

This principle was alsb discovered independently by Svensson.78 Theact1ial 

application of the method in physico-chemical measurements has been accom-: 

plished primarily by Longsworth50 and by Moore.55 Excellent exainples of 

the patterns one observes are given in phot9graphs by the latter. 

The type ,of cell used by Longsworth and Moore is also directly 

applicable to the study of restricted diffusion. Essentially it is a 

Tiselius cell, which is the standard apparatu~ for elect:r;ophoresis studies. 

It is about 7.9 cm high in the center section, and the channel has a cross 

section of 2 mm x 9 mm. These smaller cross-sectional dimensions are an 

improvement over the Harned cell with regard to the avoidance of convection o 

The top and bottom sections of the cell contact the center section on 

greased ground glass flanges. They can be displaced by sliding in the 

flanges to close off the center section and to leave an enclosed column 

of solution of exactly the height of the center section. If a concentra-

tion disturbance is introduced in the cell, and the center channel is then 

.~. 

closed off and observed optically, the rate of change of the concentration ", 

difference between the two points in the cell,' a/6 and 5a/6, can be deter-

mined from the change in the interference pattern, and the diffusion co­

efficient can be calculated according to Eq. (v-14) when terms higher than 

the first are negligible. 
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D. Analysis of Rayleigh Interference Patterns 

The basic principle of what i~ called the Rayleigh interferometer is 

the ability of two coherent beams of light to interfere cOD.structively or 

destructively depending on the phase difference of their waves. For example, 

if coherent light passes through two parallel slits in a mask as shown in 

Fig. 23, the two beams are in phase at points A and B. When light from the' 

two sl:i,ts reaches a point M on screen S they may be still in phase or out 

of phase, depending on the distance each has traveled. If d is the spacing 

between slits, R is the distance between the mask and the screen, and y is 

the distance from the center point L on S and the point in question M, the 

difference in the paths from A and B is d sin 0, where 0 = tan-l(Y/R). When 

d sin 0 is an integral number m of wavelengths ~, the beams are in pha3e at 

M, and the intensity of .light at that point is a maximum. As y increases 

from M to N, where d sin 0 = (m+l)~, the two beams get out of phase, and 

the intensity decreases. At the point where d sin 0 = (m+lf2)~ they are 

exactly 1800 out of phase, and their opposite amplitudes cancel to cause 

an intensity minimum. At N another intensity maximum appears~ Therefore 

a pattern of light and dark bands or fringes appears on the screen S. 

Now if the beam passing through the mask at B is initially out of 

phase with that from A, the positions of the bright fringes on the screen 

are shifted according to the relation 

d sin e m m~ - 8~ (V-15) 

where 8 is the fraction of a wave that the beams at A and B are out of 

phase, and the angles 0 , for which m is an integer, are the angles at m 

which the maxima appear. The reason for two beams of light from a common 

source to be out of phase at points A and B is that they have already 

traversed different optical path lengths, and 8~ in Eq. (V-15) represents 
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this path ,difference. Since the optical path length in a medium is the' 

product of actual distance £ times the refractive index ~ of the medium, " 

this pathdlfference can result from a differen~e in ~ of the medtum ad-

jacenttoA or Bas well as a difference in £. 

Suppose that different media of thicknesses fA and £Band refractive 

indices ~A and flB are placed behind slits A and B, respectively. If 

~A £A = ~B£B' 511. =0.. In general, 

(v-16) 

Let us take£A = £B. The condition for interference on S in this situation 

,cart be written as 

d sin 8 + f(fl -fl ) = ~. m A B (V-17) 

Now as (flA-flB) changes, the value of 8m) and therefore the position of the 

interference fringe of order m, must also change.. A difference in refrac-

tive index difference between media at slits A and B causes a shift of the 

entire interference fringe pattern~ 

Let us now consider the point M again where there is an intensity 

maximum when flA = flBo If ~B is constant but flA is changed, 

(V-IS) 

at the point M; the order m of the interference at M depends upon the 

change in fl
A

• Only when 6flA is such that 6m is an integer does an in­

tensity maximum appear at M. Equation (V-IS) is the condition which 

applied when one uses .~ Rayleight interferometer to determine a concen-

tration change. A change in refractive index 6fl
A 

in a sample solution 

is identified by the number of fringe shifts 6m. 

.' 
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The important contribution of Philpot and Svensson was to take the 

ess.ent fally two-dimensional Raylei~h. refractometer described above and 

to make it· a three-dimensional sel.f'-plotting' interferometer. They did 

this' by adding "a cylindrical lens to the system. If two cells, one witj:l 

a one~dimensi6nal concentration gradient and one which serves as a com'- :<' 

parison path" are placed adjacent to the vertical slits A and B, .and the 

cylindrical lens. is inserted between the mask and the screen, this lens 

serves to focus :the images of the cells, or rather their vertical extent, . 

, " 
on the screen without distorting the interference patterns which exist on 

every horizontal line.. Since the vertical dimension of the interference 

pattern corresponds to the vertical dimension of the sample cell, a gradual 

change in refractive index in the cell with position is related to" gradual 

shif'ting or bending of the fringes along a vertical trace according to the 

condition of Eq. (v-IB). 

A diagram of such an arrangement is shown in Fig. 24. Monochromatic 

light from a' point source P is focused at point F on the screen S by lens 

L. Now the cell C and the reference cell Ct along with the mask MarE: 

placed in this beam. The interference patterns formed by the two slits in 

M are all locat ed near F. They are spread horizontally around F because of 

the diffraction by the slits, but contributions from various locations in 

the cell all fallon top of' one another. When the cylindrical lens K is 

inserted, the image is extended vertically on the screen s'uch that the 

interference pattern corresponding to the refractive index difference at the 

top of the cell appears at the bottom of the screen, and vice versa. When 

the concentration in the cell C is uniform, the interference fringes are 

straight and vertical. But When a concentration gradient exists, the loci of' 

maxima and minima at each horizontal level are displaced by a differential 

increment to give a pattern of curved fringes of the same shape as the 
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cpncehtration profile •. Tlle change in refr~ctive index or concentration 

between two points in the cell is proportional to the number of fr:1.nge 

shifts between corresponding levels em'the interference pattern. 

In the configuration just described the interf'erogram. is rather 

narrow, being located within the horizontally diffractedinageof the .... ~, 

point source. A major improvement has been achieved, following the 

suggestion ofZernike, 85 by the use of 'a multipoint source. Provided .'. 

that the points are properly spaced to reinforce oile another, this gives 

a much wider and more intense pattern. The result is effectively to place 

beside onan6ther many patterns of the type illustrated in Fig. 2fi.. The 

bright center fringe from one point source is made to coincide with the 

second, less intense fringes of its adjacent point. sources.. This gives a 

wide field of sharpene?-, parallel fringes. 

The only question remaining about the use of such a method for our. 

purposes is how precisely a concentration difference can be measured. 

According to Eq. (V-18), the change in refractive index for a shift of one 

.. 

fringe is equal to (A/f). ° * 5 If A = 5000 A and f = 1.7 cm, (~/~) = 2.8 x 10- • 

As a typical case potassium chloride exhibits a nearly linear refractive 

index-concentration relation; the derivative (d~/dc) at 25°c is roughly 

10-2/(mol/£)0 Therefore, (Ac/~) is about 3 x 10-3 (mol/£)/fringe. Since 

it seems quite likely that the fringe pattern can be measured to some small 

fraction of a fringe, the precision in the measurement of Ac should be con-

-3 / siderably better than 10 mol £. 

Thus we have shown that a restricted diffusion experiment yields a wel1-

defined differential diffusion coefficient and that a Rayleigh interferometer 

* This value of £ is chosen because in our experiments the optical arrange­
ment was such that the light passed twice through a 9 rom cell. See 
Chapter VI. 
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used with a Tiselius cell of the proper dimensions should be well suited 

to the measurement of concentration ~ifferences necessary for the calcula­

tion of the diffusion coefficient :according toEq. (v-l4).. In the next 

chapter we describe the apparatus which was assembled and the experiment~' 

which were performed to test these conclusions and to measure new 'diffusivity 

da.ta. 
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VI. . EXPER:OOrnT.AL APPARATUS AND PROCEDURE. . . 

From oUr investigation of the transport propertiesofbinaryelec­

trolyteswe concluded that more extensive accurate diffusion coeff:tcic§nt 

data for concentrated solutions are desirable. In the lastch8.pter vre· 

suggest.eda method .by which such data may be obtained. In this chapter 

are described the apparatus and procedures for impleinenting +-hes'e sugges-.· 

tions and the experiments which were carried out •. 

A. Optical Appara;tus 

It was a considerable convenience that interferometers as well as 

Tiselius cells meeting the specifications of the desired apparatus are 

commercially available as laboratory electrophoresis apparatus. Primaril;v 

on the· basis of cost we decided to purchase the Model 238 Tiselius· 

* Electrophore sis Apparatus from the Perkin-Elmer Corporation. Since the 

instrument offers a choice between a Schlieren optical arrangement and a 

Rayleigh interferometer making use of the same optics, the optics are 

necessarily somewhat different from the interferometer described in the 

. previous chapter. The net effect, how·ever, is the same. The configuration 

for generating Rayleigh interference is shown in Fig. 25. 

A mercury vapor lamp H emits monochromatic light (I-. = 546u), which 

is channeled by the condenser and field lenses A and B through the multi-

point source horizontal slit P, and to the mirror F, whence it is directed 

through a wide-slit mask E and the Schlieren lens L. Lens L makes the 

diverging beams from B, P, and F parallel for their passes through the 

cell. These parallel beams pass through the window· W ofa liquid constant 

* Similar items varying somewhat in design and flexibility are available •• from Beckman and American Instruments as well as from Struhin and Co. 
in Switzerland .. 

," 
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temperature bath and throUgh the cell C_C'. In the channel of the cell 

C is contained the vertically di1.'f\1.sing solution. The windows 61.' the 

cell are extended 1.'0 :form C j
, a space in which the thermosi1at bath f·luid 

circulates are thus serves as the comparison medium of uniform re:fractive 

index. The cell windows are extended to be included in the reference path' 

because the. optical path difference,o",in Eq .. (Y-15),must be kept small. 

Because of the pressure broadenirigof the mercury vapor radiation, co-

herence of the. light is short-lived and lost completely if 0", is too large. 

I:f'thecoherenceislost, inte:r-ference 1s impossible. 

As the light passes from the cell it encounte:r-s two vertical Slit~ 

in mask M, one adjacent to C and one to C ~.~. 'These are the slits which 
,~ '. . . 

generate· the interference. Behind the cell and the mask is another mirror 

D, which reverses the direction of the light back through whence it came. 

The effective thickness of the cell is thus doubled by the two passes. 

Lens L refocuses the beams. These beams do not retrace their original 

path exact-ly, however, because mirror D is tilted downward slightly to 

cause them to pass unde.r the narrow' mirror F on their return. Lens G is 

a camera: lens which focuses the images of the slits in mask M; and for 

all practical purposes the fluid in the cell, on the photographic plate 

s., The images of the point sources in P passing through the slit.sinM 

are at this stage not in focus but are encompassed in the images of these 

latter slits. The introduction finally of the cylindrical lens K with 

its axis vertical spreads and focuses the light in each of these images 

horizontally over the entire field of S and thuB accomplishes their 

. --t o-

l 

interference after the cell has already been imaged in the vertical direction 

by the camera lens. 

.' , 
, 
'.' 
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Tlie results is· as in the siIitplercase of Fig. 24 to generate afield 

of vertical interference fringes, now eqUallyspaced because of the equally , 

spacedmultipo,int sources.. When 1:;here ~s .no variation of refractive index 
I 

in the vertical cell C, the fringes are .straight. Changes in the refrac- . 

tive index cause the interference patte~nto'shift horizontally. according.' . 

to Eq. (V:-18). Since the vertical coordinate on the photographic plate 

is unaffected by this shift, the resulting pattern represents a mapping 

of refractive index versus position. 

The Perkin-Elmer Model 238 unitconti:l.ins a built-in insulated constant 

temperature bath as indicated by the walls I in Fig. 25. On one wall of 

thebatb. is installed a thermoelectric cooling plate, which is designed 

for constant operation to maintain the bath at O°C for electrophoresis 

experiments. For ·fluid circulation there is a small centrifUgal pump, 

which takes bath fluid from near the bottom of the cooling plate and in­

jects it as a steady, gentle stream in the direction of the cell in the 

center of the bath. The small motor which runs the pump is mounted on 

rubber shock absorbers to prevent vibrations from being transmitted through 

the optical bench to the cell. The instrument itself was placed on one-

inch-thick hard rubber pads on a laboratory bench. 

To attain temperatures other than O°C, a 125-watt resistance heater 

reduced to 50 percent of its power was installed in the bath very near the 

cooling plate.. This heater was controlled in an on-off fashion by means· 

of a mercury contact thermometer in conjunction with an electronic relay • 

To improve mixing in the bath a variable speed stirrer was placed in the 

corner of the bath farthest from the pump outlet and operated at about 90 

rp~ The stand on which the stirrer was mounted rested on the same 
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". - . . 

laboratory bench as the instrument,. but it was weighted heavily and sat 

,upon ozie-inch-thick rubber cushions. DU.ri~ga run the bath Wascovel'ed 

with a 3/8~inch-thick sheet of lu~ite. Th~ temperature of the bath fluid 
, . 

was me.asured ~'ith a Beekman thermometer and found to be constant within:. . '.' 
. . ..- . - , 

, . o· . 0 

±0.005 Cj all measurements were made at 25.00C. 

In most experiments the bath flUid was distilled water. With very 

concentrated sample solutions, how'ever, the' refractive index of the tw'o 

fluids differed too greatly to maintain the interference. Longswo:rth50 
. , 

resolved this difficulty by placing additional I>ieces of :flat glass in 

the reference beam at C'. We found. it mOre convenient simply to alter. 

the refractive index of the bath fluid by adding a sufficient amount of 

ethylene glycol to the bath water to match approximately the index of 

refraction of the sample solution. 

An exa;mpleof fringes obtained with 3.5 N nitric acid (refractive 

index ~ 1.355) in the cell and pure water (refractive index ~ 1.333) in 

the bath is shown in Fig. 26. These fringes are fuzzy and of very' poor 

quality. When about 30 percent ethyle~ glycol solution was placed in 

the bath, the fringes appear as in Fig. 27. They are much sharper under 

these circumstances. 

B,,' Optical Cells .and Cell'Holders 

The cells used in these experiments were also purchased f:rom Perkin-

Elmer Corporation. They are patterned after the original Tiselius cell as 

modified by Longsworth,,51 A picture of' the center part of the cell is shown 

in Fig. 28. It consists simply of two legs or channels, rectangular 

parallelepipeds in shape, betW'een flat groUnd-glass flanges. As indicated 
<. 

previously, the faces of the cell are extended to the sides to be includ~d 
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Fringe pattern wi th a cons i derab l e differ­
ence of refract i ve index be t ween the cell 
solution and the compari son path. 

XBB 678-4628 

Fringe pattern with the bath solution 
adjusted to about the same refractive 
index as the cell solut ion. 
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XBB 678 - 4586 

Fi g . 28 Cen t r a l optical cell 
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in the optical reference path. 

When the center section is closed off from the rest of the cell by 

flanges sliding over the ends of the channels, the height of the column 

of diffusing liquid is the overall length of this piece. Since this 

Cluantity enters into ECl. (v-14) in a . very critical way, it must be known 

as exactly as possible. The Precision Shop of the Lawrence Radiation 

Laboratory measured the cells which were used and reported their lengths 

to 0.03 percent. These lengths were on the order of 7.9 cm. The cross 

section of a channe 1 was, as sugge sted be fore, 2 nnn by 9 nun along the op­

tical path. 

To avoid any difficulties in the measurement of fringes resulting 

from geometrical distortions in the optica l system or shrinkage of film, 

the Precision Shop also scribed very fine markings on one face of the cell 

at exactly one-sixth of the overall length from each end of the cell. The se 

scratches appeared as fine lines across the photographs of the fringe 

patterns and thus served as a reliable frame of reference for both the 

vertical position as well as the orientation of the fringes. 

The entire cell when assembled and in its holder is shown in Fig. 29. 

The bottom section is simply a flat ground glass flange with a sm.all box on 

the bottom which closes a U between the two l egs of the cell through holes 

in the flange. The t op section also consists of a flat ground glass flange 

with two holes through which the channels of the center section are extended 

and open at the top. The extended channels in the top section open to the 

sides through short tubes t o which rubber or tygon tubing may be attached. 

These provide connections to the two solution reservoirs. 

The cell holders, which are an integral accessory to the instrument, 

were also purchased from Perkin-Elmer. The cell is held by being clamped 
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XBB 678 -4585 

Fig. 29 Optical cell with accoutrements in cell hol der. 
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from the outside flanges; that is, it rests on the bottom one while spring 

tension is applied on the top. There are mechanical linkage s which allow' 

both the top and the bottom Eections to be displaced from the center section 

by manipulation at the top of the holder. This allow's the center section, 

which is stationary, to be closed off at the outer surfaces of its flanges 

by the oppos ing flange surfaces. 

Since these cells are designed f or use in electrophores is experi-

ments, they are primarily meant to be used with all channe l s a ligned. 

When we made OUr first diffusion experiments, we found that small amounts 

of solution could leak betw'een the contacting flange interfaces when the 

channels we r e displaced.. This was pos sible because the ce l ls were not mounted 

very solidly in the holder, and the tension holdi ng the flanges t ogether was 

not uniform. Several modifications in the cell holder design were necessary 

to eliminate these difficulties. 

In the original design the cell rested at the bottom on two small 

pegs on two plates mounted independentl y to the holder base. - These were 

replaced by f our flat and coplanar pegs on a single block which '\>Jas mounted 

across the base of the holder. 

At the top of the ho l der the piece whi~h constrained the cell laterally 

contacted it on only two sides. This piece was modified t o be thicker and 

to contain the contacting f langes at the top on all four sides except f or 

a shallow notch on one side to allow the top piece t o be displaced. 

The vertical tension on the cell vJRS supplied by two flat springs 

contacting the top flange at the points illustrated in Fig. 30. The 

original springs apply pressure at points marked by a ~. When the top 

was displaced, the applied tension was shifted off center and t hus created 
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Fig . 30 Diagr am of pl a cement of spring 
holders on the cell t op 
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a torque on the cell. The tension was made more uniform by the installation 

of a stationary flat spring which touches the flange at the point marked 

0-
Finally, notches in the top and bottom plates were made slightly 

w·ider to allow the maximum displacement of the channels as indicated by 

the configuration in Fig. 30b. 

c. Miscellaneous Apparatus . 

Time was measured by an electric timer. Photographs of the fringe 

patterns were taken on Polaroid Type 46L 3-1/4 in. by 4-1/4 in. trans­

parencies. The spe-ed of the film and the intensity of the fringes were 

such that exposure times of about twnety seconds were required. A trap­

door type shutter operated by a knob located on the front panel of the 

instrument was used to control the exposure time. 

D. Experimental Procedure 

The first step in making a run was to prepare the cell. The glass 

pieces were washed in a solution of Alconox and rinsed several times in 

distilled water to remove the soap. They were then rinsed with cyclohex­

ane for drying. If necessary, any dirt or grease inside the chennels 

was removed during the washing by use of a pipe cleaner, one end of which 

was bent into a sw·irl so that the wire tip was not exposed. 

To seal and t o lubricate the contacting ground glass surfaces between 

sections, chemically inert Apiezon Type N vacuum grease was used. This 

lubricant was found superior t o silicon grease because it flowed more . 

readily to seal the flange surfaces, and it could be removed from the 

glass more readily when the ce ll was disassemb l ed because it is solub l e 

in cyclohexane. .. A light coat of this grease was applied to the flange s 
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of the top and bottom sections. Areas about a millimeter or two wide around 

the perimeters of channel openings were left bare to avoid getting excess 

grease into the channels. The top and bottom sections were one at a time 

pressed against the cente r section to seal the flanges together with the 

grease. The glass solution reservoirs were then connected to the top 

section by means of short lengths of rubber tubing. The assembled cell 

was slipped into the holder, and the springs were put into place against 

the top flange. 

The face of the cellon which the reference marks were made was oriented 

in the holder such that it would be closest to the mirror D in the instru­

ment. (See Fig. 25) If it were located on the far side, refraction of the 

light on it passes through the cell "would make the images of these marks 

excessively wide or even double. The mask M containing the vertical slits 

was a metal sheet which clamped onto this face of the cell. When the holder 

and cell were placed in the bath, they were positioned such that the mask 

was in contact vii th the mirror D. 

To fill the cell all channels were aligned. A 10 cc syringe iv ith a 

6-in. 18 gauge needle was filled with the more concentrated solution of 

two which had been prepared# With the cell tilted f or air t o escape, the 

needle was inserted into one of the channels and t o the very bottom of the 

U. Solution was slowly injected until the entire cell up t o the reservoir 

inlets was filled with no bubbles remaining. The needle was then withdrawn, 

and the bottom section was displaced. 

To distinguish between the two branche s of the center section le t 

us call one leg A and the other leg B. Most of the solut i on in leg A 8. S 

well as any solution which had overflowed into the reservoir on that side 

was removed by means of the syringe. The reservoir on side B was filled 
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with the same solution as that in leg B. The syringe was then used to 

inject a less concentrated solution into leg A. The reservoir on that 

side was also filled with this solution. When inserting the syringe 

needle into the cell, one must take care to avoid picking up any grease 

at the flange joints and smearing it onto the w:indow's of the cell'. ' 

The liquid levels in the cell w'ere ad~UBted such that the solution on, 

side B was slightly higher than that on side A. Thus when the bottom 

section was aligned, the boundary between the two s'Olutio.ns . flowed up 

into leg A with the more concentrated, and hence more dense, solution 

on the bottom. Since we wished to form the initial diffusion boundary 

more carefully and to assure that it was located near the center of the 

cell, the syringe needle was inserted into leg A once again and the solution · 

was slowly withdrawn from a region near the center until ·about 5 cc had 

been removed. This served to form a very sharp boundary. The needle was 

then carefully removed, and the top and bottom sec'tions were displaced tb 

close off the diffusion channel. 

Although it would be theoretically desirable to start t he experiment 

with as small a concentration di.fference as could be measured with suffi~ 

cient precision, it seemed more prudent to f orm the boundaries between 

solutions of appreciable concentration differences so that a large dens ity 

difference would be acting to stabilize the system against convection 

during the boundary ·forming procedure.s. Therefore, initial concentration 

differences of one half t o one molar were usually employed. The decay of 

such a difference required several days before the concentrat i on difference 

could be measured; large concentration differences cause so many fringe 

shifts that the bending fringes are too close t ogether to be resolved. This 
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situation was exploited by the employment of two cells. While one cell 

was being measured, the other was set aside for its steep concentration 

gradient to decay. A three or four day decay period also gave the initial 

concentration distribution time t o attain the symmetrical form required 

by the first term of Eqa. (V-3) or (v-14). 

Any velocity disturbances generated in the cell by the boundary 

formation would be expected t o damp out according to an. exponential form 

analogous to Eq .. CV-14) with the time const ant depending on the kinematic 

viscosity rather than the diffusion coefficient. Since the kinematic 

viscosity of liquid solutions is about three orders of magnitude greater 

than the diffusivity, any small convective velocities should vanish long 

before the concentration profile does. 

Even after the concentration gradient ·in a cell reached a convenient 

magnitude, precisely measurable concentration differences persisted f or quite 

a l ong time. Actual measurements on a run were made over a period of fr om 

3000 t o 4000 minutes. Temperature readings and photographs were taken about 

every two t o three hours except over the night when the interval re ached 

ten hours. The precision of the measurements and the r ate of change were 

such that mor e frequent observations were not deemed necessary. 

At the termination of a run the cell was r emoved from the bath, and 

· the solution in the reservoir and t op section on side A was drained. 

The top of the cell was then aligned, and the solution in the diffusion 

channel was transferred by s yringe to a small stoppered flask. From there 

1.00 cc of solut ion was taken up by pipette and titrated t o determine the 

co 
value of c. Since in most cases the diffusion coefficient varies rather 

gradually with concentration in concentrated solutions, great precision is 



-127-

not required in this chemical analysis for corresponding values of con­

centration and diffUsivity to be of comparable accuracy. For example, in 

the case of potassium chloride at high concentrations an error of one 

percent in concentration corresponds to an error of only 0.1 percent in the 

diffUsion coefficient. 

E. Meastp'ement of Fringes 

Typical fringe patterns during the course of a run are shown in Figs. 

31 through 34. In Fig. 31 the boundary had been formed about 30 minutes 

earlier. Figure 32 shows the boundary several hours later. The fringes 

in the boundary are too close together to be resolved, but we have included 

a superimposed Schlieren pattern, which plots the refractive index gradient, 

to indicate the shape of the boundary. Figures 33 and 34 show the fringes 

much later in the run when measurements are being made. 

The two horizontal line.s across these patterns result from the reference 

marks on the cell. Each of the fringes crossing these lines represents 

the refractive index profile. According to Eq. (V-18) the refractive index 

difference between the two reference lines is proportional to the number 

of fringes which are displaced across a vertical line between them. Since 

the fringes are equally spaced as a result of the multipoint source, the 

refractive index difference is also proport ional to the horizontal distance 

which any particular fringe is displaced between the two lines. 

A Jarrell-Ash Recording Microphotometer was used to measure the loca­

tion of fringes on the transparent photographs. This instrument has the 

capability of measuring the intensity of light transmitted by an area . of 

a transparent photograph as small as one micron by 0.1 ~ The photograph 

is placed on a traveling stage with precision motor-driven or manual drive 
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Fringe pattern ab out hal f an hour 
after the format ion of t he boundary. 
The fringes cannot yet be dist inguished 
in the boundary. 

XBB 678 -4627 

Fr i nge pattern about 2 hours aft:r the 
formation of t he boundary. A SC.llieren 
pattern, proportional to t he concentra­
tion gradi ent, is superposed on the fringe 
pattern. 
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Fig. 34 
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Fringe pattern after the fringes 
can be distinguished. 

XBB 678-4629 

Fringe pattern toward the end of 
the run. 
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and a vernier scale for measuring the position of the stage to 0.01 mm in 

the longitudinal direction. The stage may also be moved manually in the 

transverse direction. A beam of light passing through the specimen is 

magnified and projected onto a small adjustable slit. Behind the slit is 

a photoelectric cell, the signal from which is plotted on a chart recorder. 

The glass on which the specimen is placed is mounted in an aluminum holder 

w'hich may be rotated to any orientation as well as being translated by the 

two independent drive mechanisms. 

One way to measure the interference patterns would be to place the 

photograph on the stage with the reference lines perpendicular to the 

longitudinal drive direction. As the stage carried the fringes through 

the analyzing beam, intensity peaks corresponding to each fringe crossed 

would be recorded on the chart. This would in effect magnify the pattern 

to facilitate the counting of fringes. It would require, however, the 

determination of fractional portions of fringes at the intersections with 

the reference lines. Such interpolation cannot be made very precisely so 

a more accurate method for measuring the fringe shifts was chosen. 

The transparent Polaroid photograph was placed on the stage with a 

5/8-in. by ;-in. by 4-in. optical quality glass plate on t op of it to hold 

it flat. The stage was then r otated until the reference lines were parallel 

to the direction of longitudinal trave l of the stage. The position of the 

stage was adjusted such that the analyzing slit corresponded t o a l ocus 

just inside one of the reference marks. The manual l ongitudinal drive 

and the intensity ind icator were use d t o loca te the position of an inten­

sity minimum, t hat is, a dark fringe. The intensity minimum was chosen 

because it seemai t o be slightly sharper than an intensity maximum. The 

reading on the vernier scale on the stage was recorded. 
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Now the stage was slowly moved by manually turning the driving knobs 

as the projection of the chosen fringe was followed visU.ally across the 

screen until the other reference line came into view·. The intersection 

of this fringe with the reference line was brought to fall upon the 

analyzing slit, and the exactly longitudinal coordinate of the fringe just 

inside the reference line w·as determined as at the other end. The dispiLace­

ment of the fringe between these two points was equal to the difference 

in the stage scale readings. 

The measurement of the fringe location be means of the intensity 

minimum was found to be reproducible within 0.06 mm.. Since the fringe 

spacing was about 0.59 nun, this precision corresponds to one-tenth of a 

fringe. Also .since the total displacement of a fringe w·as on the order 

of thirty to seventy millimeters, thi.s precision in a single measurement 

amounts to about 0.2 percent. 

To ascertain that there were no imperfections in the cell or in the 

optics which would require a zero correction to the fringe measurements, we 

took a photograph of the uniform concentration profile in the cell before 

the boundary was formed in each run.. Such a pattern was shown in Fig. 27. 

In every case the fringes were straight and vertical within the precision 

of the measurement. 

F. Treatment of Data 

Equation (V-14) indicates that at large times the logarithm of the 

concentration difference between our two reference lines should vary 

linearly with time and exhibit a slope of _D;(n/a)2. Because of the nature 

of the logarithmic function, any property which is linearly proportional 

to concentration will follow· the same time dependence.. For most electrolytes 



thei refractive index is roughly proportional to concentration. A typical 

example is potassium chloride; its refractive index behavior is shown in 

Fj,g. 35. Although there iissome curvature, a linear depelidence is followed 

quite closely over any narrow concentration range., such as is encountered 

in the restricted d iff'lls ion cell during the period of measurement., Accord~ 

'ingto our earlier estimates of the concentration change per fringe shift in 

potassium'chloride, the concentratiohd:t.fference when the fringes become 

less measurable than one-tenth molar. Since refractive index is linear 

over such a range, and since the distance a fringe is displaced is in 

turn proportional to the refractive index difference, the logarithm of the 

measured fringe shift should vary as _D~(1Tla)2t. 

The measurements of fr'~nge displacement!::. versus time t "lere fit by 

an equation of the form 

in !::. = a-b t (Vl-l) 

by the least squares method on a CDC 6600 digital computer. There were 

usually about twenty points, and time ra~e was about 3000 or 4000 minutes. 

The variance in b due to scatter in!::. was computed according to a standard 

statistical formula. 53 The value of the diffusion coefficient was cal-

cUlated f.rom the relation 
2 ()() b a 

D =-M 2, 
1T 

If the residual of the fit fUnction at a data point greatly exceeded 

the estimated experimental error, the corresponding photograph was re-

measured at least twice. This ,'las rarely necessary, but v1hen it was, the 

subsequent measurements usually conformed satisfactorily w'ith the fit 

equation. As might be inferred from the appearance of Fig. 33, an occasional 

.... , 
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mistake is likely while tracing a fringe ~cross,thepattern. In a few o.f· 

our earlier runs a point Or two at either the small t.i:me or the l~rge' time 

end o.f the curve did not conform. At small times and large co.nceritration 

differences such deviatio.ns may resultfro.m contributio.ns 0.1' higher order 

terms inEq. (V-14). The deviations that occasionally appeared at long' 

times were invariably belo.w the fit line, which would indicate an erihance-

ment of mass transfer. These were probably the result of convection 

induced by vibrations in the system when the density gradient became too 

small to prevent it. Such points at either end w'ere discarded because 

an accur.ate value of the diffusion coefficient can be determined only 

from a set of data taken over a period of' time when the system is obeying 

an equation of the form (V1-1). 

G. ~ction and Preparation of Materials 

The electrolytic solution whose diffusivity has been studied most 

thoroughly is aqueous potassium chloride at 25°C. Harned
28 

investigated 

dilute solutions by his conductometric method, and Gosting
20 

made measure .. 

ments over the entire concentration range with the Gouy interferomete:r. 

Where these two sets of data overlap, the agreement is within 0.2 percent. 

Stokes 75 used these data to calibrate his diaphragm cell and then in subse-

quent runs at different concentrations fo.und agreement with the absolute 

method measurements within the precision of his experiments, half a percent. " 

In order to test our apparatus and to determine its accuracy, we 

measured the diffusion coefficients of several concentrated potassiwn 

chloride solutions at 25°C. Baker re~gent grade potassiwnchloride was 

used to make a saturated solution in distilled, degassed "rater.. The water 

-6 -1 -1 
which was used had a conductivity of about 5XIO ohm em • Since we 
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were working with concentrated salt solutions, no higher purity was be­

lieved necessary_ The saturated solution was kept in glass under vacuuni. 

and mixed with more water to prepare sample solutions of the desired con­

centrations. The final concentrations after diffusion were determined b~ 

titration with Van Waters and Rogers, Inc., standardized 0.0282 IV silver 

nitrate solutions; potassium chromate was dissolved in the chloride solution' 

to indicate the end point by precipitation of brightly colored silver. 

chromate. 

Of the many electrolytes whose diffusion coefficients have not been 

measured, one of the more interesting, theoretically, scientifically, and 

technologically, is nitric acid. Its thermodynamic properties have been 

studied quite thoroughly, and its other transport properties are known 

to moderately high concentrations. We therefore decided to determine its 

diffusion coefficient at various concentrations. 

Baker reagent grade 71. a percent nitric acid solution, "which is about 

15.8 molar, vias mixed with degassed distilled water to obtain solutions 

of the desired concentrations for the boundary formation. The final acid 

concentration was determined by titration with standardized 0.1000 N 

sodium hydroxide solution to the phenolthalein end point. The carbonate­

free hydroxide solution was prepared from a concentrate supplied by the 

Hartman-Leddon Company. 

Tests vrere made prior to these experiments to confirm that concentrated 

nitric acid does not react appreciably w"iththe Apierzon grease used to 

lubricate the cell.. It was necessary with nitric acid to use a glass-tipped 

syringe and a platinum needle for the transfer of solutions in order to 

avoid needle corrosion and unwanted reaction products in the solutions. 



The refractive index of nitric acid solutions has been measUXedat 

25°C' byLUhdemann. 52 Unfortunately this func,tiori passes through a ma:idinum 
..... 

at very high~oncentrations (about 37,·mo:Le percent) so that our experimental 

method will not work there. " Nevertheless, the fUn.(jtion is nearly linear ' .. , 

over a cOnsiderable range'of concentration, and measurements at concentra-

·tions corresponding to the existing transference number data could be made. 

Asunnnary oi'the l'illrs performed and the~xperimental resu.ltsare 

given in the next chapter. 

\" , 

-, 

..... 



"1 -

-137-

VII. EXPERJMENTAL IreSULTS 

A number of runs were made w'ith aqueoul3 solutions of potassium 

chloride at 25°C during which the experimental procedure and the improve­

ments in the cell holder design w'ere developed. In most of these experi­

ments the final solution concentration was determined by measuring 1;ts 

conductance. Unfortunately, the conductance cell which was used for this 

purpose w'asfound to behave nonlinearly so that the measured condUctances 

and therefore the concentrations of the more concentrated solutions w'ere 

incorrect. 

After titration' was adopted as the, analytical method, two runs w'ere 

made at concentrations near 2 molar. At final concentrations 2.075 M and 

2.125 M, the diffusion coefficients w'ere, calculated to be 2.0113 X 10-5 

cm
2
jsec and 2.0149XIO-5 cm2Jsec, respectively. The analysis of one of these 

'runs is shown in Table:xxx:v! where the fringe displacements calculated by 

the fit equation are compared with the measured values. They are found to 

agree w'ithin the reproducibility of the measurement, which indicates that 

the assumption is valid that terms higher than the first in Eq. (V-ll~) 

are negligible at these large times. The standard deviation of the estimateq, 

error in the diffusion coefficient calculated from the slope, which is a 

statistical quantity for expressing the confidence level of a least 

squares slope, is 0.19 percent and 0.21 percent of the measured diffusion 

coefficient in the two cases. 

The results for potassium chloride are to be compared with values 

interpolated from Gosting's Guoy measurements. 20 As shown in Fig. 36, 

agreement is w'ithin 0.2 percent and 0.1 percent for the tw'O cases. Stokes r 
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TableXXXVl. Summary of results of fringe meaB~ements 
, and data analysis fo~ d~:ftu.sion of ' potassium 
, ,chloride invlet'er at '25°C and' eCXJ = 2.075M.. 

Height of' cell i:;:, 7~ 9045 em 

Time' (Min) ,Fringe displacement (nnn) 
Measured Calculated 

0 49.35 49.42 

126.0 48 .. 20 48.25 

266.5 46.89 46.97 

752.5 42 .• 66 42.82 

1458.5 37.58 37.43 

1649.0 36 .. il 36.09 

1800.5 35 .. 28 35.06 

1952.5 34.06 34.06 

2166.0 32 ... 80 32.70 

2808.0 28.90 28 .. 94 

2959.0 28.21 28.12 

3178.0 26.93 26.97 

3276.0 26.51 26 .. 47 

3495.0 25.26 25.39 

3626.0 24.69 24.75 

** -5 I Diffusion coe f'ficient eCluals 2. Ol13x10 sq em sec • 

Standard deviation of the estimated error in the diffusion 
coeff'icient ::: 3.7677 = -08 sq em/Bee .. 

==~======~==~.-~---==.,=,====~~-~.--======~= 
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• GOSTING2O 

~ STOKES 74 

e THIS WORK 

1.0 /.5 ~.o 

concentration (moles/liter) 

Fig. 36 The diffusion coefficient of potassium chloride 
in water at 25°C and high conc-entrations 
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. TableXXXVJ:I ,The diffu~:totl coefficient of'n1t~1c Etcld ill 
water at 25°C ,.. 

* 

,0 

4005 

2.155 

3.040 , 

. l 
. . -- . . 

1).«105 (crrPj ~ec ) 
._,,.. .. 

, .* 3.158, 

2.8~ 

2.919 

3.180 

3~3l2 

~ .,.. .... ". . -........ "'~ . . iii' 

. 1..' 

..;. -

standard deviation, ".: 
b:feBt:JJna.ted ~:r:r(jr~'3" 

. - "~'" DM , ;:')(P~r.b!~~1; ), :!'~:" 

, b. b7 

0.07 

o~17 

,. ~ - . -·e_ • 

.: . ~, 
, , 

'.;." : . 

.~ ... 

." '" 

Calculatedi'rO:m ECl_ (113:-.5 ).and. value's' in Table XXXV 
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results 74 in this range are also included in the figure for comparison. 

The statistical evidence for high precision and the clos~ agreement with 

Gosting's values indicate that the method us€d here is valid and capable 

of accuracy at least comparable to that of'theother modern methods for 

measuring diffusivity. 

Measurements w'ere made with nitric acid at four final concentrations 

~ . . 
and 25 c. The results are summarized in Table XXXVII. The measured diffusion 

coefficient is found to go through a shallow' minimum in dilute solution 

and then to increase gradually with concentration. In every run except one 

the standard deviation of the estimated error in Ikis less than 0.08 percent .. 
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VItI. DISCUSSION OF RESULTS . 

From the diffusivity measurements and from data for other . properties . 
\ 

available in the literature iti'is possible to calculate the multicompbne~t 
" , 

diffusion coefficients ~ .. of nitric acid in water. 
'~J 

The results are ,given ' .. 

in Table XXXVIII. Values of the quantity G defined in Chapter N are also 

px:esented in this table. It is found that the function G for nitric acid 

is quite simila~ to that for the other acids, HCl and H2S04,being lower 

than those for other. 1-1 electrolytes. An assumption of G based on the 
( 

values presented in Chapter IV would therefore,yield a rough but approxi­

mately correct valuefor~+_ for nitric acid. 

The behavior of '~H20-H+ and ~H20-N~ is also qualitatively in 

agreement with the observations of Chapter IV regarding the effects of 

these ions in other systems. The nitrate ion is believed to be structure-

breakihg in a manner similar to chloride, but the presence of the struc-

ture-making hydrogen ion, as in the case of hydrochloric acid, causes the 

diffusion coefficient of nitrate to decrease monotonically with concentra-

tion. The hydrogen ion diffusion coefficient behaves similarly to those in 

hydrochloric and sulfuric acid, exhibiting a small maximum at low concentra-

tions and then diminishing considerably at higher concentrations. 

From the complicated and varied results of our investigation of many 

different systems in Chapter IV, it appears that no general quantitative 

correlation of the transport properties of electrolytic solutions is possible 

at this time. ~ looking at the ~ .. representation of the data, we have been' 
~J 

able to discover a consistent qualitative scheme of behavior which is not at 

all obvious in the measured transport properties. All the ~+_ coefficients 

increase with concentration according to Eq. (IV-2), where G is a fun.ction 

much less concentration dependent than~ and may be estliQ.ted from Figo 10; 
+-
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Table XXXVIII. Nit~Jc acid in water at 25°C. 

c p Il A t+ Dtf105 1+~ c f'r~<l05 1)';(105 
~- G dtnm. 0+ o"l-

o. .9971 .8937 420.50 .8300 3.158 1.0000 o. 9.288 1.902 o. 
.001 1.0040 .8937 41.4.80 .8371 3.103 .9919 .001 9.284 1.882 2.076E-07 3.592E-+03 
.010 1.0051 .8938 406.00 .8392 3.003 .9764 .010 9.283 1.843 6.793E-07 3.696E-+O~ 
.050 1.0054 .8942 393.30 .8438 2.881 -.9559 .050 9.290 -1.795 1.655E-06 3.369E-+03 
.100 1.01.34 .8946 385.00 .8392 2.829 .9475 .100 9.286 1.771 2.420E-06 3.255E-+03 
.200 1.0096 .8956 376.10 .8416 2.802 .9457 .200 9.242 1.749 ~.7SlE-06 l2.937E-+03 
.300 1.0096 .8965 365.39 .8388 2~808 .9522 .300 9.1.37 le; 736 4.830E-06 '2.783E-+03 
.500 1.0181 .8984 356.80 .8411 2.850 .9755 .5°0 8.926 1.710 6.955E-06 2.465E-+03 
.700 1.0236 .9003 '344.89 .8380 2.903 1.0057 .700 8.630 1.681 8.847E-06 2.235E-+03 

1.000 1.0303 .8811 341.72 .8332 2.978 1~0579 1.000 8.141 1.629 1.184E-05 1.960B-+03 
1.500 1.0470 .8854 308.08 .8266, 3.081 1 .. 1573 1.500 7.272 1.524 1.777E-05 1. 513E+03 
2.000 1.0635 .8917 280.13 .8201 3.162 1.2681 2.000 6.433 1$4u 2.379E-05 1. 12lE-+03 I 
2.500 1.0799 .9002 256.03 .8139 3.232 1.3859 20500 5.697 '1.306 2.956E-05 8. 866E-+02 ~ 

, 3.000 1.0961 .9111 234.79 .8078 3.306 1.5027 3.000 5.113 1.217 3.486E-05 7.805E+02 VI 
, , 

3~500 1.1120 .9244 215.81 .8018 3.392 1.6049 3.500 4.714 1 .. 154 3.951E-05' 7.632E-+02 
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it appears to be practically independent of temperature. 

~e te~erature dependence of the ~oi coefficients is accounted for 

primarily by the temperature dependence of the limitingvailles. The latter· 

is represented by Eq. (rv-3) ·with the coefficien.ts for various ions given 

in Table XXXV. 

The concentration dependence of ~ . depends' on the nature of the ion 
01 

- itself' as well as the identity of the counter-ion.. This dependence canllOt 

be quarititatively related to the viscosity of the solution, but it can b;e 

explained qualitatively on the basis of the effects of the ions on the 

structure of the solution. Rough estimates of values may be made from a 

knowledge of the behavior in similar systems o For example; the behavior 

of hydrogen ions in other strong acids might be expected to be quite close 

to that in hydrochloric, sulfuric, and nitric acids, and the behavior of 

the 

and 

+ + other alkali metal ions may be inferred from the behavior of Li , Na , 

K+,. The larger ions Rb+ and Cs+ are probably structure-breaking so 

that their diffusion coefficients should increase initially with concentra-

tion and not decrease very rapidly at high concentrations. 

The effect of the counter-ion on the diffusion coefficient may also be 

estimated qualitatively on the basis of its effect on the solution structure., 

For example, since sodium and lithium are structure-making, the diffusivities 

of chloride and iodide drop off much more in concentrated solutions with 

these cations than they do with structure-breaking potassium. According to 

the results for chlorides, lithium has a slightly stronger structure-making 

ability than does sodium, but not nearly as great as does hydrogen. The 

results for potassium indicate iodide is a stronger structure-breaker than 

bromide, which is in turn a more effective structure-breaker than chloride. , 
Since nitrate is a slightly stronger structure-breaker with lithium than is 

chloride, it must fall in somewhere with the other halides. 

.. " . 
,.'. 

., 

.J 
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The quantitative characterization of these effect,s is a ccmplicated 

one which will require a detailed mathematical theory of the microscopic 

structure of solutions. Such a theory seems at the present time to be far 

froin our grasp. It, is hoped that the effects elucidated here may help guide' 

the eventual development of a successful theory. 

In order to determine more completely the properties of vad_ous ions 

and their effects on the properties of other ions, as well as to provide a 

more sound basis for an empirical correlation, it is necessary to have more 

extensive experimental data. We have developed a new apparatus for the 

measurement of diffusivity in concentrated binary solutions. It is hoped 

that this apparatus will be used in a systematic investigation of the be-

havior of ions which have not yet been studied as well as in a thorough 

study of certain specific systems to determine more clearly what physical 

parameters are important in affecting the transport properties. 

Since the statistical analysis of the fringe measurements indicates such 

a high precision in the determination of the diffusion coefficient, the limit 

of the accuracy of the method at this time may be the chemical analysis of 

the solution. With barely more than one cubic centimeter of solution avail-

able, titration can not be extremely accurate. It is recommended that a 

more precise method for the analysis of the sample be devisedo 

Both the analysis of diffusion data in the manner suggested here and 

the application of estimated ~ . coefficients in mass transfer problems 
01 

require values of the activity coefficient correction. For the most part 

activity coefficient data are available only at oOe from freezing point de-

pression measurements or at 25°C from E.M.F. or isopiestic measurements. 

It appears that the most convenient method for obtaining necessary values 

fop concentrated solutions where no data are available is an isopiestic 

46 measurement 0 Provided that thermodynamic data are available for some 
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system A at a particular temperature;th~ required activity coefficient 

term for anunknawn system B may be determined by comparing the. concen­

trations of the two solutions which are in equilibriuni with the same part:l.al 

pressure of . water vapor. The condition for thisequllibrium is 

(VIII-I) 

where ¢ is the osmotic coefficient and 

R = (VIII-2) : 

where ~ and mB are the molalities of the two solutions. Furthermore, 

m
B 

- 1 + f (¢ -1) d 1n m .. 
BoB B 

(VIII-3) 

Differentiation ofElq. (VIII-3) and SUbstitution of Eqs .• (VIII-I) and 

(vrII-2) yield the desired expression 

[
1 + d 1n y] = 
. dlnm B 

(VIII-4) 

for the activity coefficient correction of solution B. 

For the complete description of mass transport in a multicomponent 

electrolytic solution containing n ions, one needs values for n(n-l)/2 8'+_ 

coefficients and n~ i coefficients; that 1s; n(n+l)/2 independent 
o . 

transport properties~ which are functions of composition and temperature o 

The specification of this large amount of information requires a tremendous 

experiiriental effort, and no complete set of data for any system has yet been 

obtalned.53b It would therefore be desirable to have some means for esti-

mating these transport properties theoretically. One might hope that in-

formation about binary systems could be used in the estimation of the multi-

component transport propertles. 



Lightfoot et al.47 have suggested that lYoi for an ion in a binary 

s6lutidnbe used as its value in a multicomponent system. This procedure 

should be valid when all ions are present in very low concentrations. Since 

we have discovered that these coefficients are concentration· dependent as 

well as dependent upon what other ions are present in the solution, the value 

of ,&'. when any ions in the system are present in high concentrations will 
Ol . 

probably be changed considerably from its zero-concentration limiting value. 

The direction and extent of the change will depend upon the effects of all 

the ions present on the structure of the solution. These might be estimated 

qualitatively on the basis of the arguments presented above for binary 

solutions. Some careful experimental work in multicomponent systems will 

be required to determine whether these suppositions are valid .. 

. In a multicomponent system the condition of electroneutrality no longer 

requires that the ions all diffuse at the same rate. In this case, the 

quantity /:5+_ for various pairs of ions can become important in diffusion 

as well as conductance. It is therefore more important in these cases to 

be able to estimate values of Ir... As a first approximation one might 
lJ 

attempt to use a form such as Eq. (DT-2). The manner in ",hich the ionic 

eoncentrations enter into such an equation for multicomponent solutions is 

not·c1ear,nor is the concentration upon which the factor G should depend ... 

It is therefore desirable to investigate the forms of the ionic distribution 

functions in mUlticomponent systems and to calculate from them the limiting 

law for Ar .. on the basis of a relaxation effect. A complete calculation of 
lJ 

this type should also allow for some specific effects on ~j by the ions 

through their influence on the structure of water. It will then be necessary 

to have some experimental data to determine empirically the behavior of a 

correction factor analogous to G which accounts for the deviations from the 

theoretical limiting expression. 
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CONCLUSIONS ANDREe OMMElIDAT!oNS 

" 

'. " 
, -.I ~ • 

:" .:-, (:: 

,We have discussed a. set of generally aP!>1.icabie, fiux equations whi~h 

define the -transport, properties necessary for the c,o.mplete' 4esc:dptiblt of 

tnass transpo,rt inelectr,olytic solutions~, The transport, pr'eperties : ~~' 

.. ' o. 

, , ,,' , . ' ,'. . " 

defined are relate<itethose usut;l.lly measured, 'but :they are more easily', 
, , 

iht'erprete'd in terms of molecul~r interactions" It is, therefore, thes.e 
, " 

properties which shOUld be the easi~st to co~relate and which sheuld be 

treated directly by any microscopic theory of electrolytic sclutiens. 

There are essentially two kinds of transpqrtpreperties in this 

situation:! thOSe which ar-e reuited te ien-ien interactions, tJ'+_, and 

'those which are determined by ien-solvent interactions, h'.. Frem an 
. - .01 

invest~gation of the' available data en mass, transport in binaryselutions; 

we discovered that the formed are very small iri dilute solutions but in-

crease over many orders, of magnitude and are appreciable in concentrated 

solutions. Based on the relaxation term of the limiting law for eleCtro­

lytic conductance, a crude empirical correlation of~_ data was'suggested 

which takes into account most of the dependence .of ir+_ on concentration and 

temperature fer a systemo 

The ionic diffusion coefficients ~i were found to vary from their 

limiting values in a way characteristic .of the ions present in the s01ution. 

In general, if the ions present are large, they initially tend to break the 

structure of water such that ~i goes through a maximum, before decreasing 

at higher concentratiens. Smaller and multivalent ions :ilnpese additienal 

structure en the seluti'on, and /Y. decreases menet'enically from its limiting 
01 

value. A qualitative estimate .of the variatien .of an ienic diffusien c.o-

efficient frem its limiting value may be made en the basis .of this scheme 

by investigaging the b-ehavier .of a similar system. Most of the temperaJcure < 

, " 
.... "':',. ",', 

',,:;;' 

". ::~ 

, I, 

'I..' 
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dependence of the if. coefficients is accounted for by the. variation of its 
'01 -

limiting valueo 

The- development of a reliable quantitative correlation of the trans-: 

port properties in e1ectr.o1ytic sotut ions will require much more extensive 

data, as well as valid quantitative theories of the structure of solutions 

and molecular interactions, to elucidate what physical parameters are im-

podant in determining the observed behavior. In order to provide some of 

the requisite data, we have developed an optical restricted-diffusion method 

for measuring diffusion coefficients in concentrated binary solutions. From 

measurements with potassium chloride in water, t~e method was foUnd to agree 

with the Gouy method within the estimated accuracy of 0 .. 2 percent.. The 

new method has the Cj.dvantages that its mathematical analysis involves fewer 

approximations than any other method and that experimentally it does not 

require an initially sharp boundary between two solutions. One disad-
.." 

vantage is that the time required for each data point is several days. 

The diffusion coefficient of nitric acid in water at 25° C and at con-

centrations up to 3 mo1a.r was measured. The ionic diffusion coefficients 

were found to behave consistently with the qualitative scheme suggested on 

the basis of the effects of various ions on the structure of water. The 

diffusivity of nitrate in nitric acid decreases much more rapidly than in 

other nitrate solutions because of the strong effect of hydrogen ions on 

the solution structure. The diffusivity of hydrogen increases initially 

because of the catalytic effect of pH on the rapid proton transfer, but it 

decreases rapidly at concentrations above .1 molar in a manner similar to 

the hydrogen in HCl and H2S04• I 
j, 

The problem of relating the transport porperties of multicomponent 

solutions to those in the binary systems is even more complicated than the 

quantitative descript.ion of binary solutions. It would be de'sirable to 
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have complete sets of transport . property data in some multicomponent 

solutions so that an investigation of the behavior of the· ef
i

. coeffi­
J . 

<;ients would .be posSible. 

Of the many th~oretical problems which need to be solved, there are 

two which may be within the reach of the current, theories of the liquid 

state. The first is the explanation of the values as well as the tem-

perature dependence of the ,limiting ionic diffusion coefficients. Con-

'., sideration of this particular problem in electrolytes minimizes the num-

ber of factors which need to be taken into account. Its solut ion should 

elucidate the tyPes of forces which are most important in the ion-solvent 

interactions. It would also serve as a quantitative basis for describing 

subsequent changes in the structure and effective forces as the concentra-

tion is increased. 

Another important problem to be treated is a derivation of the relax-

ation effect consistent with Eq. (III-l) rather' than one based on the dilute 

solution formulation. Such a development is primarily a problem in electro-

statics. A more sophisticated solution of this problem should shed light on 

the nature of the empirical factor G or offer a more satisfactory form than 

Eqo (IV-2) for the correlation of ~_. It should, furthermore, be a 

sufficiently general formulation so that it will treat the ionic distri-

but ion functions in multicomponent solutions and indicate the manner in 

which ~. in these systems depend on the concentrations and might be related 
lJ 

to the ionic interaction coefficients in binary electrolyteso 

The investigation of transport properties in the forms suggested in 

this discussion has been found to be quite advantageous. It has revealed 

a qualitatively systematic behavior of the fJ coefficients "Thich vms not 
ij 

obvious in the measured properties. Since the general behavior of the 

ionic diffusion coefficients may be interpreted in terms of the effects of 

" 
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various ions on the structure of water and of long range ion-ion inter.;. 

actions, there is promise that a general correlation of them will become 

possible as progress is made in the quantita.tive description of the struc­

ture of water and molecular interactions in electrolytic solutions~ 

Conversely, the observations made in this study should be valuable guides 

in the development of a successful microscopic theory by providing quali...;. 

tative information about the structure of electrolytic -solutions. It is 

hoped that the experimental apparatus developed here will be used to obtain 

additional data in a Wide variety of systems and thus increase oUr knowledge 

'of the complex liquid state. 
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APPENDIX A . 

FUnctions Used to Fit Properties and Values 
of the Parameters for Various Systems 

To interpolate the experimental data to the concentrations where 

calculations were made, w'e fit all the values for a property to an 

analytic representation. Experimental density data, after being converted 

to gm/cm3, were represented by 

• 

With this equation any concentration values on other scales could be 

converted to moles/liter. Values of the coefficients in Eq. (A-I) for 

various systems are given in Table A-I. 

Viscosity data were fit by the form 

(A-2) 

The coefficients of this equation are given in Table A-2. 

The conductivity was repre sented by 

• (A-3 ) 

The coefficients are presented in Table A-3. 

The cation transference number data were fit by the form 

(A-4) 

The limiting value t:(O) may be calculated from Eq. (III-6) and the 

values of ~o. given by Eq. (IV-3) and Table XXXV. The parameters e i , 01 

are given in Table A-4. 
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The experimental diffusion coefficients were fit by the, form 

The Nernst limiting v'alue·:q may be calculated from Eq. (tII-5) and the 

~i 'values given by Eq .. (rv-3) and TableXXJ:!.l. 

giyenin Table A-5~ 

The parameters f. are 
~, 

. ' "": 

For the differentiation of the activity coeff:tciEmt data we :fit 

the log of these data by 

1/2' 
glm 

The coefficients gi are presented in Table A-6. 

• (A-6) 

".:/", 

The fit of' DM was not used for the calculations of the fr. coefficients., 
oJ. 

The experimental dif:fusi vi ty points 'W'ere used to calculate the thermodynamic 

diffusion coefficient , 'Which was then £i t by 

(A-7) 

and this equation was used in the subsequent calculations., The values of 

the coefficients hi' are given in Table A-7_ 

The interpolation of equivalent conductance and viscosity by these 

equations is inaccurate in very dilute solutions for some systems. When 

there 'W'ere insufficient data at low' concentrations, the large variation at 

high concentrations biased the fit. For the other properties the fit vias 

within the experimental error or within the scatter of values from 

different experimenters. 

The calculated ionic diffusion coefficients fr. were fit quite 
o~ 

accurately by an equation of the form 
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,EY = If' + k c~/2 + k_c + k c3/ 2 + k c2 (A~8) 
oi oi 1 -~ 3 4 

The limiting values are given by E~. (IV-3) and Table XXXV. The co-

efficients k. for /J' and IY in various systems are given by Tables 
l 0+ 0-

A-8 and A-9, respectively. 

The ionic interaction diffusion coefficient is represented accurately. 

by the form 

t) 
+- = (A-9 ) 

The coefficients PI are given in Table A-9 4 

In some cases E~s. (A-2), (A-3), and (A-IO) are not accurate in 

dilute solutions because the predominance of data at high concentrations 

biases the fit. The inaccuracy is particularly blatant for the conduc-

tance of LaCl3' 1iCl at 35°C, LiNOy ~P04' KCl at 18°c, KCl at 35°C, and 

J-~S04' where d2 is positive and for ;e;- of BaCl;, LiCl at 35°C, NaCl at 

O°Cand 50°C, and ~S04' for which Pi is negative. 
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Table A-I. Values of density equation parameters 
for aqueous electrolytic solutions 

Solute Temp. al a2 ( DC) 

Ammonium chloride 25.00 1.5268E-02 4. 2267E-04 
Arinnoniuni nitrate 25.00 -3. 2426E.;.02 . -7. 5583E-04 
BariuIrichloride 25.00 1.8152E-Ol 1. 3507E-03 
CadIliium'sulfate 25 .. 00 1. 7083E-Ol -1. 7484E-02 
Calcium chloride 25.00 8. 4592E-02 4. 6483E-03 
Cupric sulfate 25.00 1. 6319E-Ol -8. 8629E-03 
Hydrochloric acid 25~00 1. 7957E-02 -3.2003E-04 
Lanthanum chloride 25.00 2.2929E-Ol -1.1470E-02 
Lithium chloride 25.00 2 .. 611 '!E-02 -2. 4564E-03 
Lithium chloride 35.00 2. 5410E-02 -L.9625E-03 
Lithium chlori'de 50.0'0 2. 6342E-02 -1. 7390E-03 
Lithium nitrate 25.00 4. 5565E-02 -4 .. 4676E-03 
Nitric acid 25.00 3.206lE-02 2.1099E-03 
Phosphoric acid 25.00 5. 2204E_02 -3.1817E-04 
Potassium bromide 25.00 8 .• 585lE-02 . -2.5499E~03 
Potassium chloride 0 .• 00 2. 844'!E-02 1. 8:"; 56E-02 
Potassium chloride 18.00 3.3102E-02 2.15llE-02 
PotassiUm chloride 25.00 4,,7830E-02 -2.047lE-03 
Potassium chloride 35.00 l~. 7485E-02 -2.0650E-03 
Potassium chloride 50.00 4. 9976E-02 -6. 7865E-03 
Potassium iodide 25.00 1.3203E-Ol -1. 3936E-02 
Potassium sulfate 25.00 1.4180E-Ol "':l.1383E-02 
Silver nitrate 25.00 1. 4567E-Ol -6. 4757E-03 
Sodium chloride 0.00 4. 7817E-02 -4. 960lE-03 
Sodium chloride 18.00 4. 4389E-02 -3. 7295E-03' 
Sodium chloride 25.00 4.1137E-02 -1.2339:8-03 
Sodium chloride 35.00 2. 3348E-Ol -1. 9429E-Ol 
Sodiurnchloride 50 •. 00 4.2015E-02 -2.7096E-03 
Sodium hydroxide 25.00 4.779lE-02 -4.9148E ... 03 
Sodium iodide 25.00 1. 1761E-Ol -4.1864E-03 
Sodium sulfate 25.00 1. 3836E-Ol -2. 5404E-02 
Sulfuric acid 25.00 5.0346E-02 1.0344E-02 
Zinc sulfate 25.00 1.168lE-Ol 6. 9285E-02 

a
3 

-3.~344E-04 
. -9.5159E-05 

-4" 8312E-03 
9.0769E-03 

-3.2862E-03 
-1. 1939E-04 
,,1. 2209E-04 
-3 .. 5067E ... 04 
3.1902E-04 
2. 3639E-04 
1.0080E-04 
5.9611E-04 

-9.0324E-04 
-2. 7830E-04 
2.1722E-04 

-3.9529E-03 
-8. 66l5E-03 
-5.4033E-05 
-5.1796E-05 
1. 6357E-03 
3.1413E-03 

-8.0789E-04 
1.0l50E-03 
4. 68l4E-04 
3. 3908E-04 

-2. 2432E"':04 
4.7185E-02 
1. 5638E-04 
6.4046E-05 
7.0349E-04 
5. 2724E-03 

-2. 6583E-03 
-3.o404E-02 
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Table A-2. Values of viscosity equation parameters for aqueous electrolytic solutions 

Solute Temp. bl b2 
. b

3 
b4 b

5 {OC~ 

Ammonium chloride 25.00 -1.045E--Ql 3.723E-Ol ... 4.717E-Ol 2. 424E-Ol -4. 25+E-02 

Ammonium nitrate 25.00 3. 795E-02 -2.136E-Ol 2.186E ... Ol ~ .. 147E...02 1. 574E-02 

Barium chloride 25.00 1. 256E-02 1.9l2E-Ol 3.29lE-03 2.306E-02 2. 492E-02 

Cadmiuni. sulfate 25.00 4. 85lE-02 2. 366E-Ol 9. 559E-Ol -~ 113E.j.()0 6.500E...Ql 

Calcium chloride . 25.00 4.515E-Ol -1. 945E..vQ0 3. 689E+OO -2. 548E+OO 6.669E~Ol 

Cupric sulfate 25.00 4.089E-02 9. 554E-02 1. 452E+OO -1. 464E+OO 6. 668E...Ql 

Hydrochloric acid 25.00 -7. 686E':06 6. 92 lE-02 -1. 846E-02 5. 635E-03 -2.712E-04 I 
I-' 

Lanthanum chloride 25.00 2. 628E-02 5. 322E-Ol ... 1. 753E-Ol 3.120E-Ol 6. 380E-02 \J1 
~ 
f 

Lithium chloride 25.00 1. 468E-Ol -2.702E-Ol 4. 265E-Ol -2 .. 053E-Ol 4.142E-02 

Lithium chloride 35.00 3. 487E+D0 -7. 68lE+OO 6.124E+OO -2.049E+OO 2. 538E-Ol 

Lithium chloride 50.00 1.132E+OO -2. 496E+OO 2.085E+OO -7.255E-Ol 9. 598E-02 

Lithium. nitrate 25.00 5.813E-02 -1.333E-01 2.9l8E-Ol .. 1. 483E-Ol 3.199E~02 

Nitric acid 25.00 -8.033E-02 1. 47lE-01 ···H.25lE-01 5 .. 269E-02 -6.97lE...Q3 

Phosphoric acid ·25.00 2. 227E+00 -7.l69E+OO +7. 743E+OO -3 .. 152E+OO 4. 592E...Ql 

Potassium bromide 25.00 2. 854E-03 . -5.882E-02 3. 460E-02 -1. 26lE-02 4. 962E-03 

Potassium chloride 0.00 -5. 864E+OO 1. 643E+Ol -1.718E+Ol 7.793E+OO -1 .. 294E+OO 



Table A-2 (continued) 

Solute Temp. bl b2 b
3 

b4 b
5 ~oC~ 

Potassium chloride IS. 00 2. 445E-02 -1. 33SE-Ol 1. 647E-Ol -9. 31SE-02 2 .. IS 6E' .. 02 

Potassium chloride 25.00 1.7S3E-02 -S.427E-02 L195E-01 -7. 344E-02 LS56E-02 

Potassium chloride 35.00 2. 550E-03 1. 740E-02 -1. 976E-02 1.102E-02 9.11SE-05 

Potassium chloride 50.00 2.109E-02 -4 .. S70E-02 7. 974E-02 -3.S69E-02 7.729E-03 

Potassium iodide 25.00 1. 287E-02 -1.415E-Ol 1.000E-Ol -3. 835E-02 9. 534E-03 

Potassium sulfate 25.00 -3.303E-02 8.~5lE-01 -2. 273E+OO 2. 867E+00 -1.19.lE+OO 

Silver nitrate 25.00 7.105E-02 -2. 377E-Ol 3.508E-Ol ... 1. 542E-Ol 2. 767E-02 
/..., 
~ 

Sodium chloride 0.00 1.3l3E-04 1. 33lE-01 -2. 453E-Ol 2. 348E-Ol -4. 549E-02 I 

Sodium chloride lS.OO 3.S26E-02 -1. 529E-Ol 3.70SE-Ol -2.251E-01 5.500E..Q2 

Sodium chloride 25.00 -1. 68lE-02 1 .. 247E-Ol -4.l68E-02 1. 342E-02 5 .. 383E-03 

Sodium chloride 35.00 ' -1. 263E-Ol 2. 977E-Ol -2.,149E-Ol , 1.094E-Ol -1. 684E-02 

Sodium chloride 50.00 -4. 78lE-02 2. 440E-Ol -2~449E-Ol 1.3l7E-Ol -2,167E-02 

Sodium hydroxide 25.00 2. 78lE-Ol 1.396E~02 -4.0l3E ... 02 . 8.108E-02 -4. 78lE-03 

Sodiumiod1de 25.00 -1.123E-Ol 4 .. 72lE-Ol -6.178E-Ol ... 3. 4llE-Ol -5.7S3E-02 

Sodium sulfate 25.00 4. 926E-02 -2.023E-02 9. 995E-Ol ~9.684E-Ol 4.404E"Ol 

·Sulfuric acid 25.00 8.167E-Ol ' -2.132E+OO 2.075E+OO ·-7. 392E-01 9 .. 809E-02 ' 

Zinc sulfate 25.00 -1.919E-Ol 4.073E+OO -7 .. 775E+00 5. 732E+OO , -1.059E+OO , 

/. 

':': 
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Table A-3~ 

Values of Conductivity Equation Parameters for Aqueous Electrolytic Solutions 

Solute Temp. d d2 d d
4 

d 
(OC) 1 3 5 

Ammonium chloride 25.00 L.430E-Ol -5.633E-02 3.479E-02 -l.113E-02 9.129E-02 

Ammonium nitrate 25.00 l.354E-Ol -5.l32E-02 2.577E-02 -9.55lE-03 l.094E-0.5 ,--
Barium chloride 25.00 2.290E-Ol -3.619E-02 -1.536E-Ol 1. 668E-Ol -5.095E-02 ./ 

Cadmium sulfate 25.00 l.763E-Ol ....:5.283E-Ol l .. OllE+oO -9.637E-Ol 3.45lE-Ol 
.Calcium chloride 25.00 2.7l6E-Ol -4.268E-Ol 6.065E-Ol -3.802E":'01 5.057E-02 
Cupric sulfate 25.00 l.736E-Ol -4.462E-Ol· 7.069E-Ol -5.39lE-Ol:', .. lr517E-Ol 

I 

Hydrochloric acid 25.00 4.l96E-Ol -3 .. 969E-02 -5.602E-02 . l.077E-02 8.233E-07 ~. 
Lanthanum chloride 25.00 2.728E-Ol 6.8T7E-01 -3.290E+OO 4.718E+OO -2.234E+00 t 

Lithium chloride 25.00 1.086E-Ol -4.888E-02 2.047E-02 -S,.365E-03 l.18oE":'03 

Lithium chloride 35.00 7 .. 512E-02· 3.503E-02 -3.423E-02 5.98oE-03 .... -1. 724E-04 

Lithium chloride 50.00 2.0l0E-Ol -1.730E-Ol 1.305E-01 -5. 755E-02 9.396E-03 

Lithium nitrate 25.00 8.l68E-02 7.488E-03' -2.555E-02 6. 749E-03 -5.095E-04 

Nitric acid 25.00 4.994E-Ol -1.47lE-Ol -L.55lE-02 8~246E-03 -6. 517E-04 

Phosphoric acid 25,.00 4.369E-02 3.256E-02 -1.655E-02 1.085E-04 3.438E-04 

Potassium bromide 2:;.00 1.462E-Ol -6.437E-02 5.375E-02 -2.337E-02 3.223E-03 

Potassium chloride 0.00 8.118E-02 -3.060E-02 2.722E-02 7.175E-03 -l.066E~03 

Potassium chloride 18 .. 00 4.333E-02 2.046E-Ol -2.555:E:-Ol l.300E-Ol -2.42lE-02 

Potassium chloride 25 .. 00 1.438E-Ol -5 .. 327E-02 2.593E-02 -3.473E-03 -l.243E-03 



Table A-3 (continued) 

Solute· Temp. d d d d
4 

d 
(OC) I 2 3 5 

Potassium chloride 35.00 L208E-Ol 1~137E-OI -1. 878E-Ol 1.080E-Ol -2.244E-02 

Potassium chloride 50.00 2.486E-Ol -2.211E-Ol 2.265E-Ol -1 .. ll5E.,...Ol 1 .. 913E-02 

Potassium iodide 25~OO 1 .. 433E-Ol -5.643E-02 4.565E.;.02 "':'.l.789E.;.o2 .1.1l4E-03 

Potassium sulfate 25.00 2.893E-Ol ...;4.3l5E-Ol 6.43.5E-Ol -4.958E-01 1~2~2E-Ol 

Silver nitrate 25.00 1 .. 299E-OI -7.083E-02 2.355E-02 -5.218E-03 4.879E-04 

Sodium chloride 0.00 6 .. 603E-02 -4.022E-02 5 .. 087E-02 -3.843E-02 9.418E-03 

1.049E-01 -4.3i8IE-O~ 
I 

Sodium chloride 18.00 1.933E-02 -7.544E-03 8.468E-04 t-' 
0\ 

Sodium chloride 25.00 .1.2QOE-Ol -5.087E-02 2.683E~2 -1.203E-02 1.742E-03 
0 
I 

. Sodium chlrodie 35.00 1.448E-Ol -8.563E-02 6.396E-02 -2.853E-02 .4.l85E-03 

Sodium chloride 50.00 1.924E-Ol -1.0IOE-01 6.442E-02 -3.074E;...02 5.237E-03 

Sodium hydroxide 25.00 . 2.432E-Ol -7.951E-02 4.145E-02 -3-.461E-02 7.;t65E ... 03 

Sodium iodide 25.00 . 1.218E-Ol -4.815E-02 3.225E-02 -L.570E-02 2.469E-03 

Sodium sulf'ate 25 .. 00 2.582E-Ol . -5.496E-Ol i.216EH-00 -1.633EH-00 8.96oE-Ol 

Su.l:ruric acid 25.00 3.744E-Ol 2.759E-Ol -3.310E-Ol 9.129E-02 -7. 874E-03 

Zinc sulfate 25.00 1.895E-Ol -5 .. 657E-Ol 1.09IE+OO -l.040E-+OO 3.7l8E-Ol 

·k 

0" .... -. 
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Table A-4 

Values of Cation Transference Number Equation Parameters for Aqueous Electrolytic So-lutions. 

Solute Temp. e1 E!2 e
3 e4 

CC) . 

Ammonium chloride 25.00 -l.794E-04 5.332E-03 -7.306E-02 l.487E-Ol 

Ammonium nitrate 25.00 2.243E~02 .. -2.390E-02 l.Ol9E-02 -l.507E-03 

Barliml cblpride 25.00 -1. 799E",,01. 1. 728E-Ol -1.l45E-Ol 2.482E ... 02 

Cadmium sulfate 25.00 -l.432E...o2 . -3.850E-Ol 3.593E-Ol -1.o65E-Ol 

Calcium chloride 25.00 -7.180E-02 -4.l04E-Ol 4.089E-01 -1.06lE-Ol 

Cupric sulfate 25.00 -2.147E+oO 8.S37E-Ol -2.147E+Q0 1.583+00 

Hydrochloric acid- 25.00 5 .. 70lE-03 5.033E...o2 -3.766E-02 5.330E-03 
• 

Lanthanum chloride 25.00 -2.5l3E-Ol S.428E...ol -1 0 76lE+oO 1.l9lE+00 I-' 

~ 
Lithium chloride 25.00 -6 .. 425E-02 1.322E-02 S.J512E~ -5.660E-03 ". 
Lithium chloride 35.00 -9.345E-02 8.142E-02 -4.6T7E...o2 7.469E-03 

Lithium chloride 50.00 4.072E-02 -1.128E...ol 4.658E-02 -5. 765E-03 

Lithium nitrate 25.00 -1.009E-Ol 5.560E-02 .... 1.22lE-02 I. 728E-03 

Nitric acid 25.00 5.042E-02 -6.94lE-02 2.654E-02 -4.364E-03 

Phosphoric acid 25.00 -9.2l0E-02 1.392E-Ol -6.049E~02 8.900E-03 

Potassium bromide 25 0 00 4. 790E...o2 -1.225E-01 1.02lE-01 -2.739E-02 

Potassium chloride 0.00 -3.450E-02 3.737E...o2 -1. 794E-02 3.184E-03 

Potassium chloride lS.00 -2.930E-02 5.04U-02 "'3.496E-02 8.210E-03 

Potassium chloride 25.00 -3.006E-03 1. 220E...o3 -4.576E-05 -9.020E .. 05· 



Table A-4 (Continued) "-" 

Solute Temn. 
co C) 

el e2 e
3 .e4 

Potassium chloride 35.00 -3.825E-03 -1.138E-02 1.3'50E-02 -3.963E.;.Q3 
Potassium chloride 50.00 -2~567E-03 :-3.911E-03 5.198E-0.3 -1~615E~3 

Potassium iodide 25.00 -5.992E-03 1.793E-02 -1.-.384E-02 3.263E-03 

Potassium sul:rate 25.00 4.715E-02 1.340E-Ol -7.827E.;.Ql S-.458E-01 

Silver nitrate 25.00 3.558E ... 03 4.045E-02 -1.609E.;.Q2· 4. 648E-03 

Sodium chloride 0.00 -1.012E-0l. 1.160E-Ol -6.169E-02 1 .. 165E-02 

Sodium chloride 18.00 -5.030E-02 2.587E-02 -6. 789E-03 4.793E-04 ' 
I 

Sodium chloride 25.00 -4.037E-02 2.439E-02 -1~626E-02 4.412E-03 I-' 
R)' 

Sodium chlov(i.de 35.00 -4.502E-02 1.585E-02 -1..600E..:o3 ' -4.913E.:.04 
1 

Sodium chloride 50.00 -2.784E-02 -1. 447E-02 1.631E-02 -3.946E-03 

Sodium hydroxide 25.00 1.593E-02 -4.255E-01 7 .. 40oE:"'01 -3.691E-01 

Sodium iodide., 25.00 -2.808E-02 -3.26lE...()3 7~842E-03 1.28oE-02 

Sodium sul.:rate 25.00 1.970E-02 -3.50lE-Ol l.28;Efoo -1.396E+oO 

Sulf'uric acid 25.00 3.731E-02 -7 .. 723E-02 - 3.988E ... 02· -9.1.82E ... 03 

Zinc sul:f'ate 25.00 -4.732E-02 -2.004E-01 1.382E .. Ol. -3.083.E-02 

'. 
" 



Table A-5 
Values of Experimental. Diffusion COefficient Equation Parameters for Aqueous E1ectrolytic Solutions. 

Solute Temp. 
(Oc) fl f2 f3 f4 

Ammonium chloride 25.00 -6.936E-06 9.007E-06 -3.l47E-06 3.369E-07 
Ammonium nitrate 25.00 . - -6.290E-06 6.354E-06 ~~~08lE.;,.66 4.586E-07 
Barium chloride 25.00 -l.662E-05 3.946E-05 -3.730E-05 L.230E-05 
Cadmium sulfate 25.00 3.l61E-05 -2.844E-94 6.704E-04 -4. 83 OE-04 
Calcium chloride 25.00 -l..367E-05 2.216E-05 -l.OTIE-05 l.376E-06 
Cupric sulfate 25.00 -2.133E-05 5.342E-05 -5.893E-05 2.220E-05 

Hydrochloric acid 25.00 -l..908E-05 3.364E ... 05 ·...J..o.637E-05 ,.. -, .333E-06 I 
I-' 

Lanthanum chloride 25.00 -5.092E-05 5.205E-05 -3.o82E-03 7.229E-03 
0\ 

.'->1 
I 

Lithium chloride 25.00 -4.021E-06 4.l75E-06 -8.l72E-07 -7.027E-08 
Lithium chloride 35.00 -5.025E-06 5.269E-06 -i.247E-06 -l.E)eOE-08 

Lithium chloride 50.00 -6.384E-06 6.728E-06 -l.6~5E-06 -4~G!$~l~tL 

Lithium nitrate 25.00 -5.208E-06 8.097E-06 -3.868E ... 06 5.339E-07 
Nitric acid 25.00 -l.828E-05 2.998E-05 -1.700E-05 3.506E-06 
Phosphoric acid 25.00 -3.627E-05 3.2866E-05 -l.107E-Oi> l.214E-06 

Potassium bromide 25.00 -7. 779E-06 1.l97E-05 -5.761E-06 l.1l4E-06 

Potassium chloride 0.00 -3.636E-06 5.333E-06 -2.594E-06 5. 717E ... 07 

Potassium chloride 18.00 -6.523E-06 9.671E-06 -5.125E-06 l.1l8E-06 

Potassium chloride 25.00 -7. 771E-06 1.136E-05 -5.664E-06 1.lOlE-06 



Table A-5 (Continued) 

Solute Temp. f f f f.~ (OC) 1 2 3 

Potassium chloride 35.00 -7.808E-06 9.94lE-06 -4.205E-06 7.l98E-07 
-

Potassium chloride 50.00 -9.866E-06 1.075E"-05 -3.368E-06 3.123E-07 
Potass.ium iodide 25.00 -8.794E-06 ~.72lE-05 -9 .. 928E-06 2.169E-06 
Potassium sulf'ate 25.00 -2.545E-05 7.86lE-05 . -1.248E-04 6.968E':'05 
Sll.ver filtrate 25 .. 00 -5.052E-06 -1 .. 233E.o6 7.5.53E...;()7 ":'7.0 74E-08 
Sodium chloride 0.00 -3.2~4E-06 3.894E-06 -1.769E-06 3.l41E~07 

Sodium chloride 18.00 -4.74lE-06 5.546E-06· -2.325E-06 3.486E-07 I 
t-' 
0\ 

Sodium chloride 25.00 . ...6.l70E .... o6 8.487E..,06 -4.33lE-06 7~9@9E-07 
.p-
I 

Sodium chl.oride 35.00 -6.457E;..66 7.~72E-06 -2.6~7E-06 
.. .. 

2.947E-07 . 
Sodium chloride 50.00 ...6.459E-06 5.447E-06 -~.0T7E-06 . -6.384E-08 
Sodium hydroxide 25.00 -8.992E-06 9.ll4E-06 -5.131E-06 l.leOE"-06 
Sodium iodide 25.00 -5.589E-06 1.OO5E-05 -4.906E-06 9.8llE-07 
Sodium suJ.:rate 25.00 -1. 743E-05 5.472E-05 . -7.797E-05 3.832E .... 05 
Su.lfUric Acid 25.00 -4.l72E-05 6 • .532E-05 -3.610E-05 6.974E-06 
Zinc sul:rate 25.00 -3.465E-05 2.525E.,.04 -7.3llE-04 6.856E .. 04 

~ 
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Table A-6 

Values of' Activity Coefficient Equation Parameters for Aqueous Electrolytic Solutions. 

-------
S:) }.llte Te:!;:). 

gl • g2 (7 g4 g g6 (OC) ~3 5 

k:t":!oniuJTl chloride 25.00 -1.l31E+OO 1.496E-Ol -1.783E-Ol 1.219E-Ol -3.861E-02 4.476E-03 

}~~~onion nitrate 25.00 -1.226:8+00 -3.813-E-02 -6.07lE-02 3.215E-02 -5.961E-03 3.902E-04 
Bari eLm chloride 25.00 -3~499E+00 2.216E+00 -1.918:8+00 -5.684E-02 9.574E-Ol -3.631E-01 

CacL":liulD. sulfate 25.00 -1.205E+Ol 1.816E+01 -3.810E+Ol 3.697E+01 :"1~726E+Ol 3.110E+00 

Calci1.L~ chloride 25 .. 00 -3.487E+00 2.638:2+00 -3.033£+00 1.928E+00 -5.339E-Ol 5.223E-02 

Curfic sulfate 25.00 -1.066:2+01 1.272E+01 -2.632:8+01 2.652E+Ol -1:.)60E+01 2.854E+00 

-6.226E-01 
, 

Hydrochloric acid 25.00 -1.31lE+00 1.446E+OO -2.302£+00 1. 839E+00 7 .535E~02 I-' 

&' 
l~~~~an~ 2hloride 25.00 -8.794E+00 3.703E+01 '-2.044£+02 5.535E+02 -4.065E+02 -4.979E+02 I 

-1.216£+00 
... 

6 o 642E-Ol 2.810E-01 -5.962E-02 4.267E-03 Lit::-:ium chloride 25.00 -5.373:8-01 

Lit~i1.L~ chloride 35.00 

Lithi~~ chloride 50.00 -----, 

Lithium nitrate 25.00 -1.137E+00 4.324E-Ol -2.663E-01 1.373E-01 -3.538E-02 3.36TB-03 

rr~t~:'c a~id 25.00 -1.094E+00 3.414E-01_ -5.237E-02 -1.158£-01 1.015E-01 -2.253E-02 

Phos:::h0ric acid. 25 0 00 

Potassilli~ tromide 25 .. CO -1. 140E+OO 2.145£-01 -2.412E-01 1.533E-01 -4.504E-02 5.012E-03 

Pc:a23~~ c~loride O.CO 

Pctas3ium chloride 18.00 

P()"t2..53~~\"1'::' c:-:loride 25.C'0 -1.172E+OO 2.975E-Ol -4.553:2-01 3.38TE-Ol -1.158B-Ol 1.510'5:-02 

PO·~5..ss:'ur:! criloride 35.00 ---;.. 



TableA-6 (Cont inued) 

. Solute Temp.- gl g2 g g4 g5 . g6 (Oc) _3 

Potassium chloride 50.00 ---- - ....... - ---
.-

Potassium iodide 25.00 -1.145E+Q0 4.003E-01 -5.188E-Ol ,.637E-Ol -1.203E-Ol 1.493E-02 

Potassium sulfate 25.00 -2.278E+ol -1.160E;-Ql 4.997E+Ol -9.02~1 7~428E-tOl -2.276E+Ol 

Silver nitrate 25.00 -1. 153 E+OO -3.534E-01. 8.5T7E-02 -L.015E-03 -1..:n6E",:03 - 1.478E-04 

Sodium chloride 0.00 .... ---
Sodi lim chloride 18.00 ---- --
Sodium chloride 25~OO -1.15lE+OO 3.775E-01 -4.318E.,01 ~.827E_01 ~.30lE-02 ·9.384E-G3 . I 

I-' _ 0\ 

Sodium chloride 35.00 
0\ . ---- --... I 

Sodium chloride 50.00 -~-

Sodium hydroxide 25.00 -1.329E+OO 6.953E~01 -6.831E-oi 3.l02E-01 -4.829E-02 7.4}S2E_o4 

Sodium/ iodide 25.00 -1.140E.+OO 3.677E-Ol -1.930E-02 -2.085E-01 . 1.553E-Ol -3.199E-02 

Sodium sulfate 25;00 -3.655]1+00 ~.023E-Ol 5.983E+oO -9.948E+OO - 6.617E+OO .... 1.58oE+oO 

Sul.i'uric acid 25.00 -6.743E+OO 4~550E+OO -5.834E+OO 3.549E+oO -1.033E+Q0 . 1.166E-Ol 

Zinc sulfate 25.00 -1.0549E+Ol 1.234E+Ol -2.249E+ol 1..856E-t01 -7.3.22E+OO 1.129E+OO 

(i -.. , 
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Tab~e A-7 
, , 

V~ues of' ThermodVIl.MlicDi:rf'usionCoef'f'ici§nt Eguat;t,onParamete:cs i'or AQJJ,eou§ Electl:Q~1c Sr)lut1cmS... 

Solute Ten1u. ~ h h h4 
COC) 1 -2 "3 

Ammonium c~oride 25.00 ~.~3lE-06 1..44lE-07 '-9.40lE-07 2.~'BE-07 

Ammonium nitrate 25.00 2.0597E-06 1 .• 705E-07 4.376E-0B .-1.4'BE-07 

Barium c~oride 25.00 6.20BE-06 -2.2~E-05 1.7B9E-05 ~;;6B2E...o6 

Cadmium s~ate 25.00 ~9039BE-04 -5.B64E-04 1..~62E-03 -7.565E..;,04 

Calcium c~oride 25.00 3.oB3E-06 -~.352E-05 6.564E-06 -9.906E-07 
Cupric s~ate 25.00 ,2.255E-05 -4.796E-05 3.BoOE-05 -~.3~4E-05 

Hydrochloric acid 25.00 -7.306E-06 ~.5BOE-05 -1.923E-05 5.626E-06 I 
I-' 

Lanthanum chloride 25.00 5. 530E-06 -2.04oE-05 1.B06E-04 -~.01OE-03 
0\ 
-:J 
I 

Lithium chloride 25.00 6.371E-07 -4.3B2E-06 1.~6lE-06 -6.664E-OB 

Lithium chloride 35.00 ~.B25E-06 -8.577E-06 '.5~4E~6 4.BOlE-07 

Lithium ch~oride 50.00 6.B42E-06 -2.042E-05 9.o64E-06 -1.223E-06 

Lithium nitrate 25.00 6.B50E-07 -3.12lE-06 4.306E-07 5.77lE-OB 
Nitric acid 25.00 -9.953E-06 1.B14E-05 -1.697E-05 ' 4.34lE-06 

Phosphoric acid 25.00 -1.42BE-05 1.03lE-05 -4.03BE-06 5.194E-07 

Potassium bromide 25.00 ~.0296E-06 2.659E-07 -~.092E-06 2.22BE-07 

Potassium chloride 0.00 B.276E-07 -8.Bl7E-07 1.Ol5E-07 -1.430E-07 

Potassium chloride IB.oo ~.409E-06 ' -2.632E-06 2.429E-07 B.300E-oB 

Potassium chloride 25 .. 00 ~.519E-06 -1.223E-06 -5.202E-oB -4.362E-OB 



Table A-7 (Continued) 

Solute Temp. h h h h .. 
1 ·'2 '3 '4 (0 C) 

Potassium chloride 35.00 4.l73E-06 -9.374E..o6 4.552E...o6: -9.541E""07 
POtassium chloride 50.00 5. 843E-06 -1.443E-05 7.n7E...o6 -1.715E-06 .. 
Potassium iodide 25.00 .... 7. 516E-O 7 .. 6.67lE-06 -7~oo~6 1.908E...o6 . 

Potassium sul:f'ate 25.00 1.669E-05 -9.01SE-05 1.916E .. o4 -1.373E;..()4 
-

Si1ver.-nitrate 25.00 2.3l8E-06 -2.ll5E-06 4570E-06 -4.037E-Q7 

Sodium chloride 0 .. 00 .4.l90E-07 -2.1TTE-06 9.203E-07 --2~322E-07 

Sodium chloride 18.00 9.451E-07 ... 3 .. 866E-06 . 410lE..o6 -1.785E..o7 I 
I-' 

Sodium chloride 25 .. 00 8.094E-07 -l.865E-06 -6.419E-07 2.596E-07 0\ 
00 
I 

Sodium chloride 35.00 8~605E-07 . -5.989E-06 2.968E-06 -7.916E-07 

Sodium chloride 50.00 4.T{2E...o6 -1.303E-05 4. 58lE-06 -5.786E..o7 

Sodium hydroxide 25.00 3.863E-06 -2.347E-05 2.235E-05 -7.253E..o6 

Sodium iodide 25.00 1.6l9E-06 -4.175E..o6 1. 74lE ... 06 -5.o87E..o7 

Sodium sulfate 25.00 6.965E .. 06 2.519E-06 -3.469E ... 05 2.802E .. 05 

Sulf'uric acid 25.00 l.394E .. 05 -2.88lE-05 . 1.355E..o5 -2.24oE .. 06 

Zinc sul:f'ate 25.00 6.433E;.;.06 2.294E..o4 -1.Ol7E-03 1.ll2E .. 03 

.. ~. ' . 
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Table A-8· 

Values of 0+ Equation Parameters for Aqueous Electrolytic Solutions. 

Solute Temp. ~ k k3 k4 
(OC) .2 

~nium chloride 25.00 -2.960E-03 2.526E-02 -7~103E...o2 6.56lE-02 

Ammonium nitrate 25.00 3.009E-06 -7. 605E-0 7 4.40lE...o7 -2.094E-07 

Barium chloride 25.00 9.128E-07 -1.Ol6E-05 9.127E..o6 -3.0'BE-06 

Cadmium sulf'ate 25.00 8.559E-05 -4.88lE-04 9.577E-04 -6.l83E..o4 

Calcium chloride 25.00 8.236E-07 -1 .. 423E-05 1.404E-05 -4. 752E-06 

Cupric sulf'ate 25.00 1.570E-05 -3.2l0E-05 1.l45E-05 5.576E-06 

Hydrochloric acid 25.00 -1.999E~05 8.383E-05 -9.0l)~E-05 2.390E-05 r 
Lanthanum chloride 25.00 ' -3.325E-07 7.523E-07 5.732E-05 -4.313E-04 I-' 

~ 
Lithium chloride 25.00 6.37lE-07 -4.382E-06 1.16lE-06 -6.664E-08 I 

Lithium chloride 35.00 ... 1.026E-07 -5.438E-06 2..274E-06 -3.0llE-07 

Lithium chloride 50.00 6.639E-06 -2 .. 005E-05 9.969E-06 . -1.576E-06 

Lithium nitrate 25.00 -1.U6E-06 -1.203E-06 6.442E-08. 6.077E-08 

Nitric acid 25.00 2.23lE-06 4.562E-06 -2.78lE-05 9.466E-06 

Phosphoric acid 25.00 -1.285E...o4 1.453E-04 -6.3l6E-05 8.9l8E-06 

Potassium bromide 25.00 2.853E-06 -4.468E-06 2.862E-06 -8.327E-07 

Potassium chioride 0.00 1.423E-07 -1.493E-07 -2.3l7E-07 -8.4l0E-08 

Pota.ssium chloride 18.00 4.509E-07 -1.012E-06 -8.210E-07 3 •. 269E-07 

Potassium chloride 25.00 1.374E-06 -1.157E-06 . -4.884E-08 -4.613E-08 
, 



Table A-§ 

Solute Temp. k ~ , k3 '.,k
4 {OC) , 1 

Potassium chloride 35.00 3.B9lE..;06 -9.647E-06 5.o'43E-06 -1.103E~06 

Potassium chloride 50~00 5.499E-06 " .. 1.42lE-05 ' 7.7B2E~06 -1.715E-06 

Potassium iodide 25.00 -9. 729E -07 ' ",7.24n~o6 -7 .4~OE;..06 ' ",l.997E-06 

Potassium sulfate, 25.00 2.3~4E-05 ":'l..086E-04 '2.09lE:-04 ' -~.370E_04 

Silver nitrate 25.00 2.256E-06 -6.02lE-07 9.125E-07 -1.406E-07 

Sodium chloride 0.00 -7.270E-07 ~4.564E-0( ,4.447E-oB -4. 169E-oB 
I 

Sodium chloride IB.oo -l'.635E-07 -2.5B6~-66 7.B12E-07 -~&3~6E";07 f-J / -:( , 

-6.2B8E~b7 2.415E-07 
0 

Sodium chloride 25.00 -1~7geE';;07, '-1.l59E-06 I 

Sodium chloride' 35.00 -5.8'42E':'07 ' -4.25BE-06 2.292E-06 -q'.248E-07 

Sodium chloride 50.00 2.767E-06 -1.l03E-05 4.4096E":06 , -6.340E-07 
, 

25.00 2.599E-06 -2.l14E-05 ,2.55BE-05 ,,~L.033E-05 Sodium hydroxide 

-3.579E..;06 1.B6lE-06 
' , , 

Sodium iodide 25.00 7.205E-07 -3 .077E-07' 

Sodium sulf'ate 25.00 B.OIOE-Ob"' -5.45BE-06 -7. 742E-06 -1.977E-06 

Sulf'uric acid 25.00 6.95lE-05 -1.444E-04 7.030E-05 -~.16~E;..05 

Zinc sulfat e 25.00 5.-112E-06 l.BoBE-04 ' -8.2l5E-04 9.047E-04 
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Table A-:-9 

Values of Equation Parameters for Aqueous Electrolytic Solutions.-· 
0-

Solute Terc.p. k k k3 k4 
{OC) 1 2 

Ammonium chloride 25.00 -2.960E-03 2.526E-02 -7.103E-02 6.560E-02 

Ammonium nitrate 25.00 1.179E-06 1.037E-06 --3.269E-07 -B.B95E-oB 

Barium chloride 25.00 1. 757E-05 ~3.7BBE","05 2.63lE-05 ;..T.445E~06 

Cadmium sulfate 25.00 1.32BE-04 -7.41lE-04 1.504E-03 -9.937E--04 

Calcium chloride -25.00 7.963E-06 _ .. 5.066E-07 -3.59BE-06. ~3.35lE-06 

Cupric sulfate 25.00 -3.594E-05 -8.517E-05 1.257E-04 -B.129E-05 
B.240E~06'- _. 3.130E-06 

I 

Hydrochloric acid 25.00 -4-. 566E-06 -1.039E-05 f-l 
";jt 

Lanthanum chloride 25.00 1.946E-05 -6.oBoli:'-05 . 3.474E-04- -1.712E-03 I 

Lithium chloride 25.00 4 ,,964E-06 -~. 79lE-06 - 1.9.08E-07 .4 .• 6o7E-OT 

Lithium chloride- 35.00 1.225E-05 -2.29lE-05 1.o45E-05 -i.62BE-06 

Lithium chl.oride 50.00 4.923E-06 -1. 466E-05 4~103E.:.06 -9.094E-OB 

Lithium nitrate 25.00 7.112E-06 -7.708E-06 6.3B7E-O'i 2.154E'-07 

Nitric acid 25.00 -7.135E-06- 1.259E-05 ~1.090E-05 2.70BE-06 

Phosphoric acid 25.DO -7.134E-06 4.515E-06 -1.723E-06 2.1~lE-07 

Potassium bromide 25.00 -9.93lE-07 5.514E-06 - - -5.47BE-06 1.394E-06 

Potassium chlcil'ide 0.00 1.524E-06 -1.54BE-06 3.225E-07 -1.519E-07 

Potassium chloride 18.00 2.44lE-06 -4 .. 372E-06 1.3B7E-06 -1. 79BE-07 

Potassium chloride 25.00 1.674E-06 -1.292E-06 _ -5.649E-oB -4.062E-oB 
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Table A-9 (Continued) 

Solute Temp •. k ~. k3 k4 
{DC) 1 

~ 

Potassium chloride 35.00 4.475E-06 .... -9.039E-06 3.983E~06 . -1.825E~07 

Potassium chloride 50.00 6.2l7E-06 '-1.465E-05 7.622E_06 L 

. . -:1.625E ... o6 

Potassium iodide 25.00 -5.093E-07 . 6.043E ... 06 .. -6.562E ... 06, . 1.808E-06 

Potass·ium sulfate· 25.00 1:053E-05 ":6.611E~05 1.526E.,.04 .~1.lQ5E~4 
Si;Lver nitrate 25.00 2.342E-06 -3.928E-06 2.286E-06 ;"5.688E-07 

- . 

Sodium chloride 0.00 3.251E-06 -5.870E-Ob 2.698E":06 ,,:,,5~865E-07 ... 
I' 

Sodium chloride 18.00 3~469E-06. . -6.ollE-06 1.44oE-06 ...;1.978E-07 I-' , 
i\1 

Sodium chloride 25.00 3 .• 022E-06 -3.064E-06 -6.230E-07 2.508E-07 I· 

Sodium chloride 35.00 4.020E-06 . :..8.715E-06 . 3.863E-06 -:1 .. 03lE-:-06 

Sodium chloride 50.00 8.490E-06 -1.506E-05 3.861E-06 -2.825E-:-07 

Sodium hydroxide 25.00 : 3.747E-06 7.090E-O, 1.708E-04 . 9.499E-:05 , 

Sodium iodide 25.00 . 3.487E-06 -4.68oE-06 9.874E-oT -9.480E-07 
('~ 

6.589E-05 Sodium sulfate 25.00 5.438E-06 1.271E;';05 . -6.847E-05 . 

Sulfuric acid 25.00 5.219E-06 -1.079E-05 5.052E-06 -8.35~E-07 

Zinc suli'ate 25.00 8.575E-06 3.112E-04 -1.328E ... 03 1.441E-03 

!- •. 
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Table A-lO 

Values of' +- Equation Parameters for Aqueous Electrolytic Solutions. 

Solute _ Temp. 11 1!2 - t .e
4 Cc) 3 

Ammonium chloride 25.00 2.255E-06 -5.l40E-06 4.045E-06 6.460E-06 

Ammonium nitrate 25.00 8.357E-07 6.l~7E-07 • --1.975E-07· 1.932E-09 

Barium chloride 25.00 -:t.-555E-07 3 .. 564E-06 -4.846E-06 2.539E..;o6 

:Cadmium sulfate 25.00 1.478E-b8 1.240E:,.07 . -1.583E-07 . .. 8'-798E-08 

Calcium chloride 25.00 - 3.303E-07 1~106~-O7 8:n19E-07 -6.5l8E-07 . 

Cupric suli'ate 25.00 2~13lE-OS 1.073E-07 -1.612E-07 1.lS5E-07 

HYdrochloric acid 25.00 1.5S9E-0? -3~492E-05 3 .. 747E-05 --1.096E-05 I 
t-' 

Lanthan~~ chloride 25.00 6.533E-OS 3 .73 7E/:'06 -2 .545E-05 . 5.952E-05 \il 
Lithium chloride 25.00 6.206E-07 3.S67E:-07 2.6?5E-OT -1.497E-07 

Lithium chloride - .55.00 -2.0S4E~06 6.096E-06 .,3.ll9E-06 4'-589E-07 

Lithium c~l~ride 50.00 1.870E-06 -2.42'tE-06 ' 4.114E.:.06 -1.32lE-06 

Li thiuril ni trat e 25.00 2~974B-07 1.b99E-06 -4.502E-07 .. - 2.703E~08 

Nitric acid 25.00 3.9T7E-05,: . ~8.8l3E-05 8.033E-05 -2.078E-05 

Phosphoric acid 25.00 1.647E-07 1~565E_07 1.327E-07 -5.139E-08 

Pota~sium bromide 25~00 1.138E-06 3.58oE-07 8~127E-07 ...;3 .4l7E-07-

Potassium chloride 0.00 5.33lE-07 4.107E-07 2.473E-07 8.727E-08 

Potassium chloride lS.OO 1.309E-06 -7.629E-07 . 1.928E:.06 -5.337E-07 

Potassium chloride 25.00 1.065E-06 . 4.769E-07 5.547E-07 -2.3llE-07 . 
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Table A~lO (Continued) 

Solute . Temp.' 21 r· . t . !4 
{DC) 

'2 3 

potassium chloride 35.00 1.104E-06 1.175E-06 6.806E-07 '::'2.985E-07 

Potass ium.chloride 50.00 1.372E-06 . 1.OO5E-06 1.536E-06 . . -6.359E.07 . 

Potassium iodide 25.00 1~6QlE-06. -1.163E-06 2,.496E-06 ·~.63lE-07 

Potassium sulf'ate. 25.00 .2.442E-07 .. 3 .• 666E~7 ." 9-.286E-07 
.. 

. -~1.-548E-06 

Silver nitl1tte 25.00 7.5~9E-07 1.963E....()7 . ~.105E-07 ··4.048E-08 

Sodium chloride 0.00 -2.537E-07 3.117E-06. . ~3 .1l2E-06 . 1.040E-06 
'. 

. I 
Sodi um chloride 18.00 5·.836E-08 .3.28IE-06 -3.000E-06 -i.037E-06 I--' 

...,.;j 

Sodium chloride 7.747E-07 5.713E--:07 1.085E-07 -1.099E-07 
.J::-' 

25.00 I 

Sodi um chloride'·. 35.00 ·-2.$7~-06 . . 1.509E-05 . ...;1.4-38E-05 . ~.254E-06· 

Sodium chloride 50.00 -7.340E-07 7.265E-06 ·,;,,5.416E~06 1.563E-06. 

Sodium hy~oxide 25.00 2.620E~06 ..:.5. 72lE-Q6 1~630E':'05 . ':'1.003E-05 

Sodium iodide 25.00 . 6.986E-07 1.0'BE-06 1.51.5E~07 . -8. 796E-08 

2.248E":O'r 
.. 

. 1.404E~08.· ':'7.686E-07 Sodium sullate 25.00 7.009E-07 . 

Sull'Uric acid 25.00 -9.229E-07 4 .• 672E-06 '. -1.698E-06 6~206E"';08 

Zinc·sul.i'a.te 25.00. 3.509E-08 . -6.259E-08·· ". 1t.432E':'07· .. 4. 767E-07 

". 

~\ 
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APPENl>IX B 

Binary Diffusion in a· Diaphragm Cell 

As a result of the work of Stokes73"'7? on the· problems outlined by. 

. 19 
Gordon the diaphragm cell method has been developed into one of the 

few' reliable techniques for determining liquid phase diffusion coefficients 

(see Chapter V). Its accuracy under careful operation is estimated to 

be about 0.5 percent from a comparison of results with measurements by 

the Gouy method. There nevertheless remain several theoretical questions 

to be answered concerning the analysis of diffusion in a diaphragm cell. 

Since the classical analysis is based upon the dilute solution 

flux equation, the diffusion coefficient which is measured in a concen..: 

trated solution has not yet been precisely defined in terms of a frame 

of reference. The existing analysis also assumes that the volume change 

of mixing in the solution over the course of the diffusion experiment is 

negligible. In order to minimize the effect of errors in chemical 
( 

analysis, experiments are made with as great a concentration difference 

as possible. For this reason the assumption of no volume change may 

contribute significantly to the experimental error in the determination 

of diffusion coefficients in concentrated solutions. To investigate 

these questions we have applied the equations of Chapter III to achieve 

a more complete analysis of binary diffusion inia diaphragm cell. 

Analysis of the Method 

We consider a cell of the type employed by Stokes. Two well-stirred 

volumes of solution are separated by a porous diaphragm of thickness L. 

Properties of the low·er, more concentrated solution are denoted by the 

superscript * and those of the upper solution by the superscript 0 
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,The volume of the lower compartment V* is fixed, but the upper volume 

VO may ~hange to allow', for any volUme changes of :mi:rlngsinceit is 

ventE!d through a capillary. The ef':f'ective cross-sectional area for, 

diffusion through~he diaphragm. is A. Toor
80 

has justified the applica ... 

tion of a one-dimensional mOdel for diffusion in the complex pore 

geometry. The assumption of a quasi-steaCl.y state intJ:le diaphragm, which 

/11as been .justifi~d by B~rri~s land Gordon;9 wiil be maintaine-d here. 

The equations which govern the diffusion of a concentrat.ed solution 

in the diaphragm are (11I:"22) w'i th (In-23) and (111-29) J (III-4) J and 

(I-I) t 

_ ' 0 

(
din c ) 

. ,1--<1 iIi c 

N =c. v 
-() 0 -0 

and, 

Vc + c v 
:0 
I 

d 
where \7, becomes dy where y is the distance through the diaphragm 

measured f'rom the bottom surface.. Since the density is given by 

(B-3) _ 

p= M c + M c , (B-5) s 0 0 

another condition which applies is 

dp dc dCo 
dt = Ms dt + Mo dt • (B-6) 

Equation (B-6) may be rewritten as 

v· N -.;- ,- M ::: M v· N (
dP ) .. 

-s 00 s· 0 ~ 
.. (B-7) 

..., 

' .. ' 
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Since the bottom volume is constant, 

* ;f: dc . 
V - =- A N dt s 

and . :J: 
;I: dco 

V at= .... A No (J3-.9 y 

at y = O. By means of Eqs. (B-6) and (B-8)" Eq. (B""9) may be :rewritten 

as . 

and 

N (dP .. M ) = -N M s dc s 0 0 • 

In the top compartment, mate:rial balances give 

= A N s 

=AN 
o 

at y =L. These may be rearranged to the following forms r 

( 
_ d .en p) dVo == A [(M _ ~B) N + M N] 

pI d.en c dt s dc s 0 0 

and 

VOp (1 + d .en ).~ == A [(E.. _ M ) N _ M N ] 
c d .en c dt c s s 0 0 

(B-lO) 

(B-ll) 

(B-12 ) 

(B-13 ) 

at y == L. Equations (B-3), (B-lO), (B-13), and (B-l~") constitute the 

necessary boundary conditions for solution of the problem. 

Initially the concentrations in the two compartments are known, 

and 

=I: 
c = c 

± ," (0) 

" "(0) c == c 

(B-15) 

(B-16) 

at t == 0, and a steady concentration profile is already established. 

This latter condition is accomplished experimentally by allow·ing a pre-

diffusion period before a run is started. The usual quasi-steady state 



,. 

approxj~tion Which is made is that the volumes Va andV* are 

fi ' 0 * ' . . suf . ciently large compared to AL that c and c change very slOVTly 

. and a steady diffusion problem applies in the diaphragm; Nand N 
S "0 

are therefore assumed to be constant throughout the di~phragm .at any 

time. Accordingly we seek; solutions of . the forms 

c =c(l) + (AL/V*) c(2) + • 

N
s
' = N(l) + (Illi/v*) N(2) + 

s s· 

No = N~l) + (AJ..i/V*) N~2) + 

. ., . 

. . " 

(B-17) 

(B-18) 

(B-19 ) 

We assume Va is of the same order as V* so that, as the parameter (ALjv*) 

goes to zero, the situation becomes a true steady state problem. Appli-

cation of this limit to Eqs. (B"'3) and (B-4) after the seri~B (B~17), 

(B-18) an~ (B-19) are substituted indicates thatN(l) and N(l) must be 
.' .' '. '. . s .0 , 

independent of position and therefore represent the quasi-steady state 

solution. We proceed to solve for c(l) N(l) and N(l) The super-, s' 0" 

scripts will be dropped with the understanding that Ns and No are 

henceforth taken to be independent of y. 

Substituting Eq. (B-2) into Eq. (B-1) and making use of the relation 

betw'een Nand N , Eq. (B-10), we. obtain an expre ssion for the flux; 
S 0 

dc 
dy • 

Integrated from y = 0 to Y = L this becomes . 

.. 

.. 

'.' 
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c M 
o 0 

p DIf~· • (B-21) 

* . The integral diffusion coefficient D· is defined by the equation 

(1 1 )A * 
c --+--. - Dt v* Vo L 

. . t=O 

(B-22) 

The quantity (~* + 1 )A is called the cell constant (3 and is 
Vo L 
t=o 

determined experimentally by measuring the concentration changes in the cell. 

of a solution whose diffusivity is known. The integral diffusion coefficient 

used for the determination of (3 must be calculated from the known diffusi-

vity-concentration function. In experiments with other solutions (3, a 

* geometrical property of the cell, should be unchanged so that D may be 

calculated from Eq. (B-22). To calibrate the cell as well as to determine 

the appropriate diffusivity values in systems being measured, it is then 

* necessary to have a relation between D and the differential coefficient 

It is conv.eniemt to work with the integral diffusion coefficient 

for a run of vanishingly short duration. Subtraction of Eq. (B-14) from 

Eq. (B-8) and integration yield 

dt 

(B-23 ) 
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We cons1derarun of vanishingly short duration and take the limit of 
. . 

.. Eq~ (B--23)as t -+ Oto :obtain by comparison withEq~ (B_22) 

. 0 ( ):j:' 

[ 

c dp 
,1. 1 1- ?dC" . 
. v* .+ v~'=o l_(d;n' P-)! 

, d £n c - '. 

'(l +..L ) v* Vo
' 

t=O 

Substitution of Eq. (B-21) yields l 

(B-24) 

c M 
-2...2. Ddc 

p'M 

(:8-25 ) 

:j: 
F1nally,d1fferentiation of this expression with respect to c gives the 

* desired relation between Dt=O and DMI 

x 

. '~ 
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where 

R :::: 1 - 0 . (B-27) ( 
d.en c .) * . 
d .en c 

and 

° (d .en c -v* ~ M c* ·1- . 0 
p 0 0 d.en c 

:j: 

T = (B-28 ) 

Equation (B-26) is to be compared with the expression 

* 
:f dDt =0 * :f: (c ~c ° ) 

dC* 
+ Dt=O :::: DM(c ) , (B-29 ) 

which is used by Stokes to determine tthe differential diff'usicin co-

efficient. Before making this comparison, however, we note that Stokes 

recommends that COCO) be zero to maximize the precision of the method. 

Under these circumstances} T = 0, R ;:: p* - c* (~.;.)* , and Eq. (B"';26) 

becomes 

* =~d2p):f:l c* 
+ Dt=O . 2 

dc 0' 
(B-30) 

Comparison of Eq .. (B-30) with Eq. (B-29) now demonstrates the nature 

of the approximations made in the classical analysis. Exact agreement 

requires that 
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since theadditlonal term is of the order of 

. ·(d. 2p) (c* l DM. 2 2p 
dc 

An· estlmate of the extra term :for KCl with c * = 2M indicates a magnitude 

. . -3 
of 1.5xlO DM" This approximation may therefore account for some con-

,siderable portion of th€ inaccuracy of this method. We note the great 

simplification of Eq. (B-26) accomplished by making c~=o=O. 

The problem remains to relate the measured integral diffusion cO­

efficients for runs of ~in~te duration to D~=o' Stokes. accomplished this 

by replacing the time integral inEq. (B-2.3) by the use of mean values of 

c* and CO in th€ integrand. Such a procedUre is not rigorous, but it is. 

difficult to avoid severe mathematical complications otherwise. Another 

* way to obta.in Dt:=:O from the data would be to repeat the same run (i. e .. J 

with the same initial concentrations) for various lengths of time and to 

* extrapolate Dto t=O. This would require excessive experimental effort. 

Alsomeasu.rements at short times becomes inc.reasingly imprecise. 

The integral diffusion coefficient is in gene.ral given by 

* D 
1 

=:r 
[ 

° ( )*] 1 c dp 
'1 1 - ~ dc 

t . v* yO .. _(d ~~). ° 
1; t 1 d,en c 

o _ .... (c:f: -CO) (.2:..... + ..1:....) 
y:f: yO 

t 

c M 
o 0 

p (B-32 ) 

where co, c*, and VO are functions of time. This equation may be differ-

entiated with respect to time, and the concentration integral may be 

separated into two definite integrals, each having 0 as one limit. These 

integrals may then, according to Eq. (B-25), be replaced by terms in 

• 



*:1: *' . 
Dt=oCc ) and Dt=oCcO). Equation (B-22) may be used to elirndnate t. The 

* time derivative of D may be written in terms of the partial concentration 

* derivatives of D and the time derivatives of the concentrations. The 

former of these are available from Eq. (B-32), and the latter are given 

by Eqs .• (B-13) and (B-14) and related through Eqs. (B-2l) and (B-25) to 

*:1: *.; 
Dt:::O(C ) and Dt=o(C). The result of these manipulations is an equation, 

analogous to one of Stokes,* which relates n*(c*Ct), cOCt), c*(o)) to 

*'(*) * (0) Dt=O c and Dt=O C .. According to the results of Stokes, one might 

* * expect an iterative.procedure for calculating the Dt=O function from D 

data to converge readily and rapidly. 

Thus we find that the use of the complete flux equations given in 

Chapter III make,s it possible to analyze diffusion in a diaphragm cell 

and to eliminate the assumption of no volume change of mixing. It also 

provides the necessary equations for relating the measured integral diffusion 

coefficients to the differential diffusion coefficient more rigorously 

than has been done in the past. 

Experimental Application 

Because of its technological importance, we had intended to measure 

the diffUsion coefficient of potassium hydroxide in water. Since these 

solutions are known to attack glass, we were hesitant to put them into our 

optical cells.. Therefore we decided to' construct a diaphragm cell of 

corrosion-resistant materials for the purpose of studying this system. 

A suitable material for the diaphragm was chosen to be sintered 

zirconium to take the place of the usual porous glass disk.. This material 

has very favorable corrosion-resisting properties and is available 

connnercially with the same pore sizes (about 10 to 15 microns) as are used 

* Equation ( 8 ) of reference 74 " 



in the glass cells. We purchased a circle of porous zirconium 1-7/8 

_ inches in diameter_and 0",10 inch thick welded_ in a __ 3.5_inch _ring gf __ _ 

zir¢alloy fromCleVi te Corporation.. This plate was sandwiched between 

two cups, each about 35 cc in volume, machined f'rom lucite.. The access 

hole in each end of the cell was closed by a teflon plug in which there 

was drilled a capillary hole. The bottom one could be sealed, and the 

top was left open as a vent. - Stirring on the faces of the diaphragm: was 

accomplished by two teflon-coated si;1rrers. The one on the top was a 

permanent magnet and the lower one was a nail, which was held up against 

the diaphragm: by the ma:gnet. The latter was driven at 60 rpm by means of 

permanent magnets which were rotated externally around the cell. 

This apparatus was operated in the manner described by Stokes; 

and measurements were made -With potassium chloride solutions in an attempt 

to determine the cell constant4 It was found that a cell constant 

!.eproducible wi thin less than several percent could not be obtained. 

It is felt that the reason for this failure was that the diaphragm 

was too thin. 
-1 

The measured cell constant was on the order of 1. 5 cm. 

This means that runs must be of about 12, hours dUration to maintain a 

reasonable concentration difference. With such a short run the times 

involved in setting the cell up and sampling at the end became appreciable, 

and the run duration was not known precisely. Also the initial condition 

of a steady state concentration profile in the diaphragm becomes increasingly 

critical for shorter run durations. Stokes' experiments lasted several 

days so that these effects -were minimal. Anothe:r. possible problem with a 

thin diaphragm is that convective velocities caused by the stirrers may 

reach into the pores for a significant fraction of the diaphragm thickness. 

Since in other respects the porous zirconium diaphragm performed 
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satisfactorily, it is felt that such an apparatus can be developed to 

yield diffusion data of better than one percent accuracy in corrosive 

systems. It is therefore recommended that a similar zirconium diaphragm, 

at least 0.3 inch thick; .be obtained, tested with potassium chloride 

.solutions, and used to measure diffusivity in strong alkali solutions • 

. , 
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APPENDIXC" " 

Det(d-j;E;!cJ~R,e~su-lt,gcc-~f'-:;t;ht!xAl;laclYs+s~, :~-~, c-'-,' '-.' ~--'------,~--,--,-~~-
'b£'Res·tr1c-tedI>:f:ffus:ion "", 

- •. ' - " .. ', I ... ' ~.' , : :': .~ , 

. :'.,., 

In Cha.pterV-we ha:ve i~dieated the' proced~e ;for solyingEqs .• 

(itl-27) ~~d '(III-28)~ 'When 'the appropriate subst'itutionsar~ carried 
, '. . . , 

()I.ltandt~:tms o(equalorder in E,equated,the rdllo'wingeqtiations " 
" - , 

-':~I'~~\l,\lt." " ", ~, .. ': ... 

, ' : . 

FromEq. (~II"~7), 

d,E (1) 00" d2 e (1) 
dt e ,= DM E '2' 

( ) 
,,' '2 (2) 

, 2 dE ' ,Co 2 de 
2e, Edt =DM E " " 2 + 

dy 

, 2 

, 3 (1) (dC (1) ) 
E e d y 

etc. From Eq. (III-28) 

dy 

'(~f de ' 
(C-2) , 

2 (1) de (1) 
- ,E v - " o· dy 

( dDM, ,,)00 ,[" 3 (2) 
'- E C de ' , (0-3) 

3(1) 
- E v ' o 

dC(2) 
dy 

_ ~v (2) , dc(l) 
o dy' 

, ,;. 
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dv (1) 
o 

de . . = 2 (1) °D\ E ~ e· . 
de 7 '.d:y2 

= 0 , (c-4) E 

2 d
2
e(2) .. (-'.' dco .dD)OO. 2 _d .( (J.) d2e (1))' .. 

E 2 . +. V-d . E e 
. dy . 0 '. a de dy' . dy .. 

[
d.' _ dCo']OO 2(~) d2e (1). 

+ D - (V '-)" EO· . dco do . 2 
. dy 

= 0 , (C-5) 

etc. And from the boundary conditions, 

(1) 
dc . 

dy 1
-0 

y=o 
, (c-6) 

v (i) 
o 

, 

, (c-8) 

(C-9) 

o , (C-I0) 

, (C-ll) 



, and 

"Equation ,Cd-i) yieldS 

,€ ,::: 

"~a88 ... 

E and eel) to be 

, co :(' / 00,)2 
,';';D ",t 7T a, 
eM"", 

(1) / ~)" c =, Ax' cos (7iy,~ 'I> 

',1' ' 

(c--ll) 
. -', ~ . 

(c-14) 

The constant Al depe:rids 'upon the iriitial concentra.tion distribution. 

NOW that€ ~ridc(l) are known, the remaining equations m&y be 

solved one by one" Severa.l of the resultingfunctions are given below. 

Also, 

and 

v 
o 
(1) 

c(3 ) 

(1) 
a == 0 

(c -15) 

(c -16) 

(c -17) 

i~ )00, 
de , 

, (c-18) 

(c-19 ) 

" :.". 

.~ .. 
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(2) v . = sin [ (J-B) ~: 1 + o 

(B+J)' _ !. A2 2!:.. (v ,dCOdD \ (rry _ 
y 2 2 1 00 0 de dcj . 00 a . a 

.!!X rry ) s~n . cos -' • 00 00 
a a 

(C-20) 

The various constants appearing above depend upon the properties 

of·the system in the following way: 

1 
K = '4 

Q = 

co 

, 

, 

co 

e::~) 
00 

-A ,(dDM) ~ + ( - dD) L 
1 2PQ e V -

6D
M

oo de' 2 o 0 de 

[ ( f] - em de D) d e V -. . 

~ o 0 de + 2 (v 0 

de . 0 de 

(C-2l) 

(C-22) 

(C-23) 

+ 

(c-24) 

+ 

PQ + 

[ 

(
de )CO] 00 

1 A 2 d V 0 de D +. l ~ +. . AI ''V de 0 dD ' - 0 2 (2) 2 ( )C0 
2" 1 de 2 de 2 . 2 0 de de '. 

(C-25 
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:·.··00· ( 100)2 
B = -:S QP rr/a . , 

V 
R= 

0 

M 
0 

d2p 
2 de 

de o 
de 

, 

D • 

For an initially sharp boundary at the center of the cell, 

A == 1 

2(~c) 
o 

• 

For that initial condition, a (2) may be approximated by 

00 

(2) 
.a = -

(Ac ) 
2 

a 00 ( V . 0 0 

."..2 ". M 
II .0 

2 ) d P 
dc2 . • 

(C":27)' .' . 

(C-28) .. 

(C-;29) 

(C-30) 

. (C-31) 

. .. 0 (2 / 2) 6.-4 For a typical case, 3.0 M KCl in water at 25 C, d p de ~ x10 

(gm/cm3 )/(mo1
2/p2

), and V ~27 cm3/mole. o 
SinGe (~c)o would be at the 

most 1.0 mo1/p, the magnitude of a(2)/a
oo . -4 

would be smaller than 10 • 

The variation in Hall is therefore negligible. 

'. ',. 
" 

.~ . . -....• 

~. 

.:' .. 
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NOMENCLATURE 

- A effective cross-sectional area in diaphragm (cm2 ) 

coefficients of series expression for concentration in restricted 
diffusion cell 

a height of restricted diffusion cell (em) 

a,bJc empirical constants introduced in Eq.(rv:"3) 

ai,b. ,di,e. ,f. ,g. ,h.,l. 
1 _ 1 1 111 

empirical constants given in Appendix A to 
, represent concentration dependence of proper­

ties 

B constant identified after Eq. (II-18) 

B,J,K,L,M,N,P,Q,R,S abbreviations for terms arising in Appendix C 

c. 
1 

C 

C 
0 

cT 

D 

D. 
1 

D 
m 

* D 

* Dt=O 

D 

D .. 
lJ 

E 

e 

F 

concentration of species i (molesjcm3 ) 
c+ 

concentration of binary electrolyte = 
v+ 

concentration of solvent 

total solution concentration 

c 
(moles/cm3 ). 

v 

2 
molecular diffusion coefficient Of binary electrolyte (cm jsec) 

2 
diffusion coefficient of species i (cm /sec) 

diffusion coefficient of'electrolyte defined by Eg. (III-29) 
(cm2 jsec) 

integral diffusion coefficient (cm2 jsec) 

diaphragm cell integral diffusion coefficient for a run 0-;­
vanishingly short duration (cm2 j sec) 

diffusion coefficient of electrolyte (Chapter III)(cm
2

j sec) 

diffusion coefficient for binary interactions (cm2 jsec) 

constant defined following Eg. (III-33) 

electronic charge (coulombs) 

Faraday's constant (coulomb j egui v) 



G 
- -- _. 

,.-~~-

i 

k 

L 

p. 

M 

M 

Mi 

m 

N 

N. 
-1. 

n 

n. 
-1 

q 

R 

Ri 

RJT 

s. 
1. 

T 

t 

tj 

t~ 
J 

t~ 
J 

u. 
1. 

-192-

_~~}'unction de~~ned b! Eq. (!y-l) <CK) 3/21 (lllole/iJ...:te r )1(2) _____ _ 
- - -- . 2 

current density (amp/cm ) 

.Bol tzmann I s constant (erg/deg molecule) 

effective length of pores in diaphragm (em) 

thickness of-medium through wh~ch light passes to generate 
interence (cm) 

p/cTJ average molecular weight of solution (Chapter II!) 

abbreviation for molarity, 1. e., moles/liter 

molecular weight of species i 

order of interference fringe 

normality (equiv/c~) 

flux of species i (moles/cm2 sec) 

number of electrons involved in electrode reaction 

flux'of species i relative to mass-average velocity (moles/cm
2 

sec) 

constant defin~d in Eq. (II-19) 

uriiversal gas constant (joule/mole-deg) 

rate of homogeneous generation of species i (moles/cm3 sec) 

abbreviations for terms arising in Appendix B 

stoichiometric coefficient of species i for electrode reaction 

Temperature (deg K) 

time (sec) 

transference number of species j (inparticularJ with respect 
to mass-average velocity) 

transference number of species j with respect to the solvent 

transference number of species j with respect to mOlar-average 
velocity 

mobility of species i 
2 

(cm -mole/joule sec) 

'·"0. 

1 
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V VOlume of compartment of diaphragm cell (c~) 

partial molar volume of solvent (cm3/mole) 

v fluid velocity (specifically mass...;.average velocity)(cm/sec) 

!o velocity of solvent (cm/sec) 

v. velocity of species i (cm/sec) 
-~ 

v* molar average velocity (em/sec) 

Xi mole fraction of species i 

y mean activity coefficient on concentration scale 

y position coordinate in diffusion cells (em) 

Zi valence or charge number of speciesi 

i3 

'Y 

E 

E 

K 

]I, 

"A.. 
~ 

"A. 

J.l 

J.l 

J.li 

J.le 

v 

v+ ,v 

diaphragm cell constant (cm-l ) 

mean molal activity coefficient 

dielectric constant (Chapters II-IV) 

perturbation parameter introduced in Eq. (v-8) 

specific conductance (ohm/em) 

equivalent conductance (em
2

/ohm equiv) 

ionic equivalent conductance (cm2/Ohm equiv) 

. wavelength of light (cm) 

viscosity (centipoise) 

refractive index (Chapter V) 

electrochemical potential of species i (joule/mole) 

chemical potential of salt in binary electrolyte (joule/mole) 

numbers of cations and anions produced by dissociation of one 
molecule of electrolyte 
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p density of solution (gmjc';;} 

P. '!nass density of species i (gm!c';;) 
~ /-

<p ' electrost$.tic potenti.al (VOlts) 

" " . 

S~£~rsc:ripts ' 

00 

(i) , 

o 

o 

:j: 

indicates values at infinite time., i. e., uniform concentration 

i 
identifies coefficients of terms in singular perturbation' 
expansion s,eries., Eq. (V-8) and fGllowing 

indicates properties at infinite'dilution 

indicates properties in top compa:r;tment of diaphragm cell 
(Appendix B) 

indicates properties in bottom compartment of diaphragm cell 
(Appendix B) , 

Subscripts· 

o indicates property' of solvent 

+, - indicate properties of cations and anions 

e indicates properties of electrolyte 

t:::o, ° indicate values at zero time 

, l'-, 

", . 

,~ 
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