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THE TRANSPORT PROPERTIES OF
CONCENTRATED ELECTROLYTIC SOLUTIONS

Thomas We Chapman‘
Inorganlc Materials Research Division, Lawrence Radiation Laboratory,

-and Department of Chemical Engineering
University of California, Berkeley, California

ABSTRACT

The fruitful application of refinedxanaiyfic techniques for treating
mass tfanéfer probléms in electrOcheﬁical systems; whethef these systems
be experimental tocls or iﬁdustrial pr:ceéses, requires accuraté ?elues
'of the trén5§5rt progperties o7 eléctralytic.:alyf ns. Wevinvestigéte,
here sﬁﬁe problems in the definition, measurement, and correlafion of
these propert*es in concentrated soluﬁlons; |

The flux expression which is ﬁsuallyvused for describing mass transpoft
in eléctrolytic,éolutionsvis inadequate at high congentrétions ana in
multicomponent'syStems} Wevdiscuss a set of flux ekpressions which are
génerélly_apblicable. These equations serve to define_the proper»number
of‘independént_tranéport properties Which are state properties of a system

and which have a more direct fundamental significance than those measured

' experimentally. To investigate the dependence of these transport proper-

ties on concentration and temperature, we calculate their values for the

32 systems for which bufflclenu data are avaijlablé. The behavior of the
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| The concentfated-solhtioﬁ flux equations may also be-used to analyzé_'

experimental measurements. . Their application demonstrates that a restric-

ted diffusion meésurément yields a well-defined differential diffusion

- coefficient;b We develop a restriéféd diffusion apparatus.whiéh.usés: ]'J

.Rayléigﬁ intérferomgtry tb_dbServeia_éohcen@raﬁiphipfbfile.' The method
éppeafé to bé.acéﬁrété.to_O.E:PérCGnt.‘ It’is useé‘to-méésure ﬁhé diffu-’
siVity of nitric acid in Water'éf 25°C.ét cbnce%ﬁrations.up to 3 M, fhe
results are.éonSiétent with gualitative generalizatibns drawﬁ ffgm the'

behavior of the'tranéport'propérties calculated for other systems.

- .
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I.  INTRODUCTION

Progress in the analysis, design, and control of most engineering
systenms requires an accurate deseription of the distribution and motion

of various chemical species within the system. 1In electrochemical systems,

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

reactants and products, uéually jonic speéies, are transported to and

from the reaction sites, the electrode surfaces. Since the current

passin

uq

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

H

dépends upon the mafisn of the icons in solutioﬁ, Eﬁsé transfer caleula-
tions in cases of préctical interest usually require.a’knéwledge of the
diffusion coefficients of individual SPeéies, as‘well as the electrical
conductance, in a mulficomponent solution over a range of temperatures
and concentrations. Aé the engineering technlques for analyzing éuch
mass transfer problems become more refined, the lack of accurate‘data for
the transport properties will %ecdme an increasingly sefious drawback.

This thesis is concerned with the investigation of the transport prorer-

ties, and in particular, the measurement of diffusion ccerfficients in

electrolytic solutions.

The complete, quantitative description oOf electrcochemical systems is

writ

m
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.where ci is the concentratlon of spec1es 1, t is time, N is the flux of
spec1es i, and R is the rate ‘of generatlon of idin the homogeneousrphase.r5sa
~ The current dens1ty i through a: solutlon is the algebralc summatlon of.
_the fluxes of the varlous species tlmes their charges- p | |
.b.{ '

: 1 S S . oL
- where F is,Faradey's.eopstent;‘.An;add}tionei restrietion intthis_situation':'
is-thencou&itionjof eieetroueutrality, erpreSSed:as: o

t Because the solutlon is conductlng;‘lt ean'support no.appreeleble net’

: charge dens1ty in the bulk phase. - | |

o The solutlon of these three euuatlons requires thevspec1f1catlon of;
‘.en eipress;on‘for the flux Ei and a- sufflclent number of boundary’condl-
tions‘for the various depenuent'variables. The nature-of the bounderyp
conditions depends on the particulars of the problem at»ﬁaud,’and'often:'
,pthey'involve probleus:ih the area of eiectrodepkinetics. ' We shall not
consi&er these; it is the Question.of the flux expression with whichfwe
ere particularly concerned.

:The problem of describing the flux has two aspects. .First, ope
must.write.equations which correctly relate tue fluxes Hi to‘the drivihg
forces for transport. Such equations define a number: of parametric co-
'efficients, the trausport properties, which should be.measurable statep
properties of the system depending only on pressure, temperature, and COm-

position and independent of the gradients.
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The second part of the problem is to systematize the experimental

'information about these properties and thelr variation. Ideally,:the
'-organlzation 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 bas1s
for extrapolation and prediction of data. Since no such'theory has been’
developed for electrolyticvsolutions,the organization of data must take;
thefform of‘qualitative generalizations and strictly empirical correla-
tions of-awaiiabie measurements.

.In the investigatiOn 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, dependpupon

concentrations A differentlal diffusion coefficient is a quantity well-

~defined by an appropriate flux expresgsion and corresponds to one particular

A

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

represents some sort of average of the differential dlffusion coeff1c1ent

.over a region of varying concentratlon. Many experiments yield integral

diffusion coefficients because their analyses involved the assumption
that -the transport propertiesvare 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 discussed in that section is an approximation, it is



'one which has been used qulte general]y and has been successful in makingﬂ R
tractable many very complicated problems. It also‘serves to define the' )
_ transport oropertles whlch are. measured and reported “in the literature.

":Since all the microscopic theorles of transport in electrolytic solutionsa A

.. are llmlted by‘the nature of their models to very dilute solutlons, we .

'Ainclude the discuss1on of these in Chapter II in conjunction w1th the
: macroscoplc flux express1on for dilute solutionsrv |

| In morerconcentrated solutlons and particularly in multlcomponent |
,systems, the approximate transport relatlons described in Chapter II prove
%o be'inadeqaate?f It:is necessaryfto construct atmore complicated fldg
'ierpreSSion;whiCh;takes intoIacconnt the cross.effects‘of the;flnxes of

. VariOus species on one another and‘the fact that the‘appropriate”driViné o
forces for the transport of charged speC1es are gradients of eleetro-
’chemical potential.  In concentrated solutions the flux of the solvent
must also he,considered, and the question of a.frame of reference resolved.
A set of'flux relations which encompasses these effects is described‘in
_Chapter III. VThe eqnations presented there provide unambiguons‘definitions
of.the transport properties which'charaCterize the irreversible phenomena.
It is .‘such well defined quantities that‘one should eonsider in any
attempt to construct apmo1ecularvtheory of transport properties or eten
an.empirical correlation_for their'predictionp VFurthermore, the precise

specification of the properties which are measured requires thatpthe

£ A

experimental methods bepanalyzed by means of these more general flux_
expressions;
Before it is possible to deal with the complicated problem of the

properties of multicomponent solutions, for which data are practically
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nonexistent, we must first inyestlgate the behavior ‘of the transport

ﬂproperties of blnary'systems. In Chapter IV we summarize the avallable =

mass transport data for concentrated binary solutlons for which it is |

'poss1ble to calculate the transport propertles defined in Chapter III.

Such calculationsvreveal the dependence of the defined quantltres on

temperature and’composition. 'On’the'basiS~of theSe>observations, we draw

s some tentatlve'conclusions about the characterlstlcs of ionlc d1ffus1on
"coefflclents which may gulde us in estimatlng values for systems where"-'

no measurementsAhaveoyet been made.

,In'order to‘develop quantitative‘correlations,'however,,it is

necessary to have much.more diffusionvcoefficient and transference number

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

methods noW'available.for measuring diffusivity. 'Since'none'of-these have

been carefully analyzed for the case of concentrated solutions, we develop
‘ avneW“method for whlch this is poss1ble. The new method is a hybrld of

the restricted diffusion arrangement_used with dilute solutions and an

optical technique which makes it applicable tofconcentrated solutions.
Thus,Awe.create a tool for proyiding more of the requisite data.

In Chapter VI are descrihed the apparatus and procedures which were
used in the experlmental 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 aecid, for which no values

have been previously available.
Chapter VII presents the experimental resultsj; these are discussed

in Chapter VIII in relation to the qualitative generalizations suggested

" in Chapter lV. Also considered here are some of the problems of estimating



'_'data.

e vast and compllcated, thls thesls must be cons1dered an exploratory study

:jr -6 o
- the diff-u‘sion~--coe-fficients'-"in"muitric:o_mponent‘ systems  from binary solution .

Slnce the problem.of mass transport in electrolytlc solutlons 1s both

"'to determlne what further work should be done to prov1de the necessary

;Vdata for practlcal englneering calculatlons. Ex1st1ng microscopic theurles ‘

ﬂ'are not of any use.ln predlctlng values.of technologlcal 1nterest we t :

fare forced at thls p01nt to 1ook at’ what experlmental data there are, andv
"“tto supplement these data, 1n order to dlscern what emplrlcal-correlations
"may ex1st and what general features of behav1or must be accounted for by
_hfany future theoretlcal efforts._ The conclus1ons of thls study and
'>drecommendatlons for the dlrectlon ofvaddltlonal work in thls areg. aﬁpéar7;:

ﬂrn Chapter IX;

L



* IL, MASS TRANSPORT IN.DILUTE SOLUTIONS .

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

- for the flux_of_Species i,'yi. It-is the usual practice with electrolytic

‘,SélutidnS'to write that

N; = ziticiV¢ - Divbi +e.v v - - (I1IT-1)

vwhefe ziais the'vélence or charge number of.specigs 1, ui'is the ﬁo- ‘
bility  of species,i,l@ﬂis the electrostatic potential, Divis thé;diffﬁSionv
i.coefficiéntfof.sbecies_i, ah& E is the'fluid velocify( Equaﬁion.(II~l) v
':stateé thatbthé flow of a species is.due fo moieculér_diffﬁsion,.conVecﬁioh

by the fluid motion, and electriéal migration if the particles are charged.

The first'térm defines the mobility, and the second, an expréssion of Fick's

law, defines the diffusion coefficient. Since Eqa (II-1) inmvolves the

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

to . determine the fuﬂction v from the fluid mechanlcal equations of con-

" tinuity and motion.

In a binary electrolyte and in the absence of current, the condition -
b5

of electroneutrality requires that both ilons diffuse at the same rate.

It is then possible to_write the flux expression for the salt,

N, =-DVe +cv, _ - (11-2)

where the diffusive flux is characterized by the diffusion coefficient
of the salt, D, defined by
D+D_(z+z_)

D= i, | (11-3)
(Z+D+—Z;D_)



_ -and ¢ 1s the concentration of the salt givenby . - - . G Tiio

e e s e e
CEITCVD o e o (rsa)

When there is an electrlc fleld but no concentratlon gradlent 1n the

’1'solut10n, the current is. glven by

- 1_1_.;_;(;2”:‘-_;2' ;

P 3
l -

By analogy w1th Ohm's law, the conductlvity or specific conductance of .‘V;"'

' .the solutlon, K, 1s 1dent1f1ed as,*,

7':;As a matter of convenience one defines the equivalent conductance of a Eidflil

"dsolutlon.A as
» : '~\§;;K
YVA___ﬁYA

_where N is the normality of the solution given by

N=zec =-zc_ o o (I-T)

' The-tfanSference'number of an ion § is defined as the fraction of

- the total current‘flowingvin the solution which isncerried by.Species”j._f

~ That is, when Ve, =0 and 1 # 0, the current cariied:by.speciesjjiis

b4 = -F zu.c, VO
J 33

)
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o ﬁhere t, must be

. S .z2u'c . ' o v
oy =l s, T (I1-9)
J . L _ : v
= 2 Z, u,e IR S
i
i 7

The'trahsport properties D,.K,fand t, are the ones which are measured

e

,experimentally, used in mass transfer'calculations,_and-interpfeted by '

micrbscopic 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-l), are gradientshof thermo-
-.dynaﬁic'pdtentials.;s' The true driving force fOf diffusion is not a con-
':centratlon dlfference but a gradlent of chemical potentlal.i When tﬁe

Vapproprlate thermodynamlc correctlon.ls made in Eq. (II-2), for 1n°bance,

one flnds69 that the coeff1c1ent of theoretlcal 1nterest takes the form

d In Y

of D/(l t T e

), ‘where y 1s the aétiv1ty coeff1c1ent of the salt on a
concéntration scale. It is found that. this. quantlty is much more constant in
very dilute sqlutions than is the quantity_D.by'itse;f.

| . can be defined in terms éf the veloéityga

i
65

species attains resulting from a generalized force,

 Since the mobility u

it can be related

‘to the coefficient of the diffusion term in Eq. (II-1) when this term’

involves & thermodynamically appropriate driving force. At infinite
dilution, where the activity equals concentration, such a force is
RT V In cl, and the resulting flux is ~Us RT V In cy. Comparing this

expression with the definition of Di in Eq. (II l), one -obtains the
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: Nefnst-Einsteih rélation,'

Note -that this relation between u, and D, is true only at iﬁfinite_diiuiz

tion.

- Kohlrausch's law of independent migration of ions states that the

_edﬁivalent cohdu¢£anée’ap infinitefqilutioh.A°'éan-be'eipréésed ésﬂthe 
sum of iénid-cqntributioné, ‘
T T N e
A° = x+,f S B J’(IIgle)

o .

where the:ioﬁié iimiting'eQuiValént‘COnductances N depénd;qniy on the

nature of the individual: ion, théiséivént, and’ the temperature. .ThéiiOns'

are so far apart that they_dd not;ihfluence one ahothef. Aﬁ-ihfinite
dilution ‘the iohig transférence-numbers.are givén;by*
I S | N
£.(0) = 4 . | (I1-13)

The limiting mobilities u} are related to the 1] by

X - A ,
T . s . - (II-14)

2|7

o]
ug
i
and thévionié diffusion coefficients in fhe'limit of zero concentration
.may“bé'writtenfas \
' ' ASRT
Do 1

P

From the foregoing relations for infinitely dilute solutions and

" Eq. (II-3) one ¢an derive the limiting value of the diffusion coefficient

(11-15)
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of a saltito be

'%—T- t- X O (11-16)

, This Quantity is known as the Nefnst 1imiting value. At very small but

flnlte concentratlons one may account for most of the concentration

dependence of D by writlng

o dfn » - . i
-D=D(l+——-———wn§)_, N oz

which is knowh as_the'Nernst—Hartley relation,
. . - A

Elaborate theoretical efforts‘tb‘explain and to calculate the con-

centration_dependence of the tranéport properties as’they‘change'from,.

- thelr limiting values have been made by'Onsager-and Fuoss.6o Their work

.80 we

15,29,67

has been discusSed ét'great length in a humber of treatises

shall not attempt to describe it in any detaill., ZEssentially, their model

deals with twojeffects, the relaxation effect and the electrophoretic
effect. The relaxation effect occurs in the;phenomenon of ionic con-

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

the equilibrium distribution funetions of the lons, given by the Debye-

Huckel theory,‘ere distorted from spherical symmetry;' 1s causes an

 electric field to be‘generated between the ions which opposes the applied

field and thus retards the motion of the ions. Onsager's limiting

expression for this effect on conductance is

22

(ckT) e/5 14 \[q

‘(z -z )2 (z+v+)l/2 Bve | (II-18)



~ where

gt M A e
. = 0, 30 s D = TR S L= L AT
B NI N T T D T
€ = the dielectric constant =~ . A' - e
-ghand.f R ‘ ) ”3e'= the'electronfc,chargeb;.

'ngher order temrs in such an express1on may'be generated as- the number

';of mathematlcal approx1matlons in the analys1s 1is reduced._ Equatlon o

o (II 18) has been deflnltely conflrmed by extremely careful conductance

measurements in very dllute solutlons. One of the more perplex1ng problems
-l>'1n extendlng the theory‘to more- concentrated solutlons is the question of

what effectlve dlelectrlc constant applles as the 1ons get w1th1n a few

',jwater molecule s dlameters of one another.

:The concept of:an.electrophoretlc effect is based On‘athydrodynanic'
.model and is therefore_of‘duhious'WOrth._bThevassumptionﬂthatfparticles'
Hof'the same dimensions as the solvent molecules follOW'the Stokes‘flou:‘
’ equatlon for spheres 1n a Vlscous contlnuun is certalnly untenable._'

27

: Harned was able to make preclse dlffu51on coefflclent measurements‘ln
-vvery dllute solutlons of many salts and clalmed to verlfy the electro-
phoretlcrcorrectlon. Guggenheim,,elL however, has analyzed Harned s data
for sodiumrchlorlde and potass1um chlorlde very carefully and concluded
vthat the calculated electrophoretic correction'is no larger‘than the:.'
eXperimentalferror. Stokes76 has also pointedjout theulnconsistency i
of the second electrophoretlc term for unsymmetrlcal electro]ytes w1th '-‘ | .
the linearized Boltzmann distribution. Slnce the calculated effect io

small, particularly compared to the actlvity coefficient correction ln

diffusion; and claimed to be applicable in only very dilute solutions
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. ' * A . ,
anyway, we shall not cons1der it further. This is not to say that Har-~

ned's measurements are not 1mportant. ~They do servevto>verify_the validity. .

of Eq.v(II-17) in dilute ‘solutions.

Other workers have endeavored to extend the mlcroscoplc theory of

electrolytes to higher concentrations. 'Falkenhagen,l Pitts,62 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 dllute solution flux formulatlon. Friedman

thas developed a. very elegant mathematlcal formulation along the lines of

" the Mayer cluster expansion method for calculatrng the concentratlon

dependence of the ilonic mobilities. Unfortunately, when he comes to the_

. point of introducing en'eypreSSion for the ion4solvent interactions; he
is forced to use a’ hydrodynamlc model; his flnal results, therefore, do

-not dlffer 31gn1f1cantly from those of Onsager and Fuoss concerning the

postuleted electrophoretic effect.

At‘hiéh concentrations few generalities may be made reéarding the
concentration dependence of the measured transport properties. ‘Conduc—
tivities, transference numbers, and difﬁusion coefficients may increase,

decrease, or remain constant in various concentration reglons. The

% Another confusing point about the derivetion of the electrophoretic

-effect is that it predicts an enhancement of the sphege velocitles due
to interactions, whereas all other hydrodynamic work<® 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 usually fit empirically by a power series in c ;{ It has',

32 ’70 that the difquion coefficient may be represented by

’be'en sugge sted
-an expression such as Eq. (II-l7), perhaps including the electrophoretic o
'correction factor, With an additional factor of the Viscos1ty of pure" _.. '1';-=5
swater diVided by'the Viscosity of the solution.' This ad hggﬁcorrection
‘“factor is based on a hydrodynamic concept of difquion. It does;account:z,tbdvflf
':qualitatively for the observed behaVior, but it has- not been tested ex~
1tensiVelyrand does not appear-to_be sufficiently accurate for satisfaCtory»;l:'
._’Vprediction;‘: | | -
' Because of the lack of both sound theory and adequate data, evenv"
'_less tan be said about the temperature dependence of the transport proper-
. ties; The first step in resolv1ng this question is to explain ‘the tem—
: pérature dependence of the limiting ilonie mobilities. This would givev‘
the limits of. the measured quantities to which any theory for the con-
: centration dependence could then be applied. Based once again on. a simple
hydrodynamic model, one‘would expect the mobilities to correlate with the
v1scos1ty of water. Such a correlatﬂon is very rough and only qualitative.
The only application of the prineiples of modern kinetic and statis- _
tiecal mechanical theories of dense phases to a problem remotely related to
'.ionic mobilities in water is the work of DaVis, Rice, and Meyerlo on the
_mobilities_of argon‘ions in 1iquid argon. Formally the results_may be
’vexpressed invterms_Of integrals of molecular interaction potentials and
:radial_distribution functions. If it were possible'tobcharacterize'the | Q
ion-water interactions and the structure of water around an ion uith 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-

33,63

We attempted‘such a correlation by considering only

electrbstaticrion—water interactions. 'Unfbrtunately, the situation is
" too complex for all_the relevant parameters to be included in this way

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

however, reveal one ihferesting and useful fact. All the 1imiting equiva-

 'lent-iénicvconductances exhibit a similar temperature dependence between

© 0° and 100°C which may be ?epresented roughly as

.7_11372_=ai+biT‘.' - o (11-20) .

The constant a; is negative and -of almost the same magnitude as biT; We

shall give quantitative_informatioh regarding this behavior in Chapter Iv.

':If_oné aﬁtempts to apply Eq. (II-1) to the description of concen-

btrated binary solutions or of multicomponent solutions, he encounters a

- number ofbdifficulties. Since the Nernst-Einstein relation, Eq. (II-11),

is rigoroﬁs.only atrinfinite>dilution, one must deal with more transport
properties than he is able to measure. Furthermore, thls equation does
not_fake into account the flux of one species aue to a concentration
gradient of another, and it does not clearly account for the flux of
solvent, Which velocityrshould be used in the'convective term has.nof
been_specified; Finally, as Guggenheim has pointed o_ut,25’25 it is not
possible to define thermbdynamically.the electrostatic potential in a
mediuﬁ of varying concentration.

The formulation of the microscopic theory has been somewhat confused

by its basis on Eq; (II-1). The Nernst-Einstein relation is implicitly
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' assumed so that the theory 1s d1rected at calculatlng the concentratlon
‘-dependence of two pr0pert1es, the two ionlc moblllties. The change ln
gfthe effectlve force on an ‘fon due to the presence and motlon of other (

:flonS‘ls calculated‘andvthen related to the'lonlc moblllty'through'a'

.f 'llnear relatlon between the ion s veloc1ty and 1ts dr1v1ng force._ Inter~.

- vfactlons of fluxes are~thuS'neglected. Slnce the two- calculated moblllty
sfexpres81ons are then applled to the three observed phenomena, conductance,
;jdlffusion, and transference, the 1onic mobillty'takes on a. dlfferent

character dependlng on the phenomenon in whlch the; ion 1s 1nVUlved. :

Because of these dlfflcultles, both.theoretlcal and practlcal, it
' 1s necessary to use a more general f]ux equatlon than that glven pre~. W:

v1ously; Such a flux expresslon 1s,dlscussed in Chapter.IIIa-

S

>
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ITI. MASS TRANSPORT IN CONCENTRATED SOLUTIONS

. The shortcomings of the flux expression, Eq. (II-1), which limit -
ité appligability‘to dilute solutiohs have been»indicated in the iast
chéptgr. To avoid these difficulties and to imporvé the treatment of

o7

condentratéd;solutidns Néwman, Bennion, and Tobias have proposed the use

of a set of generally applicable flux relations of the form

' e.c, '
: . 4 oo ' C(TTT-
c,Miy =RT 2 ¢ (Zd gi) y (III ;)

5 o

- where ui'iS fhe e1ectrochémical potential of species 1 andlﬁij are the

: transport_properties defined by this equation. This equatioh is analogous

3

to the Stefan-Maxwell equation for_dilute.gas mixtures’ and is equivalent

N HH¥ ' - . : ) ;
to onhe - developed by Onsager.?B, Equations of a similar form have also

beeq'diécussed By Laity;hl Klemm,uo Burgers,5 I.Jeunm,_n2 Truesdeil,Bl énd
Lightfdot, Cussler, an& Rettigu7 have applied Eq. (III-1) to liquid
sblﬁtions:‘

. Equatién:(III—l) may be reéarded as a_forée balance. The term ciV"pi
is the driving force §er‘unit volumeacting.on species 1i. 'As,speciesvi

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 he propor-

" tional to the difference in their velocities and is expressed as

This equation in the form presented is limited to isothermazl systems,
It may be extended to include the effects of temperature gradients.5

We shall not consider this complication, however, and shall limit our
present investigation to systems at constant temperature and pressure.

%
Equation (14), page 245, in reference (59).
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.By the symmetry of thls term and Newton s thlrd law of motlon,O' AV';”'

| i
.Beeause,the é* ~coeff1c1ents have the dimen31ons of cm /sec, we: shall

g_refer to.them as multicomponent diffuslon coefflclents. -Since we'must

cons1der the motlon of the 1ndiv1dual charged spec1es,'a binary electro-»-

'lytlc solutlon is- already in a sense a multlcomponent system.'

The number of 1ndependent equations of. the form (III-]) is ‘one lessd

{ g
than the number of specles present. When the equatlons of this form for

' Hall spec1es are added, an 1dentity resu]ta. The sum of +he terms on
the left s1de is zero by. the Glbbs—Duhem equatlon,_and the terms on, the

'rlght all cancel because 01 vlgi

In order to make use of Eq. (III-1) in Eq.,(l-l)'it is nedessarynfo N

inVert‘them and:thus,to_obbaln exp1101teexpresslons for.yé.d Wben”one-
performs:bhdsvinversion;'he has a choice to make regardlng.the referenee
velociby. bebending on thisdchoice the‘resulting flux expressions take
: sllghtly dlfferent forms.: | |

For- example, 1f the ve1001ty of the solvent v _1s'taken as the

reference ve1001ty, the fluxes: ‘of the various spec1es “in a blnary'electro~

lytlc solution appear as follows:

cT/cb . : ti i
= S ——————te - — ’ -2
N, =c, X+ ~ 6&&1% + 7 N +te, v (III )
. ‘ v cT/c : ti i .
N =e v = ﬂcvu + o t oV, : (III-;)

s

vc.,J.
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_is the chemical poﬁehtial of the electrolyte.-

N = ~ _i)
) o Lo (XrI-4)
Wheie the diffusion coefficient is -
o4 (2,-7) s
LBl (mm5).
+ o+ ~0- _ . .
the transference number is
: z A
o o .4 OF : - o
t. =1-1t = , . (111-6)
+ - z+6'0+-z_ao'_ , ‘
Boo=V.H, + v

(x11-7)

If the diffusion is considered with respect to the molar average

veloeity, v*, these expressions take the slightly different forms
y L. i .

" = = er | e V

o N o=y, vEr e
V- o8
N =e ¥ =~ 7® Cv“eJr
and

t*
o L i +
No=coy-o:'-RT cov“o__F ;J:

The molar average velocity is defined as

L

S

»*
v o= 2 e, V,
- . i -
i

tl i R
+e vt (111-8)

+

£ i o

T +ec v*, (I11-9)
t*,

+ _:_> +c vh. (111-10)
Z_ o -

- (III-1l)
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"_where Cp "is the: total solution concentratlon. The quantity t we call
- the transtrence number w1th respect to the solvent, and tJ is that Withi' ,—;f‘n‘}

respect.to_thexmolar average.velocity; the two are related by

o :

=1t =S 2] L - (III-12)

Another pos31bly convenlent form of the flux equatlons is the One -
'taken with respect to the mass average velocity v, Whlch appears in thev '

_equatlons of motion. ~In this case the fluxes are written-as

lv+M1M’ 'rthe ‘ M t

. + 0 .
= . = - i 1it=
n,=p, v, vM,'ﬁ’ = FZ i+, v, (III-13)
v MM -év“é Mt :
D_o=P Y=~ § BJRT._‘-FVZ, 140 ¥ (IIT-14)
‘and S ' ‘
o i _.b v MsMoacOw i i I\/1+t+ N M_t_ ‘o
~ "o -o vM = O RT F z, o—"
- - (1I1-15).
where
Mg=v.M oty Mo (111-16)
~and : M=xM +xM +xM =pfe, , - (IIT-37)
and Mi and X, are molecularvweights and mole’fractions, respectively. The e
quant_itytj is the transference nunber with respect to the ma.gs average .
velocity. '

In the'above equations He and “o are chemical potentials of electro-~
'lyte and solvent, respectively. The quantities vi'and v are stoichiometric

coefficients such that
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viEV H Y, | (111-18)

.ahd}pi is the mass density of species i.
Tn order to talk about conductance it is necessary to define an -
unambigﬁous and_measﬁrable'pOtential in the solution for use as a driving

56 yas accomplished this by taking it to be

tfqrce for the-current.‘ Néwman

g fhé;différéhce in pdtential between two:suitéble'reference electrodeé,'éne'

"of whichrié_located at a fixed point in the soluﬁion with the'ofhér at the
point'in ques£ioh. Applidaﬁion of tﬁermOdynamic principles to such an

farrangement'yields for a binary electrolyte
s_Vu_ + s W o+ s Vi = nF® (I11-19)

. for the reversible electrode reaction given by
s_[Anion] = + s [cation] * + s [Solvent] > ne” .
Rearrangément of Eq, (III-19) and substitution of an appropriate set of
flux expressions such as EQSQ (ITI-2) and (III-3) give the explicit
relation for the current
8 ' s z.cC

: : Z 8 - Z

' K +° 4+ + o+ o T+ +
{ = - KV = v iy + - ], (III-20)
= : | Fz+v e [ n z+l£+fz_6g_v n e,

where as the coefficient of VP, the conducti#ity K, has been identified as

z+z_F2cT (c;ﬁg++c+lg;) ﬂ;__

. . 4
RT c iy te & e O

. (Irr-e1)

K = =

When concentration and temperature are uniform, Vhe = 0, and Eq. (III-QO)
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s the»é@ﬁe as Eq. (II—E)tﬁ'Therefore_thefconductivity defihed;here'iS’ther L
. same as that:which"is'uSually meaéureda o o -Af' I fL{j ' ¢ s ce
Since experimental measurements of diffuslon coefflcients 1n blnary

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

e‘it is intereeting'to-obtain an equétion:of this form from the fluxvex— B
pression'valid-for concentratedhsolutions. ~In the aBSence'of current
u'the fluxes of salt and solvent in a binary solutlon become, according to

qu_s. (111-2) through (III-M),

N' N e/, R ' -
=~ == L o o : 5
=s 7: T v TUVRT Aaévpe_+ ¢ Xb,. _ (311 ?2)
and Leegw. (1r1-4)

. At constant temperature and pressure, the gradient of chemical potential
hay be ekprQSéed as

Vi = VRT wn(yc) VRT <1 + —c—da—?—l——y> e . (III-23)
" Substituting this relation into Eq. (III-22) and comparing the result with
(II-2), we obtain -

"d In ¢

D = B‘ < 9———@—1) ',(II'I~21.+')

-

. We have. chosen to use here the set of inverted flux expres31ons which
-
ylelds the solvent veloclty as the frame of refernce., - Alternative forms

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

32

o . _ v o
volume average velocity. (See Hartley and Crank E )

and Harned and Owen.
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N

When Egs. (111-22) and (III-4) are substituted into the conservation

Eq. (I-1), these becoﬁe
e,
'-55 = - covkzb '-Xb'vbo
anq

de N '
A&-—VDVCI-CV-XO.—XO'W '

- and these may be rewritten as

= - - v *Ve
% 1 _,11 'ESE.
¢ de

and’

. (iiI;é6)f.

- (1II-27)

:(111-28). 

- The equations are put into this form because it is a particularly.

convenient one for the analysis of experimental;methods for méasuring

diffusivity in binary electrolytes. For this purpose 1t is also con-

vehient\to define another diffusion coefficient.DM as

- ' de c |
P _.c o\_ g T d in 7y
DM B coVbD.H D/<l <, dc:)'_'gco'(l TR

)', (111-29)

where VO is the partial molar volume of the solvent, Yy is the acfivity

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

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

use, D, is the quantity usually measured and_reported‘as the differential

M

diffusion coefficient. It is also ldentical to the diffusion coefficient

employed in the works by Bird, Stewart, and Lightfooth and by Chapman



ffand 00ﬁ11ng;7 We.. note that there is only one 1ndeoendent dlffu31on o

1coeff1clent and that 1n dllute solutions these subtle refinements are 1rrele¥‘,';“

: vant:because:at inf;nite dllutlon :

& =D = DM .

_ The activ1ty coeffic1ent "correctlon factor (1n Eqs. (III-24) and (III-29))
-.has arlsen naturally from the use of Vh as the driv1ng force for diffus1on :
j»(cf.vK. (II 17)) ' The addltional factor of cT/c occurs because D is
referred to the solvent veloclty, 1t is a sort of drlft factor resultlng
'from the ‘view of diffus1on through a stagnant solvent | |
"_ThuS'wevsee'that a number of different diffusion coefficlents and f
.transferencesnumhers’maytbe defined.and'measdred'in éoncentrated solu-‘.
tlons accordlng to the partlcular ch01ce of the flux express1ons.rvlt
.~_requires great care and detailed analys1s to determine exactly'what quané
: tlty 1s obtalned from a partlcular experlmental arrangement andbalso whatr
:quantlty should be used in the treatment of a partlcular mass transfer
"problemrz Fnrthermore,-because of the.correctlon factors anpearlng in
:the concentrated~solution}flux equations, the conplete‘investigation of
these problems requires, ln addition to the transport property data,
accurate thermodynamic data forrthe density_and activity coefficients of
'solutlons. | | » 7
In Chapter V and in Appendix B, we apply Eds.A(III—QT) and (lIl-EB)
vto analyze dlffusion of a'concentrated solution wlth variahle properties
in two particular configurations and thus demonstratevways in which a well-
defined differential diffuslon 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

s
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coefflclent, and the transference number.. Provided these are sufficiently

'well defined, 1t is poss1ble to calculate from them the quantities CV

'1.Cto,vand fﬁ; accordlng'to relations given above.' In any form the three
independent transport properties are generally fnnctions of temperature,
.pressure, and compos1t10n only in certaln forms such as the Ir repre;
*sentation, are the data dependent on these varlables alone and not on any

- other property of the system. For this reason the greatest hope for
findlng order and s1mp11c1ty in the correlation and theoretlcal 1nterpre—

' tatlon of transport data lies w1th the 1nvest1gation of 1nformatlon reduced .

'j'to the latter more fundamental formu o

| Becanse of the prevalence of the dilute solution'eduations and

b’ecause}_ali the microscopic theories treat the‘se equations, it is.important

"‘to see the relation of the concentrated solution equations to then. Iet
f'us;COnsider Eq. (III-1) for one of the ions i in a diluteisolntion. In

this case c. << e, the total concentration c isvessentially.co, and

T
the equation may be approx1mated by
. _RT : o - =z
¢ Vpi =5 (Ci v - ¢y Ki) s ‘ ‘ (ITI-30)
oi : :
or after rearrangement
' . ci\7p.i ) :
. = g . TII1I-51
s T (T11-51)

This equation is.to be compared with Eqs. (II-1). 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 (II-lh) therefore arises automatically

if one chooses to separate Vi; into a concentration term and an electrostatic
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7 'poténtlal-term. (Such separation ‘can be accompllshed unambiguously only
at the llmit of zero concentration where the actlvrty coefflclents may

"all be taken as unlty;) Identlfylng tY in thls equat1on w1th the

- coeff1c1ents of. Eq. (II h), we " find- that in the llmit of 1nf1n1te dilution;

s o NRT

,The llmlts of the ﬁr coeffic1ents are thus related to the limlting ionlc -

'hfequlvalent conductances.

| We present from Newmansé‘Table I whlch compares the express1ons

“fofvthe three transport propertles as they arlse from the dllute and
'eoncentratedvsolutlon flux formulatlonsa The NErnsteEinsteln-relatlon
has heen.ﬁsed:ih the-dilute'solﬁtion case in order to bring ogt the

similarities. Equation.(III—él) for K has been'rearranged;

\ Table I. Comparison of transport property expres31ons for a
' binary electrolyte : :

'bilute solutions ' ~~ Concentrated solutions
D = DD (22 ) o | ﬂ R g (2,2 ),
: -z+D+—z_D; . . . o _ z+£g;~z_tg_ -
= 20, N - 0 L 2 v
ot 7Dy D | TS

X
|
0
N
|
|
NN
0] 0
o)
= S
[ 1
N
[ ]
i

+
+ o . T+_

o .
_ -Rr- [ 1 + cot— )
c VZ Z FE él—- cf%- .
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. We see that-in'dilute solutions the quantities'D+ and D_ correepond
_directiy to_ﬁiﬁ;and ﬁg;, respectively; ‘In'the,dilute solutionvformulation-_t
"‘no quantit& arises which cOrresponds?tohtn;; the latter represents inter-
actions between the ionic fiuxes, and these are negiected in the,macrosconiC',
"dilute solution formulation. The, Onsager-FuoSs theory of the'relaxation
.effect in conductance does, however, take the electrostatlc forces between
the ions 1nto gccount, and thus it introduces the quantlty'éY impl;c1tly -
hln the conductance. Comparlson of the concentrated solutlon expression
for the conductance w1th the Onsager llmltlng law5 Eq. (II 18), reveals
_the concentratlon dependence of CY at very hlgh dilution to be. predlcted |
On the basiS'of electrostatlc_forces and the Debye-Huckel_dlstrlbution.
tfunction to be | | | |

(GkT)5/2(1+'Jo)(z o LZ'Z;_) JE X : '
T . )1ﬁz L 12, 3 o (TIE-33)

Z
o“+ 2. a( + + +

uhere E'evB*Jho.and Nb is Avogadro's number. We.have taken the liberty

of substitutingvthe quantities Zg& at the concentration of interestvfor

the limiting mobilitieetwhich appear in the Onsager equation, beCause

with the concentrated solution theory we have the three independent-
transport propertles at our dlsposal. In the'derivation these'mobilities
are supposed to represent the fac1lity'with which the ions move through

the solvent so that (T (c) is the approprlate parameter. Equation (III-BB)
indicates that;L:_ vanishes at zZero concentration and in the llmit PthbltS
va‘cl/e dependence. | .

In the preceding chapter we indicated little confidence in aspects

of the microscopic theory other than the relaxation effect. We are thus
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f_left with practlcally no theoretical ba31s for considering the behav1or o
-of the coeff1c1ents EV The concentrated solution formulatlon has,
"however, accomplished the distinction and separation of the_effects,of.

'ion~ionvinteractions,and.ion~sOlvent'interactiOns,"The problem-ofucaléi"‘

culating:the_t?. coeffiCients is"thereforefin.form'theISame‘as the problem B

f of calculating diffus1on coeff1c1ents in solutlons of. nonelectrolytes.
.-That is, it can be stated formally in terms of correlations of molecularvp
'motions, 1ntermolecular forces, and radial distribution functions.' To -
'Tp,be sure;.it‘1S'much more compllcated in detall because of the‘complex
S structure of uater, the orlentatlon of the water molecules, and the rather
1f'long-range nature of the 1on—d1pole 1nteraction, ‘but one might hope that, as
the klnetic theory'of liquids becomes more highly developed, 1t w1ll offer
- some clue to the problem of diffus1on in electrolytes.» At the same £ime
one can hardly-expect to make very significant progress by'methods sﬁnpler
_and more heuristic than those required.forvproblems with;non;electrolytesr
'_In'the meantime, howeyer, a’qualitative investigation.of these quantities.
is in order. |
In the next chapter we report on a survey of the literature for

ex1st1ng data in binary electrolytic solutions from.which the quantitles

b

ot ﬁg ’ and £3' may be calculated._ The results are interpreted in

terms of the microscopic structure of solutions, and we conslder the'
p0331bility of predictlng;D' coefflcients where no measurements are

avallable.

. \(\ .
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Iv. A SURVEY OF THE TRANSPORT FBQPERTY DATA
' FOR BINARY ELECTROLYTIC SOLUTIONS
'?he investigation of the behaviof of the'[{j»coéffiéients in a
"binéry electrolytic solution reQuires values of diffﬁsivity,-trané-
ference number, conductance, and activiﬁy coefficienfs for_thebsystem.
Sinée different conbenfration scales are in use, it is necessary to |
have density data fq put them all on thé sanw.basis. It has often beén‘
1éuggested that the ionic mobility;is reléted tovthe solution viécosity77
so it is interesting'to invesfigate this property as well. .An'attempt
ﬁas made-to obﬁaiﬁ qll the existing data for diffﬁsion coefficiehts énd
 transfefence nuﬁbers, the scarcest déta, for biﬁaryvaqueQus eléctrolytic
solutions. At thé same time data were also collectéd for density,
'viscosity, cohductance, and activity coeffidients..

Mbétvof the data were located with the helpiéf the Chemical Abstrécts
indices éndeere taken from the origindi.sdurces. The search for trans-
port nuﬁber daﬁa was facilitatéd by a récent ieview én the measurement
of these pfoperties by Kéiﬁakov.55 Many ¢onduc£ance'and tfansport nﬁmbef
measurements are summarized in Laﬁdolt-Bgrnstein.uB‘ Older density:
viscosity, and conductance data are available in the International

83

- Critical Tables and in Timmerman's compilations.79 Since the activity
" coefficlent 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

TL

at 25°C, were taken from the Appendix of Robinson and Stokes or chosen
from what appeared to be the best single source. In some cases the
derivatives of the activity coefficient were available in the literature.

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 are avallable,
:the temperature, and ‘maximum concentration are llsted in. Table II ,Slnceu:'
_the transference.numbers of ammonium nltrate and potassium 1od1de are v'

near 0. 5, the values for dilute solutlons were ‘assumed to be constant and

't:extrapolated to hlgher concentrations for the purpose of these calcula- o

tlons.i To determine the properties,of 1nterest for the systems.ln Tablehi
II, wefnrote_a'combuteriprogran.which takes aliithe’experimentai aétasz'
forra‘system;‘converts concentration and each propertj to consistent
:scales, fits the varlous properties.w1th emplrlcal equations for 1nter-
»polation, dlfferentiates the act1v1ty coefflclent data, and calculates_7- .
the‘jij coefflcients. Since the conductlyity data are usuallyinost
abundant.and also shQW'the'greatest‘variation with-concentfation, they'
we}e not interpolated.for the calculations_but were‘used‘as the points '
.where calculations_uere made. The‘equations used to fit the expefimental
‘“data‘for'the various systems are summarized in Appendix A. For viscosity
and conductance the equations given in the Appendix arevin most cases
”accuratevonly at high:concentrations because the data values at higher
_concentrationsvare much larger than in dilute solutions and bias_the
ae.

. Milier5?é;has previously investigatedfthe data for the-yariousl
chloridesvat 25°C and calculated two otherbsets.of transporttpropefties
eQuivalént to:those defined here but defined somewhat differently. He -
'v-does not, howeyer, 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 IT Aqueous electrolytic solutions for which all
) transport data are available. : '

\

50.00

~ 801ute Temperature (°C) fi§2222ratioﬁ ;
(moles/liter)

Aninonium chloride 25,00 «20

" Ammonium nitrate 25.00 8.00

_ Barium chloride 25.00 1.2k
Cadmium sulfate 25.00 250
_Caleium chloride | 25,00 - .96
Cupric sulfate’ 25,00 <55

' Hydrochloric acid 25,00 4,00
Lanthanwn chloride 25,00 .05
Lithium ehloride 25,00 3.00
Lithium chloride 35,00 8.31 .~
Lithium chloride 50.00 3.00

‘ Lithium:nitrate . 25.00 6;92
PhQsphdric acid 25,00 11.00
Potassium bromide 25.00 3,00
Potassium chloride 0.00 .l.OO
Potassiqm chloride 18.00 5.5k
Potassium chloride 25,00 k.00
Potassium chloride 35,00 :5;5H'
Potassium chloride 50. 00 3,51
‘PotaSSium'iodide 25,00 3.50
Potassium sulfate 25,00 .25
‘Silver nitrate 25.00 5.05
Sodium chloride 0:00 4,03
Sodium chloride 18,00 k.00
Sodium chloride 25.00 5400
Sodium chloride 35,00 b k2
Sodium chloride 500




~ Table IT (continued)

s

 Solute

Temperature

~(°c)

" Maximum

Cohcentrafion

(moles/liter)

AN
Sodium hydroxide"
Sodium iodide’
" Sodium sulfate -
 Sulfufic‘acid '

Zinc sulfate

. 25,00

25,00

25,00
»25'._00
25.00

1.11-
1.00
.20




: l;j_

The_smoothed erperimental data as well as'the calculated quantities
- for the‘systems listed in Table'II-are presented'in'thevsame oiaer.iﬁ"

| Tables III through XXXIV. In'these tables concentrationﬂis"given 1n'moiéé,
_per liter of solutlon, v1scos1ty is in cent1p01se, and the equivalent
eonductance is in cm /ohméequiv. The dlffu31on coeff1c1ent D is in

A Cm?/sec. The activity coefficient correction. (l + d Zny/d fn m) is

'dlmens1onless.s The three ff coeff1c1ents are all given in cm /sec.

"T»The quantity G, which will be 1ntroduced in Eq. (IV-l), is expressed

in (. K))/e/(mol /1)1/2. The quantities f? and G are presented in
standard dlgltal computer notation for a floatlng p01nt variable. where

the number following E 1s the exponent of 10 in sc1ent1fic notation.

Since the interpolation formulae given inlAppendix A are not very |
‘reliable in dilute solutions, properties in Tables IIT to XXIV atsconA
| centrations below one molar are_obtained from linear interpolation of r'
the ekperimental data. Values given for zero’concentrationvare congistent
with'the properties of nater and the limiting'values of the transport
proberties. Values of G are not given for eoncentrations belQW'whieh
:experimental conductance data are available,

" Some of the results in Tables IIT to XXXIV and in Append:x A are
less-rellable than others. The data are particularly questionable for.
the diffusivities of cadmium, sodlum, and potassium sulfates and for
theotransference number of phosphoric:acid: 'SeefRef, 8 for the raW'.
data and'their'sources. R | |

Some results for z&j 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, caleium chloride at



ahe

YV'25°C, cupric:sulfate at.25°C,'hydrochloric acid at'25°C, lithium nitrate
-sat 25°¢c, potassium chloride at 0 C, 25 C, and 50 C, and. sodium dhloride
at 25°C. " |
' We first of all confirmed by our calculations the advantage of .
7con31der1ng .the diffus1on coefficient based on:an actIv1ty driv1ng force
: rather than the experimentally measured one.' Whereas the measured
diffu51vity may increase, decrease; or show multiple maxima and minima in
v-various concentration regions, the thermodynamic diffus1on coeffic1ent

shows.a much Smaller concentration dependence, partlcularly in dilute

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

tration dependence of the activity coeff1c1ent In'most solutions the

- thermodynamic diffusion coefficient 1S'nearly constant-or increases

',,slightly up to a concentration of a few tenths to one molar. At hlgher v_'v

concentrations, thermodynamic difquion coeffiCients decrease w1th
' increas1ng concentration.
Tt was furthermore found from these calculations that the behav1or

"vof'the.ﬁgj coefficients is much more systematic than that of the measured

- properties D, K,-and't+. The quantity (Z: is zero at zero concentration

and is found to increase over many orders of magnitude with increasing"
concentration. ‘The'zero-concentration limiting Value'ofzegi'is pPropor-
tional_to the limiting ionic equivalent conductance of the ion‘i~accord,v
ing to,Eq.'(III—BQ). This is a property of solvent, temperature, and

~ lon only and is known for most ions over a wide range of temperatures.
The»variation oi‘ﬁ%i from its limiting value is not extreme. At high
concentrations it seems almost invariably to decrease gradually'with

concentration, going to perhaps half, or at the worst, z third, of:its

L3



. B Teble ITT. Ammonium chlorids in water at 25°C.,
¢ 0 " A ] D10’ 1+ Y o goaa0” gxi0” & G
0. L9971 L8905 1k9.91 hgO7  1.994 1.0000 0. 1.958 2.0%32 0. _ -
© 001 1,0005 L8903  128.80 k906 1.973  ,9876 .001 1.958 2.032 3.917E-09 -
010 1,0037 .8903 128.80 K905  1.933  .9637 010 1.961 2,035  3.91TE-08. -
050 1.0068 8902 . 128,80 oh900  1.880  .9297 030 1.97k 2,050 1.958E-07 -
2100 1,0097 8200 123,80 .h907  1.855  ,9113 © 100 1.990 2,068 3.917E-07 T.387=+03
200 1.0072 (8897 12%.80 ko1l 1.837 .89kl 200 2,004 2,077 6.008E-07  8.047E+03
Table IV.. Amronium nitrate in water at 25°C._ '
0. 15,00 5072 1,929 1,0000 Oe 1.957 1.902 0. ‘ -—-
-001 1kz,00 .5130 1.930  ,9866 001 1.957 1.905  2.876E-08 5
.010 136,20 .51k0  1.872. ,9598 010 1.986 1.914%  9.,2L38-08
.0%0 28,00 5140 1.817  .9178 .030 2,021 1.933 2.20LE-07
.100 22,70 .51k0 1.785 8909 o100 2,046 1.948  3.192E-07"
«200 17.00 .51k0  1.75%0  ,8580 200 2,080 1.972  L.765E-07
.300 13.52 5150 - 1,730 8350 W30C 2,105 . 1.99).  6.085E-07
<500 08.60 L5140  1.707  .80Lo L5000 2,142 2.023%  8.2L9r-07
. 700 05,23  .51h0  1.69% 7820 - JTO0 2,171 2,0k9  1,0128-06
1.000 01.k% -.B31kh 1,679 J755% 1,000 2.205 2,082  1,254E-06
1.500 96,15 L5ih2 1.650 7188 1.500 2.245 2.122  1.586E-06
2,000 91L.76 5139 1,A%9  J68T7h 2,000 2,271 2,148 1.858K-06
2,300 87.80 5138 1.915 6589 2,500 2,285 2.163  2,087E-06
2.000 gh.07 5138 0 1.539 6528 3,000 2,200 2,167 2.2801-05
50500 £0.48 5138 1.860 L6088 3,570 2,085 0 2,162 2.hhen.os
o000 Y557 WB139  L.550 3 L,oco D 2,149 0 2.57718-05
200 73,51 L5110 1. SRR K 2,126 2,6885-06
AR B R e T T 5,00 2,006 2,T77E-06
AR T 6,000 2,012 2,8951-06
JSlhe 1. 7000 1,808  2,9431-06
JUIET L 8.000 1785 2.9271-06

_.g. g_



27,00

+3890

5%

+500

N 678,

3.85TE~08

o Table V. Farium chloride in water at 25°C,
c. o BT A t_:_ ' D \(LO5 1+ 5713 c 0;le5 éo’_Xlos : 6;__ G

0. 9971 L8937  1k0.14 JL5k6 1,387 1 0000 O0a - BU8 2,034 o0 0 aa- '
001 L9971 3oLkl 132,10 .&522 1.338 +9528 L00L 850 2,085 8.971E-C9 ~ L4.212E+03
L0100 .9971 L8970 119.09 L4500  1.257 871 L0100 848 2,173 3.16hkE-08 3,8L0EH03
050 5972 ,9069 105,19 J4k83 - 1,174 .8166  ,050 827 2.266 8.789E-08  3,10GE+03
W100 . .9973 - L9178 - 98.56 JALhh 1,150  .8096  .100 . . ,800 2,288 1.,437E-07 2,659E+03
200 9975 +9383 91.55 ... hkk1o 1,148  .8353 +200 S84 242690 2,k21E-07  2,161E+03
300  .9982 L0635k 9k ,23 ;hhos 1.158 8717 L300 715 2.225 L4, I5LE-07 1. 4O1E+03
+500  ,9980 - 1,0096 80,50 4200  1.173  W9K13 L o500 L6500 . 2,126 - L 886E-0T  1.53LE+03
L700  .9989  1.0617 75458 U381 1.177  1.0001L - o700 4596 2,030 6.270E-O7 . 1.,332E+03 =~

1,000 1.175L 1.1488 T7.59 3578 1.17L 1.0919 1.000 - ,528 1,891 1.101E-06  1,16LE+03

1,500 1.2610 1,3226 T3.12 ,3389 1,186 1.3067 1,500 419 1.66hk  1,965E-06  3,011E+03.

Table VI. Cadmium sulfate in. water at 25 C.

0. «9971L L8937 118.01 L3984 - - 7535  1.0000 0. - 626 945 0. S mme
001 - 9971 L3046 105,50 .38L0 .826 «8050. 001~ .852 1.201 T.36lE-10 1. 2923+oh x
<010  .9971 L9011 70.30 43%890. 847 6437 - 010  "1.08% 1.671. 2.560E-09  1.511E+04
.050  .9971 29272 LB.T75 3890 - W666- - W5297 © L050  1.012  1.653  T.T46E-09 . 1,082E+04
100 J9971 L9577  41.70 3970 «SU5 0 JBOBE L1000 (863 . 1,496  1,311E-08 8,022E+03
«200 L9971  1.0126° 3462 L3840 543 0 (51Th . .2000 0 831 . 1,587 . 2,061E-08  TU2TE+03 - -
300 L9972 1.,0894 - 31,45 3880 @ 621 5388 300 837  1.7h2  2,T12EL08 . T7.392E+03
«500 9972 . 1.2080° 1.611

8.439E+03 -

._9£_



' Table

VII. Galcium chloride in water at 25°C.

o

‘DMxlo5,.1+ dimy

+9972

31,38

4483

J700 -

. 703

1550

6.263E-08

c P M A ti T c .0(’3_2(105‘ q)__,_X105 I~ A G

O. +997L L8937 135.86 (4380 1,335  1.0000 O. 792 2,032 0. - ’ BT
+00L 1.0016 8940 128,20 .4%80 1.294 ,9631 001 « 793 2,057 = 9.736E-09 3,710E+03
010 1.0079 8966 115,60 JU4%63 1,219 .0008 010  ,787 2,112  3.,357TE-08 3. M430E+03
,050 1,0087 9082  102.46 4363 1,128 8376 4050 54 2,207 9.193E-08 - 2.T795E+03
o100  1.,2072 L9228 92,00 L4342 1,091 8250 | L1000 . LT15 2,27  1.,290E-07 2,785E+03
200 143166 951k 84,0  JA3he 1,076 BL86 - ,200 654 2344k 2,080E-07  2.L4O0E+0?
W300 T 1.3239 .9796  80.45 L4326 1,086 8960  .300 602 2,384 2,813E-07 2,116E+03

S W500 1.3531 1.0384 7549 U326 1,129  1.0205 500 +517 2407 - L,IB5E-07  1.T32E+03
W700  1,3582 1,0986 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  6,011E-07 T.721E+02 -

Table VIII, Cupric sulfate in water at 25°C.

0. 9971 8937 133,38 L4030 854 1,000 0. 715 1.060 O, - —

- ,001 © L9971 8048 108,30 L3472 (792 8599  .00L . 762 1,163 1.,03TE-09 . 8.236E+03
010 L9971 9007 72425 3237 688 6647 010 «Sh1 1.346°  3,100E-09 - 9.,902E+03
+050 9972 «9257 50,50 43055 584 - .5033  .050 +920 1,561  B4309E-09  9,3T71E+03
100 9972 L9571 43,60 L3040 549 L4582 100 933 1,660 1.,345E-08 8,560E+03
200 L9972  1,0198 38,20 L43Lh2 530 L4318 200 900 1.759  2.252E-08  7.L12E+03
«300 .9972  1,0848 - 33,82 L4326 ,520 A1 L300 850 1,805 2,901E-08 ' T7.043E+03
500 9972  1.2390° 29400 L4326 488 - M9l (500 65 0 1.755  L4,038E-08 6,203E+03
700 > 11,4065 L3070 ks 6.084E+03




+050

' n925l

995

" oL508

.8810

w571

- 2,125

Table IX. Hydrochloric acid in water: at -25§C.' » 4 ‘
c 0 u A D'Mxlo5 1+ ‘%ﬁ—;% e A7 gx10° o G
O 9971 8937 - k26,12 ,8208 3,336 1.0000 0.  9.308 - 2,032 Q. . -

001 1,0016 ~.8938 421,24k ,8210  3.279 9893 - L00L - 9,260 2,018 . 3,53L4E-0T7  2,266E+03
4010  1.0038 8943  L411.88 821k 3.177 9692 010 © 9,196  L1.99% " 9.6TLE-07 2.599EH03
050  1,0072 - .8968 398,97 ,8220 3,060 OU52 T ,050 © 9.190 | 1.960 - 1.946E-06 2.87TE+03
100 1.0073 <9000 391.20 8224  3.020 L9382 100 9.2k 1.941  2.595E-06 = 3.062E+03
.200  1,0118 = ,9060 381,49 ,82h0 3,022 948  ,200 94355  L1.913 . 3.U66E-06  3,266E+03
300 1.0122 L9117 372.5% L8240 3,061 (9630 3000  9.420 1,886 L,072E-06  3.381E+03
500  1,0158 - ,922k 360,86 L8250 3.173  1.0152 ,500 9477  1.832 5.149E-06  3,490E+03
JT700  1.0173 9342  349,0hk 8251 '3.298 1.0795 - JT00 T 9394  L.TTL  6.,092E-06 3 LUTEHO3
1.000 1.01k6 9498 334,70 L,8Mk5 3,488 1.1912 1.000 9,068  1.673  TUB85E-06  3,233E+03
1.500 1,0231 .9755 306,78 L8W6L 3,787 L.41l2 1,500  8.253 1,50k 1,127E-05 2,680E+03
2,000 1,0316 1.,0009 281,93 L8443 L,067 1.6669 2,000  T.312 1,347 1,478E-05 2.090E+03
2.500  1.0399 1.0263 259.41 ,L8L01 ~ L,339. 1.,9437 2.500 6,413 1,218 1.TH5E-05 = 1.619E+03
3,000 1.0482 11,0519 238.80 48339 L,614k 2,2095 3.000 5.668 L.130 1.883E-05 1.372E+H03
3,500 1,0563 1.0779 219.85 8263 4,901 = 2,41k0 3,500 5,166 1,091 1.861E-05 1.478E+03
L,000 1.,06LL 1,104k 202,36 L8175 5.209 -~ 2.5060 L.000 - L4973 -1.109 1.651E-05 2.090E+03

Table X. Ianthanum chloride in water at 25°C. .
Oa 9971 8937 - 1h6,07 JLHT69 1.20%  1.,0000- Oy . LBI8 < 2,033 0. S m--
LO00L 9971 L8951 131.16- L4705 - 1.175 L8976 JOOL - o617 2,090 5.,527E-09 2,243E+03.
+OL0 9971 L0016 111.25 L4681  1.068 - .7991  L0lOo - W6L17 2,185 . 2,006E-08 1.985E+03
«9971 1.118 <050 6.630E-08

1.TOCE+03 -

..'8 ¢~



" Table XI. Lithium chloride in water at 25°C.

R 0 u A £, DMxlO5v'l+ %%E% e 5%5105 4;x105 V. G
O «99TL  «8937 115.62 43337 1,368  1,0000 O, - 1,027  2.050 O - _—
001 #9980 8938 112.37 3357 14356 0 49898 001 - 1.025 2,065 1,693E-08  1.296E+OL
+010 «999L 8952  107.28 3345 1.332 9718  ,010 1.019 2.093 6,255E-08 1,117E+Ok4
»050 29996 L9011 100,13 3339 1,298  ,9516 050 13002 2,127 - 1.608E-07 9.783E+03
+100  1,0015 L9086 95.8% 3380  1.280 LOU6L L1000 L9884 2,141  2.467E-07  9.011E+03
200 1,0021  .9235 90.20 43289 1,264 9515  ,200 6953 2,141 3,766E-07 8.280E+03
+300 1.0072 9384 85631 43289  1.259 9655 = ,300 2928 2,121  L.81LTE-07  7.803E+03
«500  1,0087  .9682 81.40 3288  1.262 1,0047 500 877  2.08L 6,919E-07  6,84L9E+03
.700 1,0150  ,.9980 7750 3289 1.273 1.,0521  ,700 832 2,024 8,714E-07  6.239E+03 -
1.000 1,0210 140329 73403 #2855 1,295  1.1320 1.000 - o772 1.933 L1,120E-06 5.528E+03
1,500 1,0%25 11,1038 66476 #2777 1336 11,2817 1.500 683 1,778 1.U486E-06 - L.658E+03 -
2.000 1.0436 11,1802 61,51 L2707  L1.375 L1.4L73 2,000 606 1,632 1.79BE-06  4,068E+03
2,500 1,0546 11,2621 56483 o263L 1,409 © 1.,6272 2,500 «537 L1501 24050E-06 = 3,681E+03
3,000 . 1.0655 1.3511 52,54  .2554  1.437  1.8204 3,000 LT75 1,386 2,251E-06 5,279E+02

..6g...
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Tavle XTI, Lithiwa chloride in water at 357 C,

¢ WA ppar’ W EHY o epa0’ g0’ & 6
0 s99k1 JTI9 140,18 3k23 1,736 1.0000 O. . 1,320 2,536 0. -

010 1.0507 L7195 82,10 .2570 1,721  .98835 001 ~ 1,319 2,536 1.,3038-09 = --

010  1.0800. J7205. 82,10 “.2290  1.69L L9581 ,00L 1.316 2,533  1.303E-03 -

L050  1,1058 J2h 0 82,10 .1980 1.64k9 JOhT2 L0500 1,305 2,52k 6,513E-03 - -~

100 L.131h4 750 82,10 1680  1.626 O30 100 1,287 2,512 1.303E-07 . . --

«200 1,152 J7H13 82,10 L,1k00 1,605 L9522 . L,200 1.253 2,488 2,605E-07 -
2300 1.1712 J7525 82,10 41320 1,598 0 L,9702 L300 1,220 2,46Lk  3,908E-07 @ -~

2500 1.1857 LITHE T 82,10 L1310 1,600 1.017%  .500 1,154 2,417  6.5135-07 ..--

700 1.1939 L7962 82,10 L1300 1.611 = 1.0721  ,7CO 1.087 2,369 . 9.1188-07 = --
1.000  1,0177 8958  8l.7h 2910  1.634 ' 1,1551 1,000 - ,963 2,355 1,%3528-05  5,073E+03
1.500 1.0291 8106 77.29 2809 1,673 1.3128 C8h1 2,154 1.894E-05  L4,890m+07 .
2,000 1.0403 8531 72 kh 27056 1,720 1L C WTBO 1,992 2.25T7E-06 L, L21mt03
2,500 1.0%13 QU380 67,50 .2599 7 1.756  1.6535 2,50 555 L.860.  2.483m-00  3.9753403
32,000 1.0522 1,0531 62,64 2k39 1,78k 1.8315 S8LT 1,751 2.600E-05 L, 0005+3
3,502 1.07%50  1.,1818 T.91 2377 1.80h 2. SL7T 1.659 534R08  4,0265403
L,000  L.0538  1.3070 0 53%.35 220k 1,815 2 LH6L  1.579
LoD 1. 14309 ho.00 L2153 1.818 2 L3120 1,506
5,000 1, 1.5539 k.85 .20k 1,812 2. 367, L.h36

S 6,000 L > 18093 372k L1835 1.775 3 .290  1.29L
To000 SI2 2,1165 0 30,50 L16L8 0 1,706 03 222 1,119
§.070 AT 2053557 2h.65 L,1bkor 1,60k L +159 «902

C10.000 LPODT 0 %.9832 0 L15.k7 L1290 1.310 18 L0297 L2589

-or




Table XIII. Lithium chloride in water at 50°C.

c b u A £, Dpﬁlo5 1+ gﬁg% ¢ %&xlo5 nglo5 o G
0. .9881 L5467  179.84 3W77T 2,353 1.0000 O, -~ 1.80k 3,384 0. L ee

001 1.2040 5468 @ 123,20 L2510 2,333 9835  .001 1.803 3.38% 2.458E-09 -
,010 1.2230 L5476 123,20 2480 2,296 .9555 L010  1.799 3.379 - 2.458E-08 --

050  1.24100  .5513 123,20 2460 2.24k2 ,9275  L.050 1.T782  3.359  1.229E-07 -

L1000  1.2450  .5558 123,20 .2L50 2,213 29223 100  1.760 3.335 2.458E-07 -

+200 1l.2560 5649 . 123,20 2450 2,187 L9346 200 1.715 3,287 L4, 917E-07 =~  -=

300  1.2610 L5740 123.20 .1320 2.178 «9583 300 1,671 3.238 7.375E-07 -

500 1.2690 L5923 123,20 L1310 2.179 1.0201  .500 1,583 3,14l  1.229E-06  T7.0l2E+03

.700  L.2770 L6105 115.87 L1300 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 L4,752E+03
1,500 1.0246 6518 100,31 .3010 2,267 1.4152 1,500  1.085 2.520 3.236E-06 3.61L4E+03
2,000 1.0362  .69k0 92,16 ,288%3 2,311 1.6407 2,000 .920  2.271 L.1U3E-06 2.883E+03
2,500 1.0477  .7524 84,95 .,2781 2.345 1,8676 '2.500 J794 2,060 L4,896E-06 2.152E+03
3,000 11,0590 8200 L2699 2,367 2,0830 3.000 - L697 1.886 S.U4TE-06  1.421E+03

T8.37

—‘[.'.(-. ’



"Table'XIV.‘

thhlum nltrate in water at 25 Ce

6/-.

Oe

T+000

2,3986-

-+33520

1,078 °

1,9740.

;.472E;o6

c o m o Df<105 W o gao® gaod &
.9971 L8937 110,16 3512 . 1,336 . 1.0000 0. 1,030 -1.902 0, -

+001  1,0010 B9kl 102.79 L3210 1,320 .9869 - .001 1,028 1,908  6,064E-09 -

.010  1.0022 28982 102,75 - .3320 1,292  <,9637 . .00 1,018 1.961 .6.051E-08 1.10SE+Ok4

L050 | 1,0026 .. 8991 92,95 - ,3580 1.256 w9382 L,050 . 1.002 1,999 1.331E-07 1.OL3E+O4

.100  1.0029 «9053% © 91,56 L3760 - 1,241 - 9309  .100 983 2.046 2,229E-0T7. 9.660E+03

.200 1,003k 912 82,59 LLk100 - 1,233 9353 2200 961 2,0Lh  3,166E-07 9.218E+03

L300  1.0040 W9233 - T9.60 - J1320 . 1,235 - ,9L8T  .300 2939 2,043 L, 103E-07 8.7T6E+03 "

,500  1.0050 9433 T77.20 L1310  1.249 9850  .500 ".896  2.041 T 5.976E-07  7.892E+03

.700  1.,0057 L9647 73,58 L1300 1,267  1.,0260 4700 860 2,005 TJU96E-07  T31LEH03
1.000 1.0388 9940 69.86  .295L4 - 1,201  1.,0911 1.000 810 1,928 9.742E-07  6.616E+03
1,500 1.0586 . 1,055k 63,78 -.2925. 1,322 1,1988 1.500 V738 - 1.783  1.,2L8E-06  5,991E+03
2,000 1,0779 1.1223 58,22 ,2921 = 1.338 1,3036 2,000 HT3 14633 1.455E-06  5,423E+03
2,500 1.0970 1.19%9 53,13 ,2932 1,341 1.4k0k5 2,500 D16 1L.487  1.609E-06 5.053E+03
3,000  1.1159 Ll.27k5 48,48 ,2954 1,334 © 1.5011 3.000 T o563 1,347 1.TI9E-06  4.665E+03
3.500 1.1346  1.3628 44,21 ,2983 . 1,317 - 1.5929 34500 = o516 1.217 . 1.789E-06 - 4 L466E+03
4,000 1.1531 1.4618 40,29 L3018 1,293  1.6790 4.000 A7h 1,097 1.825E-06 ¢ L.,335E+03
L,500 - 1.1715  1.5735 36,69 3058 - 1.263 - 1.7583 L.500 L3600 988  1.830E-06 - 4,234E+03
5,000 1.1898  1.7001 3%.38 .3103 1.230. 11,8290 5,000 ooz . ,891  1.807E-06  L.166E+03
6.000 1.2263 2,0065 27,55 3204 1,155 1.9348 6,000 ST T3h 1.684E-06 3.729E+03

1.2625 22,65 ' 7.000 309 W627

2,065E+03




'Téblé_XV. Phosphorié acid in water af'25°C.'-

5

19.5212"

11.81

1.0142

341599

L.9h8

- 5.65TE-07

c . u A 8, Dx107 1+ HX o oma0’ guo’ sl
O 9971 «8903 383,86 .8950 1.920 1.,0000 O, 9.143 1,073 - 0. e
SO0L  o9997  .8923 336.38 .9005 = 1.809  .9641 001  8.703 . 1.051  1.9T4E-08 - 3.509E+Ok4
L0l0  1.0012 9106 223,00 - 8880 1,589  .8888 ,010  T.916 1,007  3.203E-08 6,260E+OL
L050  1.0025 = ,9026 133,05 .90LO. 1.261 7639 . 050 6,907  «935  5.830E-08 6.TT2E+O4
100  1.0026 9142 104,05 .9063 1,068 @ .6823 100 6.389 ,888 8,0T1E-08  6.433E+04
«200 1,0058 9524 83,01 .9090 861 5879 4200 5,801 .829 1.188E-07 5.T3TE+Ok4
#2300  1.0075 9610 T73.60 .8770 LJTU8 05340 - G300.  5.643  LTH0 L525E-0T7 | 5.261E+04
500  1.0101  1.0127. 64,71 ,8700 H37 L8255 500 BJALT ,T39 0 2.158E-07  4.5T9E+OL
«700 1,0103 1.0623 60.82 8970 L59T7 WOl 00 5.348 4699 2.791E-07 = L4.,212E+0L
1.000 1,0487 9983  60.15 .8906 593 L4881 1,000 5,406 660 4,026E-07  3.T32E+0k
S 1,500  L.0TH2 L2617 59.71L 29000 - 66 5589 1.500 5.615 609  B5.E6LTE-0T  3,389E+0L
22,000 1,0995 - 15901 58,351 L9078  LTL7- L6461 2,000 5.749 56T Te158E-0T7 3 .108E+0k4
2.500 .1.,1246 1.9306 56,36 .91kl L7831 WTBLL 245000 BJTTT 529 8.552E-07 2.924E+0k4
3,000 1,1495 2,2597 54,07 9191  .83T7  JBLT7h 3,000 - 5.707 J493 9.820E-07  2.850E+0L
3,500 1l.17h3 - 2.5703 51,58 ,9231 B75 - 8945 3,500 0 5.553 0 JA458  1.096E-06 - 2,TO2E+Ok4
4,000 © 1,1989 2.8652 48,95 ,926k 897  .9654 L,000 - 5.335 - J423  1.,195E-06  2.6LTE+04
L.500  1.223%3 33,1535 46,25 ,9291 - ,905 1.0307 L4500  5.07L  ,389  1.280E-06.  2,553E+0k
5,000 1,2476 3,4488 43,52 9316 «900 140916 5.000°  k,778 356 1.350E-06 2.511E+0k
6,000 1.2956 L.127h 38,07 49364 - 855 1,2048 6,000 . L4172 ,290 = Ll.443E-06  2,431E+04
© T000  1.,3430  5.0528 . 32.79 .9420 JTT5  Lo3167 T.000 = 3,633 227 L1JAT1E-06  2,L10E+0L
8.000 1.3897 6.3942 27,78 .9495 LOTh: 14437 8,000  3.259 169 | L.U432E-06 . 2,L80E+OL
10.000 1,4812 11.0406 = 18.89 .9735 .hgo' 1.879% 10,000 . 3,334 .0T2 L.1M4E-06 - 3,382E+04
1.2'000 .2 O .OlO

b 7h3E4OL

o



Table XVI. _. Pdtassiumbr_r_vmide;in‘ vater at 25°Cs

1.500

16437

62,59

1,003 -

995

986

919

© 1.920E-06 .

I 0 u A ¥, ppac® 1+ HER o g0’ 4w’ - g
0. 9971 8937 151,80 L4847 2,018 1.,0000 0. - 1.958 2,082 0. S
001 9972 L8938 148,78 L4933 1,995 - .9868 LO00L 1,967 2,079  3.L00E-08.  8.L450E+03
.010 9975 8937 143,15 Lh933 . 1.952 9618 L010 1,982 2,077 1.119E-07 ~ 8.1L46E+03
.050 9979 8926  135.4h hoe3 1,898  ,9281 050 2,005 2,081 2,T43E-0T T.LB8E+03
«100 L9988 - ,8908 © 131.19 L4850 1.875  9lll.-  ,100 2,012 2,089 U4,163E-0T7  7.022E+03
200 1.0013 L8873 126,50 LU83L T 1,863 8973 ¢ 200 - .2.019 2,104 - 6,458E-0T7 < 6.456E+03
2300  1.0055 8840 122,50 L4913 1.867 L8934 300 . 2,019 2,114 ' 8.07TE-07 6.352E+03
500 1,006k L87TL  120.35 U873 1.891 ,8961 . ,500 2,017 2,128 1,200E-06 5.582E+03
L700  1.,01k0 8706 117.76 4863 1.923 L9047 - ,7T00 2,010 2,128 1,516E-06 - 5.27TE+03
1.000 1.0806 8647 115,k W8h7 1,974 .9233 1,000 1,999 2.125 1,967E-06 = L4,876E+03
1,500  1.1217 L8578 112,31 .h85h 2,056 9561  1.500 1.976 2,095 2.,655E-06. L4.5E6E+03
2.000 1.,1624 ,8556 109,45 U865 - 2,132  ,9904 2,000 1,944k = 2,052 3,258E-06 L4, 216E+03
2.500 1.2030 8581 106.56 L4864 2,205 1.,0260 2.500 1.903 2,009 3,T72E-06 3.886E+03
3,000 1.243%3 8658  103.52 4839 2,278 1.0635 3,000 1.849 . 1.972 L4,193E-06  3.556E+03
Teble XVII. Potassium chloride in water at 0°C.
0. 29999  L.7870 8L.70 Lk982 - ,996 11,0000 0. - . .992° 1.000 O.. _—
L00L  1.,0083 1.7869 80,30 .hg62 . ,985 986k - . L00L ©° -.993 . 1,004 . 1,818E-08 6.822E+03 =
© W00 1.0134  1.7855 7740 - JLoL3 «965: - L9611 . ,010 . 994 1,013  5,690E-08 . 6.,930E+03
050 140005 . 1.T796 73,90 L4953 939, .9275 . 050 | .995 1,026  1,480E-07 - 6.,008E+03 " | -
J100 - 1,0227  1.7723  TLo50° 4957 = .927 - J9L11 4100 = 995 1,033 ~ 2.196E-07  5,758E+03
«200 ° L1,0307 - 1.7576 69.10 L4890. ~.919° .8985 «200 - 4993 1,039 - 3.43TE-OT = 5.23LE+03 .-

. L300 1.,0092°  1.7h29  67.71 L4957 1,919 8957 W300° L991 1,039 4.599E-07 = L4,866E+03
©W500  1.03260  1.713h 0 66,60 L4880 0 928 0 .9022  L500 . ,985 1.038 6.924E-0T7 - 4,129E+03 .
+700  1.0180  1.6840 65,81 4880 © L9HL. L9150 . LT00 . 975 1.028  9,269E-07 = 3.392E+03
1,000  1.0426  1.6654 65,23 4863  ,963 . J9hLT 1,000 - ,960 . 1,01k . 1,278E-06 - 2,286E+03

1.0672 Lh862 1,500

hibzzE+oz

-

el



Table XVIII. Potassium chloride in water at 18°C.

e o M A .€; DMxlO5:”l+ %%g%_y c '45¥1o5‘ tg;ioi & G"
O. 9986  1.0530 129,87 L4919 1.687 1.0000 O, 1.660. 1.715 O. -
001 29987  1,0514 127.26 L4870 1,667 #9858  JOOL = L1661, 1,722 2.6T9E-08  8.6LLE+03
.010 L9986 1.051L4 102,60 L4870 1.631 +9599  ,L010 1,661 1.722 L4 U83E-08 8,58TE+03
050 «9987  1.0513 100,41l U870 1,584 - ,9270 050 - 1,657 1720 Ll.250E-07 . 8.33L4E+03
G100 1.003L  _1.0511 100.13 L4860 1.562 L.912k  ,100 14652 © 1.TL7T 2.253E-07 8.017E+03
+200  1,0034 ~ 1,0487 100,00 . .L4B60  1.547 #9037 200 1.643 1,712 L4,258E-07  7.384E+03
300 1.0043  1.0L61- 99,95 JAB60  L.546°  L90LT 300  1.633  L.T07  6.263E-07  6.751E+03
500  1,0051  1.0k22 99,92 L4860 1.556 Q171 500 1.614 1,696 1.02TE-06 5.484E+03
«700  1.,0081 1.0382 99,84 U850 1.573 = 49350 - LT00 1.595 1,685 LJU2TE-06  L4.253E+03
1.000 1.04k6  1,0371 98.15 .4863 1.601 <9665 1.000 1.555 1.642 1.940E-06 3,618E+03
1.500 1.068%3 1.0355 94,91 .4859 1.649 1.021k 1,500 1.486  1.572 2.800E-06 3.052E+03
2.000 1.0910 1.0370 92.40 4853 . 1.697 1.0782 2,000 1.420 1,506 3.6L5E-06 . 2.629E+03
2,500 1.1123 1.0k22 90.k8 LBL8  1.7h7  1.137h 2,500 1.358  L.hkblh L LUOE-06  2,361E+03
3,000 1.1317 1.052% 88.63 4847 1.802 1.1999 3,000 1.302 1.385 5.195E-06 2.081E+03
3,500 1.1492  1.0690 86.29 L4852  1.866 1.2668 3,500 & 1.25% - 1.329 5.868E-06 2.112E+03
4,000 1.1645 -1,0937 L4867 1.941 1.3387 L.0000 1.212 1.276 6.454E-06 @ 2.171E+03

‘82.95

——

. _._.g.r{—



" Table XIX. Potasswm chlorlde in wa.ter at 25 C. . _ ‘ o

e o " A t?l- DM><105 jl_+—£1 c -,%’_‘5105 %’_xlO; ,O:__ -G
Os «99TL 8937  1h9.83° .u905~ 1.995 1.0000 0. - 1.956 2.052 0. ==

.001 <9971 © .8938 1L6.,95 .L9o2 | 1.970 .9859 - . J00L = 1.960 2.037: 3.323E-08 = 8.542E+03

010 - 9971 L8941 . 1kl.32 hoo2  1.926  .959L (010 1.968 2,047  1.071E-07  8.LI9E+03

+050 9971 89kl  133.33 Jhool  1.870°  .9237 L050 - 1.981 2,062 2.591E-07. T.848E+03

100 .9972° L8940 128.90 .J4o00  1.84k  ,9058  ,1000  1.988 2.071L 3.930E-07 . T.356E+03

+200 9972 8933 124,50 4900  1.827 - .8907 200 1.99% 2,080 6.220E-07- 6.615E+03

300 - 9973 .8929 120.89 .h897 1.825 .88%6 300 1.994 2,082 T.989E-07 6.313E+03

500 .9973  .8919 117.90 L4896 1.839 - .8865 . 500 1.992 2,082 1.160E-06 5.660E+03

s700  +.9975  .8917 115.11 L4898 - 1.861  .8931 700 1.984 2,076 1.460E-06  5.33LE+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 . .8ok6 108,35 .488L  1.955 .9354  1.500 1.931 2.023 2,520E-06  L,588E+03
2,000 1.0867 © .8996 105.60 .h882 2.005 .9645 2,000 1.886 1.978 3.105E-06  L,220E+03
2,500 1.,1082 .,9080 102,98 k881 2.055 .9960 2.500 1.836  1.926 3.625E-06  3.90T7E+03
3,000  1.1294  ,9211 100,17 .4879 2,104 1.0314 3,000 1.780 . 1.868 L4.,0T9E-06 3.T754E+03
3,500 1,150k  ,9h03  97.01 L4877 2.157 -1.0725 . 3.500 1.719. 1.806 L4, ,L463E-06 3,690E+03
4,000 4876 2,215 1 1210 4,000

1.655

1.739

3+ 596E+03

- 1.1712

L9671

93439

h.778E-96 .

- 91.(_



Table XX. . Potassium chloride in water at z5°¢,

480k 1.3700

1.748

o " A £, Dx10” 1+ HEXL o a0’ gx0° e

0. <9941 L7194 180.27 L4889 2,478  1.0000 O. 2.2 2,534 0, ’ --
L0001  .99k2 L7195 176,89 4880 2.45h4 9855  .001 2.436 2,548 3.T79E-08  9.869E+03
010  ,9943 L7199  169.92 L4886 @ 2,hkog .9593 . .010 2,454 2,570 1.213E-07 9.80LE+03
050 9945 L7206 140,50 4885 2.349 ,9269  .050 2.446 2,564  2,274E-07 - 9.5T71E+03
S L1000 ,9950 1 .T7213  136.70 48700 2,318 130  L100 . 2435 2,556  3.58TE-07 = 9.271E+03
200  .9959 J7226 134,79 U885 2,293 L0054 200 2.41k 2,539 6.213E-07 8.672E+03
300 9964 L7233 134,16 L4860 2.286 9074 L300 2.39% 2,522 8,838E-07 8.072E+03
500 .9987 L7258  133.65 L4888 2,292 9216 500 2.350 2,488 1.409E-06 6.873E+03
.T00  1.0003 L7297  133.43 4850 2,310 ..9410 ,700 2.308 2,454 1,934E-06  5.6T4E+03
1.000 1.0394% ,7307 132.28 4832 2,343 OThEL 1,000 0 2,243 2,398 - 2,662E-06  L4,313E+03
1.500 1.061k LB3TE 126,29 L4830 2,402 1.,0310 1,500 2.132 2,282 3,695E-06 3,625E+03
2.000. 1,08%0 JTRE5  121.7h L4831 2,460  1.0881 2,000 < 2.030 2.173 L.6L4E-06 = 3,196E+03
2,500 1.1043 L7586 117.79 WU4830  2.516 1.1473  2.500 1.932 2.067 5.,510E-06 2,929E+03
. 3,000 1.,125% L7 113,64 4826 2,571 1.2112 3.000 1.832 1,963 6,290E-06 - 2,T778E+03

© 3,500 1.1bk61 <7929 108,61 L4818 2.625 1.2839 3,500 °  1.727 1.857 6.981E-06 © 2,348E+03-

4,000 1.1667 815k 102.11 2.680 4,000 1.613 T+580E-06  1.850E+03

...L1.l- "



Table XXI.

1,1599

4,000

2.264

Potass1um chlorlde in water at 50 C. . ‘ _
c o WAt DMxlO5 ot ——31., ¢ tﬁxlo5 £7x105 - A G
" 0. 9881 5467 228,26 L4860 .3.289 1.0000 0, = 3,200 _3.38ua Oe. —
L001  1.0006 5467  199.6% L4850 - 3,259 29857 001 - 3,201 3.386  T.285E-09 ~ --
010 1,003k 5469 199.6L - (4850 3,201 - ,9598. 010  3.212 ° 3,399 - T.285E-08  1.063E+0kL.
.050  1.,01k0  B4y7  197.00 - L48LO - 3.119 9277 . 050 - 3.260 3,458 T 3.332E-07  L.15BE+OL
100 1,0185 .5487 194.59 .4BLO  3.075 9138 L1000 3.255 3,457 . 6.144E-OT  8.85TE+03
200  1,0206 5507 186.51 .48&0 3,034 9063 200 T 3.224h  3U431 9.930E-07  T.TOTEHO3
J300  1,0320. 5528 18L.13. 4830 3.019 2008k 300 3.187  3.396  1.328E-06  7.003E+03
.500  1.0440 (5568 @ 17h.1hk 4830 3,018 ,9231 5000 3.110 - 3,320 1.960E-06 ~ 6.019E+03
700 1.0580 L5626 169,18 4830  3.034k 9435 700 - 3.037  3.246 - 2,55LE-06 5.373E+03.
1.000 1.0329 5679 161.57 L4831 3,072 . .9758 1,000  2.935. ‘3.141 3.278E-06  L4,TO2E+03
1.500 1,0542 5802 155.66 4829 @ 3.145 1 0326 1,500  2.785 2.983 L. 580E-06 = L4.120E+03
© 2,000  1.,0754 .5936 1hkg.,92 L4828 3.216 1,0886 2,000 2,650  2.839  5.753E-06 - 3,60TE+03
2,500 1.,0964 L6081 143,88 L4826 3,281 1.1M47 2,500  2.520 . 2,702 :6.78lE<06 - 3,312E+03
3,000 1.1175 L6238 - 137.69 4823  3.336 - 1,2036 3.000  2.388 2,563 T.651E-06  3.065E+03
3,500 1.1386 L6410  131.65 L4818 ..3.383 1.2691 3.500 = 2.249 2,419 8.354E-06 2.831E+03
4,000 6603 126,11 4810 - 3.421 . 1.3L46L 2.096 ~ 8.880E-06  3.,395E+03

é8ﬁ¥



,Pdtassium icdide in water at 259C.

L6372

+300 -

_2.398E-07

Table XXII.

e o " A £, Dx10” I o a0 gx10° 4 G

0. 9971 .8903 150.46 - ,4889 2.001. 1.0000 O ‘1,958 2.046 O, ' -
»00L 1.1204 ,8902  136.85 .4883 1.975 = .9878  .001 1.958 2,047 6.863E-09 -
010 1.2279 L8896  136.85 L4882  1.929 9646 ,010 1.959 2.049  6.863E-08 5.912E+03
050  1.3257 8867 ~ 134.97 - .14883  1.880 .9339  ,050 - 1.964 2.058 2,995E-07 6.758E+03
L1000 1.3976 8832 131.11 4887 - 1.866 . .9196  ,100 1.978 2:072 . L H6TE-07 6.46LE+O3
200 1l,50k0 8776 126.89 ,4900 1.872 9105 = .200 2,001 2.093 . 6.75TE-07  6.134E+03
300  1.5458  .8721 124,51 .hk900  1.892 .9110 300 2,018 . 2.108 8.761E-07 . 5.865E+03
J500 1.6395  ,8609 121,58 LH900  1.943 9228 500 2.039 2,126 1.238E-06 5.U5TE+03

S L,700  1,7013 L8497  119.68 L4900  1.995 9L03 700 2,047 2,131 L1.5TTE-06  5.13LE+03

1,000 1.1183 .8328 117.51 .h4903 2,067 L9560 1,000. 2.043 2.124 2,071E-06  L4,TL2E+03.

1.500 1.,1766 .8175 114,89 .hook 2.170 «9993 1.500 2.013 2,092 2.,860E-06  4,273E+03

2,000 1.2343 .8088 112.37 k902 2,259  1,0407 2,000 1.971 2.050 3,546E-06  3.979E+03

2.500. 1.2017 8066 109.61 4899 2.345 = 1,0778 2,500 1,934 2,013  L4.096E-06 = 3,871E+03

3,000 1,3490 .8111 106.k49 L4897 2,435 1.,1088 3.000 - 1.909 1,989 L4, 486E-06  3.94TE+03

3,500 L.ho6hk - 8225 102.99 L4898 2,536  1.1315 3.500 - 1.905 1.985 L.696E-06  L4.024E+03

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

0. +99TL .8937 153,53 L4788 1,529  1.0000 0. 0 1.956 1.065 O, _—
001  .997L W80L3  14k,50 L4818  1.456 9254 001 2,019 1.092 8.192E-09 5.315E+03
010 . .9972 8967 127,50 L4829  1.342 8258  ,010 2.099 - 1,118 2,820E-08  5.026E+03
«050  .9971 .9051° '109.25 L4848 1,231 L7525 050 2.130 1,111 7.866E-08  L,OL1E+03
W100 9972 W9150  101.15 L4870 1.186 . .7261 L,100 - 2,126 1,103 L1.2T2E-0T7 3.521E403
200 -.9972 9342 93,09 4890 ' 1.126 6801 200 2.142 1,112 2.035E-07  3.150E+03

.,300 L9974 .95h41 8k, 40 L4910 1.070" 2,170 1,122

2,978E+03

e



Table

XXIV. Silver nitrate in water at 25 C.

¢ 9 w A t, D100 1+ o g0’ G
Oo L9971 8937 133.33 Jhbhe 1,765 1.0000 O, 1.647 1,901 0. - -

L00L ,9978 . ..8939 130.47 .L6L8 " 1.7h9 0869 L00L 1,654 1,908 2,505E-0 1.010E+0L

010 29985  ,.89h7  12k,72 - LA6M8 1,713, 9588  L010° - 1.669 1.921  T.943E-08  1.015E+Ok4

+050 +9992 8970 115.20 L4652  1.6L47  .9092 050 " L.696- - 1,936, 1,T63E-07  L1.036E+Ok4

»100 »9999 - .8995 109.10 k652  1.595  .8725 .100 1.715 = 1.9%3  2,511E-07 1.03TE+Ok4
200 1,00kl - 906 " 9L.T3  JA66L 1,521 L8210 200 - 1,734 1,939 3.103E-07 - 1.O4TE+OL

»300 - 1,0112 .9102 85,94 . L66h 1,463 L7817 L300 - L,754  1.936  3.694E-07  1.056E+O4 -

+500  1.0111 «9213 81,31 LL687 1,371 L7197 500 .1.793  1.930 - L4.878E-07 - 1.,07SE+O4 -
LeT00  1.0112 L9346 79.32 U676 . 1.297 L6697 .T00 1831 1,924  6,061E-07  L1.O9LE+HOL
1.000  1.,1373 L9513 77.94 L4968 1,205 L6108 1,000 1.890 1.914 = 7.832E-07  1.122E+OL
1,500  1.2060 .9979  70.04 ,5101  1.08k - (5317  1.500 1.969 1.891 9.258E-07  1.206E+Ok4
2.000 1.,27h2  1.0506 64,08 5232 2989 - JuTohk 2,000 2,048 1.866 1.030E-06 .1.289E+04
2.500 1,3420 1.1079 59.26 .53%64 9l2  Jkelh 2,500 2,126 0 1,838  1.,108E-06 - 1,3T3E+OL
3,000  1,4096 - 1.1697  55.21 5499 Bho o 03818 3,000 2.205 1,804 - 1.170E-06  1.45TE+O4
3,500 1.4770  1.236L 5640 1,765

- 5169

796 L2

- 3.500

-‘2;284

1.221E-06

© 1.5h0E+0k

?oé-_



L.1772

Table XXV. Sodium chloride in water at 0°C. _
¢ o u A ¢, ppa0” 1+ HE . tgglo5 xao” A ¢
0. .9999  1,7940 67.5%3  ..3926 . .785  1.0000 O. W66 1,000 0, -— »
L001L  1.0001L l.7943 67.20 3702 .T75 «9861 " 001 JOhk 1,009 3.373E-08  3.0L4E+03
J010  1.0003  1,795% 61.70  .3690  .757 L9609 . .010.  .639 1,026 2,810E-08 1,16hEt04
.050  1.0008 L7978 58.20 3675 JT3L .9298  ,050. .628 1.046  8.323E-08  8.836E+03
J10C  1.,002L 1.8009 56430 - <3660  LTLT «9170  L100 619 1,052  1.362E-07  7.630E+03
200 . 1.00bLk - 1,8064 54,00 L3660  .T705 911k 200 605 1.050  2.2L9E-07  6.L4T9EHO3
300 1.0049  1.8126 53,54 3650 .700 L0157 L300 - . .593 1.041 3.L4I0E-07 5.I12TE+03 -
©,500 1,0088  1.8280 50.80 @ .36L41L  .698 L9354 500 573 1.017 L4.707E-07 L4.723E+03"
JT700  1.0095 1,8h92 50.13  .3625  L701 .s961L 700 .555 +990 7.029E-0T7 - 3.5T79E+03
1,000 1.04%32  1.8713 L47.66 .357h 708 1.0068 1,000 528 949 7.924E-07  3.530E+03
1,500 1.0636 1.9462 Lz.66 3556 721 1.0907 1.500 - U486 - - 881 9.,89TE-07 3.209E+03
2.000° 1.083k 2.,0486 39.85 3536 .T35 1.1866 2,000 b6 LBk 1.23TE-06  3.036E+H0%
2,500 1.1028 2.1755 36,54 .3516 748 1.2999 2,500 o105 .Th7  1.595E-06  2.863E+03%"
3,000 1.1218  2.3233 34,02 L3496 760 14407 3,000 36k - 676 2.108E-06  2.691E+03
T 3,500 1.1k05  2.k881 32,53  W3480 L7730 1.62W6 3,500 321 L602  2,80TE-06  2.518E+03
4,000 1.1590 2.6659 32.27 3470 -.788 . 1.8791 L.000 278 T L5223, 71TE-06 - 2.345E+03
4,500 2.8529 33.kL  3L69  .803 2.2563 4,500 233 JA36 L4 ,857E-06

2.172E+03




~ Table XVI. Sodium chloride in water at 18°C.

Lg,12

c o) U A ot + DrﬁxlO') 1+ %j—;% ¢ I};_‘,xlo/ ,05 ,xloi Cf*_._‘ : G
0. L9986 1.0600 108,84 3934 1,350  1.0000 O. © 1,113 1.716 0. - -—
L001  1.0032 1.0601 106.k9 .3822 1,336 9874 ,00L 1.112 1,726 . 2,031E-08 - 9.564E+03
.010  1.0029  1.0610 101.95 -,3800 1,308 - 964k  ,010  1.109 1.7hh  6,698E-08  9.218E+03
©.050 1,0075  1.06L9  95.71 L3800 1.269 .- .936L . 050  1.097 1l.765 1.,69T7E-07 - 8.166E+03 -
»100  1.0071  1.0691 92,02 .3753 1.249  ,925% 100 1,084 1,770 2,61LE-07 = T7.4B83E+03
L200  1.0195 1.0630 89.20 L3750 - 1.229 . ,9220  ,200 1.060  1.763  L4,515E-07 6.0T0E+03
L300 1,0193  1.0825 84,07 L3723 - 1.222 29281 - 300 1.039  1l.T7hk  5,604E-07  5.993E+03
L500  1.0b01  1.1034  80.9h 3700 1.219 9517 . 4500 .+996 1,707  T7.983E-07 5.22LE+03
700 - 1.036L © l.le2k  77.69 (3680 1,222 L9820  .T00 .958  1.659 1.039E-06  L4.670E+O3
1.000  1.0396 ~ 1.1h59  7h.Jh1 53627 1.233  1.0339- 1.000  .902 1.586 1.377E-06 L 012E403
1,500 1,059L  1.2035 69,11 .3592  1L.25% 1.1322 1,500 818  1.459 1.816E-06  3.375E+03
2,000 1,0782 1l.2674 64,60 3567 1.271  1.2435 2,000 J739 1.333 . 2.309E-06  2,T728E+03
2,500  1.0969  1.3400 6C.Ug 3547 1.286  1.3710 2,500 H6h 1207 2,920E-06  2,297E+03
3,000 11154 1.42k9. 56,59 3529 1.298  1,5212 3,000 2592 1,084 3,693E-06  1,885E+03
3,500  1.1337 1.5262 52,81 L3513 1.309  1.70k4 3,500 521 $962° L,658E-06  1.4LOE+03
L,000 1.1517 1.6482 JSUo6 1,318 1.9373 4,000 L2 B 5,840E-06

" 9.,954E402

- - ag._



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

V 5
ogxlo

¢ ) s A ﬁ; DMxlo5 1+ %%E% c ;§x105 R G
0. «9971 8937 126.45 ,3962 1,610 1.0000 0. 1.333 2.032 . 0. --
+001 9971 8939 123,70 .3951 1.591 9869  ,001 1.3%32 2,041 2,485E-08 9.6LOE+03
.010 «9973 8950 118.51 .3947 1,556 .9626.  ,010 - 1,330 2,059 8.199E-08  9.285E+03
.050 .9972 .8985 111.06 . .3930 1.510  .931lk ,050  1.322 2,084 1.997E-07  8.57SE403 -
+100 «9975 .0025 106.74 .3918 . 1.487 9172 100 1.314 2,095 3.022E-07 8.026E+03
+200 9972 J910k 101,71 43918 1.468 .9086 . ,200 1.297 2.101 L. 66LE-O0T . Tu.343E+03
«300 9979  ©.9185 98.37 .3919 1.463 . ,9097 .300 1.281 2,097 6.058E-07 6.896E+03
+500 «99Th 9348 93,62 .3918  1.465 £9231 ,500 - 1.247 2,076 8.475E-07  6.283E+03
700 «9991 9522  90.04 .3919 1.k73 9428 700 1,212 2,045 1,060E-06 5.852E+03
1,000 1,0367 9788 85,74 3684 1,488  ,9786 1.000 1,161 1.990 1.345E-06 5,856E+03
1,500 1,0560 1.0287 79.82 .3634 1.510 1.0440 1,500 1,076 1.884 1.758E-06 - L,TTHE+O3
2,000 1,0750 1.0857 Tho71 3595 . 1.527 - 1.1147 2,000 w995  L1.T7T70  2.106E-06 = 4,352E+03
2,500 1,0936 1.1514 70.02 .3566 1.539 1.1911 2,500 W17  Lu654  2,395E-06  L.OL6E+03
3,000 11,1120 1.2270 65.59 3547 1.550 1.2741 3,000 LS5 1,538  2,631E-06  3.T50E+03
3,500 1,1302 1.3138° 61.33 3536 1.561 L3651 3,500 - 778 l.kehk  2,813E-06  3.535E403
4,000 1.1482 1.4127 .57.23 ,3535 L1.57h 1.h656 L4.000 CTLT 14313 2.945E-06  3.369E+03
4,500 1.1652 1,5246 53,27 L3544 1.501 © 1.5767 L4.500 H62 1,207 - 3,025E-06 3 ,248E+03
5,000 1,183 Lo b5 1.613 ~ 1.6989 5,000 .61k 1.106

1.6504

<3564

3.055E-06

 3.171E403

LEgee



Table XXVIII.

Sodium chloride in water at 35 C.

c 0 u A t°+ . 1>M><1o5 1+ ﬂ c 0‘;10 Q,‘.xlo5 o G
O. +99k1 JTH40 153,80 L4003 2,031 1,0000 O. C 1.693 2,537 . 0. -
2001  1,0285  JT439 150,38 .3893 2.011  .9892 001 1,691 2.548 3,109E-08  1.,020E+Ok .
,010 1,1367 JTU33 143,49 3880  1.973 .9699  ,010  1.684 2,568 - 9.943E-08 1.0Ll1E+Oh
050 1.1585 .THO3 107.21 3880 1.920 Q472 L050 1,671 2,560 - 1.586E-07 9.,920E+03
L1000  1,0566° 7366 102,67 L3853 1,891 +9388 - 100 14656 2.549 2,326E-07 9.689E+03
200 1.0566 <7332 100,40 ,3826 1.863 9380 4200 1,625 2,526  3,806E-07 9+225E+03
s300  L.0661  LJTHI9  99.65 L3832 - 1.852 Ohhg 300 - L.59% 2,50k 5.287E-O7 - 8.762E+03
<500  1,1010 «T59% 99,04 33830 1.848 9679 500 1,532 2,460 8.,24TE-07 = T.835E+03
700 1,1169 JTT67  98.78 3797 1.854 9960  L.TOO  1.470 2,416 1,121E-06  6,908E+03
1,000 1.080L «T930 98,78 3690 1.870 1,0408 1,000 1,376 24351 2.082E-06  5,518E+03
1,500 1.0935 L8ho7 92,86 3649 . 1.902 1,122 1,500 1.264 2,200 2.25TE-06  L4,615E+03
2,000 1,1002 «8952  8T.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 .359k  1.95%  1.3240 2,500 1.052 1.876 2.904E-06  3,389E+03
3,000 1,1096 1.0237 TT.T7 3572 1.970 = 1,4553 3,000 = 94k 1,698 3,829E-06 2,8LOE+03
3,500  1.1171  1.0866 72.90 L3551 1,981  1.6272 345007, o829 1,505 . 5.35TE-06 - 2.26TE+03
4,000 L1.1286 1,17kl 68,08 .3530 1,987  1.8693 L.000 - ,T708 - 1.296 - T.595E-06  1.5T2E+03
o500  1.,1455 1.2561 - 63,34 43509 . 1.988 - .2h26 k500 -

2576

 1;068

1.063E-05

8,609E+02

_vg_‘.



" Table XXIX. Sodium chlvride in water at 50°C. -

c 0 " A t, D107 1+ %%g% ¢ B0’ X100 8, G
O L9882  ,5LET 196,69 L4035 2.731  1.,0000 O 2.289 3.38% o0, -—

+001 9962 5530  1T2.35 L4010 2,711 +9877  .00L 2,289 3,386 6,265E-09 -

JOl0  1.0079 5530 172.35 43950 2.672 9655 010 2,292 3,407 6,265E-08 -
<050  L.0275 45530 172.35 43890 24613  .9390 ,050 2,302 3,501 - 3,133E-07  L.060E+Ok

.100 1,064%  ,5530 165.26 3890 2.578 «9289  ,100 2.281 3,512 L.,825E-07. 9,T726E+03

200  1.0928  ,5532 156,66 .3857 2.541 9272 L,200 . 2,230 3,495 T.596E-07 8.6LYE+03

300  1.1351 5620  151.27 .3825 2,522 9351  ,300 2,176 3,458 1.,015E-06 7.815E+0%

500 1.1568 5794 143,41 L3800 2,507 9622 500 2,073 3,362 1UB8IE-06 6.696E+03

700 LJATTL 5918 137452 3793 2.506 «9972  &T00 1.975 3.254 1.922E-06  5.899E+03
1,000 1.0277 6081 130435 3735 24516 11,0521 1,000 1.840 3,085 2,678E-06 5,010E+03
1.500 1.0466  JBh10  120.66 L3688 2,545 1,1625 1,500 1.641 2,810 3,566E-06  3,958E+03
2,000 1,0652 6789 112,42 3655 2,577 1.2848 2,000 1,468 2,551 4.426E-06 3.242E+03
2,500 140835 722k 10498 L3631 2,606 14176 24500 1.316 2,311  5,36LE-06 - 2,686E+03
3,000 1.,1016 771k 98.12 L3611 2.629 1,5614% 3,000 1.180 2,088 6.452E-06 2.239E+03
3,500 1,119% ,8251 91.78 3592 2.645 - 1,7176 3.500 1,057 1.88%3 T.T43E-06 1,863E+03
4,000 1.137L 48825 85,94 L3573 2,654 1,8885 L4.000 Ol 1,604k g9.279E-06 . 1.540E+03
4,500 1.1546  ,9h26 80.62 L3551 2,654 . 2,0785 4,500 «838  1.521 1,109E-05 Ll.24TE+03
5,000 1,1719 1.0042 . 75,87 3526 2,646 5.000 1,362  1.,322E-05 . 9,T791E+02

. 2,2936

738

-gg-



Sodium hydroxide in water at 25°C.

Table )QO(.
c o u A t, Do’ WHD o eha0’ gxao® o, G
Oe 9971 8937 2L8.,22° ,2017 2,127 1.0000 O,: 1.332 5.273  O. J——
«001L L9971 8940 24h,05 L1970 - 24,100 »9824  ,001 1,339 54295 - 5.T56E-08  8.127E+03
v010 9971 .8969 238,47 ,1890 2,046 9537  JO0L0 1340 5,368 2,125E-07  T.080E+03
050 L9971 «9097 227,80 L1830 1.966 9261  ,050 1311 5,537 L,726E-07  T.2LTE+HO3
100 L9971 #9257 221,17 1770  1.919 #9201 (3100 L,273  5.650 6.943E-07 © T.OTOE+03
200 L9971 O5TT 212,93 L1690 1.866 «9257  ,200  L.213 5,713  L.08LE-06 6.412E+03
»300 49972 +9897  207.06 1630 1.835 49370 4300 1,169 5,657 LAT0E-06  5,706E+03’
500 9972 1.0536  19T.12 43800  1.795- 0 .9603 500 1,106 5,415 2,228E-06 4,.650E+03
LT00 49973 11,1176 188,49 3793 1770 9798 JT00 1.061 5,207 2.840E-06 ' L,I139E+03
1.000 1,0400 1.2220 177.7L 1629 1.784  1.0045 1.000 1.002  5.150 3.17TE<06 - 3.56LE+03
1,500 1,0599 1,3508 160.54 L1118 1,716 1.0478 1.500 = .855 6,349 2.019E-06 2.606E+03
Table XXXT. Sodium fodide in water at 25°C.
Oe «99TL 8903 ' 127.08 3947 1.616 1,0000 O« 1.335  2.047 0. -
L0001  1.2973  .8903 124,25 3840 1.599 .9868 - .0OL 1.337 2.058 2.332E-08  L.O34E+O4
010 - 1,749 ,8905 119.24 L1890 1.570  .9638 +010 1.339 2.077 . 8.063E-08 9.518E+03
s050  1.6842 8915 112.79 - 41830 1.536 .9395  .L050 - 1.335 2.103 2.117TE-07 8.169E+03
<100 1,7075 .8928 108,78 LLT70 1.525 49335 100  L.327 24113 3.244E-07 T.557E+03
200  1.8710  .8952 104,98 (1690 1.527 49399 «200 1311 2,112  5.,387E-07  6.459E+03
+300 9972 8976 - 102,34 L1630 1.530  .949h G300 1,295 2,103 - T.226E-07  5,858E+03
«500 9972 9016 98,83 .3800 1.57hk 49832 «500 1.265 2,071 1.053E-06 5,120E+03
+T00 9973 49068 95,79 3793 1,613 1.0208 «700°  1.2h40 S019  L.377E-06  L4.60TE+03
1,000 1l.1112 L9156 92,66 43840 - 1.0846 1,000 1.20% 1,932

3.836E+03

1.670

1.836E-06




Table XXXII. Sodium sulfate in water at 25°C.

3,61k

4,3671

+285

e P " A ti prlo5 1+ %%g% c 'nglo5 g;xlo5 & G
Os 9971 48937 130,11 3850 1.230 1,0000 O, 1.333 1,065 O. —-—
001 49972 8945 119,07 L3836 1,180  .9k2h Q001 1,356 1,082 . 6.669E-09 = 5.272E+03
010 99Tk +8986 106,52 L3829 1.103  .8486 »010 1,406 1,125 2.293E-08 5.465E+03
050 L9977 OI37 89,91 3828 1.0%6 L7561 L050 1475 1,189  5.67TE-08  5.242E+03
»100  ,9983 +9328 81,63 43828 1.017 7260 G100 1.505 1,213 8.684E-08 L,956E+03
«200  .9992 9726 T2.75 1690 1,000  ,7100 «200 1.505 = 1.214  1.354E-07  L4.500E+03
+300 11,0003 1,0136 68413 L1630 980 LTOMO - 300 . 1.480 1,206 L.TBIE-07 L.069E+03
' Table XXXITT. Sulfuric acid in water at 25°Cs -
Os «99T1 #8937 L429.67 - ,8138° 2.599 © 1.0000 O 94,305 1,065 O. -
.001 1,010k L8941 390.80 L8190 2.473 9368 001 9.509 1,080 1.732E-08  5.945E+03
010 1,0169  .8981. 185.40 .8190 2.244 8272 ,010 9,861 1,106 1.50TE-08 2,252E+03
050  1.,0234 9054 221.20 8132 1.gsh -.2007 L050 10,228 1,132  1.295E-07  6.020E+0
0100 1.0300 L9120 17,05 L8190 1.826 - ,6504 L100 10.28% 1,136 1,024E-07 = 1,086E+0
«200 11,0330 +0283 I1ho,14k L8150 @ 1.7h5 6258 200 10,103 . 1,123 2,053E-07 7,888E+03
«300  1.,0367 O451° 164,61 .8080° 1.5&3 ' .2351 +300 9.811 1,101 L4 ,0LLE-07 7.lUOE+03
«500  1.0434 9789 211,00 7930 1.813 6874 500 g.l 0 1.052 9.845E-0 2 .488E+03
+700  1,0502 1.0141 206.50 L7760  1.908 7555 700 «562 1,003 1.h1BE-0 1.886E+03
1,000 . 1.035% 1.0121 281.56 _.8026 : 2.0&5 .86g3' 1,000 g.ﬁzg ~.ge9 g.llgE-OG l.ngE+03
«500 0 1.1L 182, . 2,22 1.0 1.500 . «82 +898E-0 |+ 028E+0
%.ggo i.ll L ‘1.25&8 16&.28 .$§82 2,341 1.1595 e.goo 5473 .738 B.gghE-o é.lﬁ8E+02
2,500 1.1h72  1.4096 14735 #7800 2,420  1,3509 2,500  L,696 o666, 3,896E-06 T S6TE+02
34000 1 1779 l.5746 131.33 L7713 2.485 1.5033 3,000 - k4,061 60k B, I52E-06 < T.OS3E+H02
500 1,208k 1.7h43 116,62 7620 2.558  L,6Th3 3,500 34,523 oS8 L4 266E-06 6,792E+02
$000  1,2387 1.9169 103,19 .7216 2,657 1.8880 4,000 3,041 L96  L4,250E-06  6,603E+02
4,500 1.2685 2.,0921 91,00 L7402 2,799 2.1789 k4,500 2,582 A6 B 112E-06  6,39TE+02
5,000 1,2980 2.2710 79,97 <7274 2,998 2,6021 5,000 = 2,117 395  3,861E-06  6,422E+02
6,000 1.3555 2,6480 61,10 69Tk 6,000 = 1,072 3.O04TE-06  6.422E+02




Table XXXIV. Zinc sulfate in Egtef at 25°C,

o
t+.

&

Os
001
»010
=050
+100
»200
+300

#99TL -
#9971 .

+9972
49972
$99T2
9972
29973

#8937
#3948
9007
#9301

«9668

1,0403
1,1138

132,82
1106400
5625
52450
15,00
38,64

36o1hl

3975
#3826
+3830
3890
3920
+3890
«3799

+846

# 760

4686

.688 -
0650 '
JS5L

”‘68?

1,000 .
48570

6536

5375
 &5221

-'54885

25088 -

o
s00L

L010
050

~#100

4200

'}BOQ v

o2

- 4862
.'1$Q28
9T
88T

«8li2

. o?Bh'

1,065

1,120

1,343
.1;689

1.692
1663

1,708

0
 1,06TE-09
 3,158E-09

8490809
1.392E-08
2s318E-08
3.184E-08

i

TWTISE+03

| 94801E+03

1.006E+04

- 8453 TE+03

8 4OLYE+03
8,634E+03
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E‘origindl value}ftkn-ekceptiOﬁ"le'sulfurie'ccid,iin whichJCz+ndecreases .t} S

‘almost an order of magnitude.j ) | _ ] |
Iet us look more closely at the behavior of the AY coefflcients._"

lfThese coefficients for varrousﬁeystems haye qualitatively similar '

- behavior, Over the concentretion réngexlofSIto'ebove one molar the

" function increases somewhat more rapidly than the predicted cl/é dependecce;

- For most of the 1-1 electrolytes the values'arevclose to one another,

" but the‘ﬁz_ values for 2-2 electrolytes are more than an -order of magni-;:f;Aiﬂ-ﬁ

~ tude lower, and acids are considerably higher., Values for 1-2 electro- -

lytes fall somewhat below those for 1-1 eléctrolytes. TheA? coefflcientst -

" increase with temperature by about ‘a factor of 1. 5 or 2 0 from 0°C to

: 50°C according to the data for sodium and potassium chlorides.

Equation (ITI-33) may'be rearranged to the form

(Nl (a b, -z ez ) Ve 2y

%o Z+2Z-QQ(Z+'?-)1/2(Z+V+)l/%al

G =

+ T5/2 v_i: (Iv%l)'_l,;-,,

:'lwhere_G should be inversely prooortionalvtobthe 3/2 power of the‘dielec-
‘tric constant and at infinite diiution equal 2858.5 [(°K)3z/maié].1/ 2,

'leThe quantlty G was calculated fbr the systems listed in Table II. ~-Some
of the results are shown in Fig. lO. Although G is not a constant, it
1s found to vary less than an order of magnitude, with.most of the‘

Variation occﬁrring at high dilction'and to . be e ;imilar fUnction of

concentration for almost all the substances coneidered; furthermore,

.. it appears to be relatively insensitive'tottemperature._~Thie meacs thet'

the eppearance'of the charge cuﬁbers, ioniec diffusion coefficiente,

cl/2 and temperature in the theoretical_equatlonl(IV—l) is aopropriate .
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 to the extent fhat these variables partially account for the gross
differences.in t&_ of the various systems and its_variation.over many
orders of magnitude., Part of the concentration dependence of G results

~ from the appearance of tgi in Eq. (IV-l); if the constant limiting values
' (i;_are used; however, there is no substantial change in the appearance |
of Fig. 10. | |

Uhfortunatelyithe vﬁlues of G at low concentratlions do not extrépo-
late to thevtheoretical value or even converge to the same value for
different substances, The values are gqtually closer together and closer
to the theoretical value at higher concentrations. It is difficult to
determiﬁe ﬁi_'or G very accurately in‘dilute solutions because zﬁ_ is g
small differeﬁce befween two largerexperimental quantities.. Conversely,
a rough estimate of G ﬁight be satisfactory fér'predicting 6:_'Values
with Eqe (IV-1) because the magnitude of ZL_ is ‘significant only at
concentrations where G appears to be fairly‘constant.

Ihe function G may be interpreted as a catch-all quanﬁity[wﬁich
includes the_éffects of the many inadequacies of the idealizéd theory.
fhe value of G (in (°K)5/?/(moles/l)l/2) for most electrolytes is between
7000 and 10,000 in very dilute solutions., With increasing concentrations
it drops to between 4000 énd 5000 above one molar and may drop even more
in very concehtrated'édlutions. The only exceptions to this general
behavior are ammonium nitrate and silver nitrate. These two systems
appear to be a@nomalous in that G increases with concentratién and
becomes considerablyvhighervthan in other cases.

The values for hydrochloric acid are particularly low in dilute
solﬁtions but remain hear 2000 at higher concentrations. Sodium.hydroxide;‘

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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élecﬁrolytes.'
In general, the values of G for unieunivalent.electrolytes fall
within a band characterized by the followlng limits:

at ¢ = 0.5 M, G = 6000 * 1000 ;

it

e

at ¢

e

140 M, G = 4500 * 1000

at ¢ = 2,0 M, G = 3500 % 1000

AT

at ¢ = 3.0 M.and above, G = 3000 * 1000 .

' 'vThe'temperafure dependence of G for sodium, pofassium, and‘lithium
Nchloiidevis.not.great. All values between O°‘and 50°C falllwithin the
'limits glven above, Since data at higher concentrations‘and Vafiéus

"temperatures are often not as accurate as one would like, it is difficult.
to say how relisble the observed variations in G ares Although the G
.ﬁaiues for é system at different temperatures do not coincide, there is
no systematic trend in their variatién wlth temperature.
Divalent symmetrical electrolytes were found to exhibit higher values
ova. For copper sulfate these are 10,000 at 0.25 M and 8500 at 0.5 M,
Cadmium sulfafe appears to be quite similar and zinc sulfate is even
higher.
Values of G calculated for the unsymmetrical electrolytes BaClg,

CaCl., and LaCl, as well as HéSOh are lower than those for symmetrical

27 3

electrolytes. Barium and calecium chlorides are near 2250 at 0.5 M and
1500 at 1.0 M, ILanthanum 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-

lybes.
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= Rewriting Eq..(IVAl), we obtain the expression fer19;_
\/Ez(zﬂ -zb" )(1 +Jq) Tﬁ/ (z )l/2

, T 1/2 2
~cho(z+ -z ) 2 q

i

(IV-2)

'If it is necessary to estimate a value of‘éﬁ_ where no data are evaildblel e

| or o extrépolate limited data, -one could choose & value for G, depeﬁdinig':" R

1 upon the type of electrolyte being considered, from the range of values
we bave calculated here.’

r

Tt is unfortunate that the varlation of G cannot be interpreted v
‘in terms erthe Onsager—Fuoss-Debye—Hhckel model. Since G—should be i
inversely breportionel to 65/2, one would expeet it to increase with
increesing‘concentration, an effect‘quite oppesite to thatvobservedn
It apbears , then, that the theory is inadequate for solutions of concen-
trations where {Z_ is of significant magnitude. Even at very low con~
centrations-the eleetrostatlc model breaks down because the (X_ coeffi=

cients become chemically specifie. (At infinite dilution all the

values of G should approach a common value, e5 JZWN’/B (ek)B/2

2.858.5 x 10° ()7 /(more/1)/?)

' Since the‘linit of the diffusion ceeffieient of an mﬁlcgi in the
solvent 1is given by its limiting equivalent conductance, it'ie interesting
tovinvestigate heW‘[%i varies from its 1imit at finite cOneentratiens
in various solutions. The lon which has been studied most extensively
is chloride. The diffusion coefficients of the chloride ion in various
solutions are shown in Flg. 11. In every case except hydrochloric acid, -

initially increases with concentration, goes through a maximum,

b’}«:eo-cf
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Fig. 11 The diffusion coefficient of chloride ion
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and decreases at higher concentrations. The 1argest increase obserted, o e
almost 20 percent, oceurs with calciunu The next largest effect is caused-
by’barium, and the available data for lanthanum indicate 8, s1milarly
large increase." 7 4 | o

' Of the other halides, data are available only for potassium bromide,;ﬁligﬁﬂ
sodium iodide, and potass1um iodide, all at 25° C. The diffusion coefficients
of ‘“these" halide ions all exhiblt a maximum with concentration, as shown .
in Fig. hE. The 1odide maxima are slightly larger than those of the ,
corresPonding chlorides.' As in the chlorides, the potassium salt maximum
appears at - a higher concentratlon than that of the sodium.salt but in |
this latter case the potassium iodide maximum is somewhat greater than
for the sodium.salt, The maximum for bromide is very similar to, but
slighthylarger than, that for the correSponding chloride and is- almost | .
identical to that for potassium iodide, |
| The behavior of ‘the nitrate ion in silver, lithium, and ammonium
nitrates is s1milar to that of the halide ions in that these systems
exhibit maxima inﬁHzo -0 ; which are shown in Fig. 13. With lithium,
the nitrate ion diffusion coefficient drops off at high concentrations,
whereas with silver and ammonium 1ts value does not change greatly in
concentrated solutions, '

The behavior of several alkali metal ions is shown in Fig., 1% In R

lithiumvchloride and 1ithium nitrate & + decreases smoothly w1th

inereasing 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 potassium salt solution ﬁEéO-K%
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Fig. 13 Nitrate ion diffusion coefficients at 25°C
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8035 through about a 2 or 3 percent maximum before decreasing in concenu'hf o

.trated'solutionSa With sulfate the potassium ion diffusion coefflclent
increases very rapidly at lOW'concentrations. A

The calculatlons for hydrochlorlc and sulfuric acids y1e1d the
diffus1on coefficients for hydrogen 1on shown in'Fig. 15. . HéO H
in sulfuric acid goes through a simple maximum whereas that in’ hydro~
chloric’ acid behaves rather strangely, going through a minimum and then
a‘msximum before decreasing at higher concentrations in .a mahner quite
- similar to thaﬁ in sulfuric acid. Calculations with the phosphoric acid
data which were summarized in Table XV 1ndicate that the hydrogen ion '
difquion coefficlent drops off from its limitlng value very rapidly w1th »3'
concehtrationf These caleulations are in.doubt, however, because the |
- experimental diffusion data do not appear to extrapolate to the Nernst
valuej also there is considerable diﬁergence of severai sets of daﬁa for
the‘transference'number. “

The diffuslon coefficlent of hydroxide ion iu sodium'hydroxideiis
also shown in Fig. 15. It is seen to exhibit a maximum of about 10;
percernt near .2 molar and thenvto decrease with increasing cohcentration
up to one molar,

According to Tables III and IV, the diffusion coefficient of ammonium
ion in ammonium chloride and ammonium nitrate also increases in qilute
solutions. The.maximum in ammonium nitrate, however, occurs near 3 molar,
whichvis much higher than for other ions. The subsequent decrease of
| Héo- + at higher concentrations is not rapid,

The only other ion for which appreciable data are available is

sulfate. ﬁ%éo 50= is shown in Fig. 16 for solutions of sulfuric acid,
-50), _
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Flg, 15 Ionic diffusion ,_coéfficients of hydrogen and
hydroxide at 25°C
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Fig. 16 Sulfate ion diffusion coefficlents at 25°C
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copper sulfate,rzinéisulfate, godium sulfafe, and potassium sulfate. In
:all cases this coefficlent increases with concentration in dilutehsolu;
tiohs. The incréase is greatest with zine and céppef; the m&xi@um
incregse ovef the_limiting_value.in qupric sulfate is almost 9O percént.
”The increase in sulfuric acid amounts to about 5 percent before » |

decreases gradually with concentration up to 5.5 molaxr,

- Of the other ions which are included in Tables IIT through XXXIV,
the diffusion coefficients of ziﬁc and copper in sulfate solutions both
go through rather sharp maxima at low concentrations. The Zgi coefficients
for barium, calecium, and lanthanum.in_chloride solutions do not exhibit
maxima but decrease confinuously'with(increaéing-concentration, Sillver
ion, on the'other hand, increases from 1ts limiting value and cbntiﬁues
to increase up to 3 molar,

Since the diffusion coefficients, transference numbérs, and othér'
pertinent proberties of potassium, éodium, and lithium chlorldes have
been measured over a range of temperatures, we may also investigate the
temperature dependence of the ionie diffusion coefficients. In Chapter
IIT we indicated that the limiting diffusion coefficlents of various
ions all follow a similar dependence on temperature. According to Eq.
(IIT-32) the 1imiting diffusion coefficients Cgi at various temperatures
may be calculated from the limiting ionie equivélent conductances

T2

tabulated in the Appendix of Robinson and Stokes. For the purposes

of interpolation the results can be fit by an equation of the form

a,‘I‘5/2+'l:)'_T_‘2+c‘I‘5/2 . (IV~3)

It

Q
‘301
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,;This eqUation‘follows from Eq. (II-QO)'ekcept for the term in T2 Which f

‘was introduced to make the fit more accurate over a temperature range of

1 100°C. Coefficients of Eq. (IV—B) and values of tr at 25 C for various_ il

.ions are given in Table XXV, The fit is generally within a percent or -
. two over the entlre range.

'*In'o?der to ihﬁestigaﬁe the‘fémpé¥atufe dépéndence‘ofutﬁé ibnicv.
diffusioh-éoefficients at finite concentrations, Wé have plotted the
quantltyye’i/tY at various temperatures versus econcentration for thé
ions of sodium, potassium, and lithium chloride solutions in Figs. 17
through 22. It is found that the concentratién dependence at different
femperatures is roughly'the same and thﬁt most of the teﬁperature dependence
is accounted fér by that ofAT;i. FA

‘ The diffusion data for these sysfems wére all obtained byiVitaglianosg
by the‘Gouybmethod. Hé also provides the acti&ity coeffieient correction
baSed on data éf Céramazza.6 It is seen'in the_figureé that values based
on these data_for potassium,and sodium chlorides all fall below the
we ll-corroborated valﬁes for 25°C. One might susﬁect that some inconsis-
tency has arisen in the measurements because the values of [%iﬁdgi at
Oé, 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 Vitagliano's
data are consistent among themselves, one might conclude that there is a
slight temperature effect on the concentration dependence of the C%l
yalues of 5%1A9§1 seem to decrease more rapidly at higher temperatures
thép'at lower temperatures. This effeet, however, seems to be very'émall,

and in sodium chloride there is an inversion of the order of the 18° and

35° curves between the 0° and 50° curves..



Teble XXXV,

Limiting ionie diffusion coefficients in water at 25°CVand‘the .

coefficients of Eq. (IV-3) representing their temperature dependence

-1.1684k E-09

Ton . 2, (25°C)x10” (=) (v) | )
t(em’/sec) (e [seo(CR)/)  (enP/sec(K)f)  (en/sec(°x)?/2)

Acetate 1 1,088k  2.23492 E-08 +1. 44415 B-09 -1.58715 E-12
Ammonium +1 1.9573 -4.25901 E-08 +3,133%03 E-09 -2;57595 E-11
Barium +2 0.8L666 2.69722 E-08 -4,02517 E-09 - +1.48163 E-10

© Beryllium +2 0.59877 - -- | - |
Bromide -1 2.0795 1.64023 E-08 -3.9324k E-09 +1.86298 E-10
Caleium 2 0.79171 1.51031 E-08 -2.62609 E-09 . +1.06624 E-10
Cerium +3 0.61917 - - -
Cesium +1 2.0560 2.02209 E-08 ~4,20989 E-09 - +1.89362 E-10
Chlorate -1 '1,7926 1.38440 E-08 ~343395T7 E-09 +1.58686 E-10

' Chloride -1 2,0318 1.03570 E-08 -3.21800 E-09 +1.66650 E-10
Cobalt +2 0.73183 - -- _—
Cuprie +2 0.71320 - - -
Fluoride -1 14743 - - _ -—
Hydrogen +1 9.3091 -4, 14093 E-O7 +4.26060 E-08 -1.01781 E-09

. Hydroxide -1 5.2772 ~-1.97281 E-OT +1.81433 E-08 -3.54824 B-10
Todide -1 2.0khg - 1.03310 £-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 1,029k -1,05971 E-10 +7.58604 E-11

...€8_ .



Table XXXV (continued)

l(b);

| °, (25°C)x10” (a) (o)
on 1 ‘LOi(cm?/sec) (cm?/sec(°K)5/2)‘ “(cn?/sée(dK)g) : (cm?/ééd(‘K)s/%)'
Msgnesium 42 0.70588 2.91534 E~08 -4,11630 E=09  +1.45178 E-10
.. Nitrate -1 1.9017 - 2.06960 E-08 - =4,18107 E-09 +l.85124_E-lO
Potassium  +1 1.9560 -2.22178 E-09 -1.60418 E-09  +1.15170 E-10
Rubidium +1 2.0707 1.71488 E-08 -3,88494 E-09 +1.80915 E-10
Silver +1 1.6473 1.82639 E-08 ~3.78099 E-09 +1.68455 E-10
Sodium +1 1.3333 4430925 E-09 <1.96743 B-09 41,0830k E-10
Strontium 42 0. 7910k 1. 77859 E-08 ~2.91201 ‘E-09 V-fl.l#lhh E-10
Sulfate 2 1,047 424746 E-08 ~6.146k40 E=09 +2,20452 E-10
Thallium +1 1.9879 - S . - h -
Zine” +2 0.70256 - — —

Ions for which constants are not given have not been measured over a

range of temperatures

- hg-
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Fig. 21 Sodium ion diffusion coefflcients in sodium
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A number of qualitative generalizations mey"be made regarding'the

' concentration dependence of the ionlc d1ffus1on coefflcients. Ehe varlatlon' s

from the llmiting value depends on the nature of both the diffusing ion _.e
’rand'the counter ion present. The value ofty nmy'gradually'decrease from '
its limitlng value as 1t does in the madorlty of cases for sodium and
‘vlithium; 1t“may'exhib1t-avsmall.max1mum in theiregron'of several tenths,
.molar and then decrease at higher concentrations as is ‘the case for most i
halide ions and nltrate, or it may 1ncreaSe very rapldly et lOW‘concentra~ .
tlons, govthrough'an apprecilable maximum, and thenvdecreese at higher
concentrations as appears to happen for both ions whenever sulfate is
present. For‘all_ions for which concentrated solution data are availeble,
except silver.in silver nitrate; the diffusion coefficients decrease at
‘higherlconcentrations.

These observations may be interpreted in terms of the structure of v
aQueous ionic solutions. Modern theories of thevstructure of water12’36’6h
indicate that at lower temperatures the water molecules are rather loosely
arranged ln 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 water 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 electrolvtic solutions (see references 36 and 6k).

It 1s supposed that a small ion with a large charge has the ability to
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impose é strﬁcfurevon the water around it because of the high electric -
field'ét its surface, A large ion;. on ﬁhe bthef'hand, disrupté the nétural”
water stfucfure by'breaking up the continuing teﬁrahedraiiconfiguratipn
- of water molecules in the volume it occupies. -
‘In general we should expect that sfructure~breaking ions wourld
 inerease the diffusion coefficients by effectively decreasing the local
viscosity, that is, by reorienting the watef molecules so that the con- -
straining intermolecular forces are reduced. Structure-making ions, on the
‘other hand, would bévexpecfed to decrease the diffusivity with incréasing
cOnéeptration by orienting the water moléculés such that the effective
intermolecular forces are enhanced.

At concentrations above one molar the ions of an electroiytic
solute are so close together (less fhan 10 A on the average) that almost
all the water molecules must be trapped in a particular orientation by
the fields of the lons. The increased forces in this configuration (both
ion-solvent and ion-ién) mﬁst be responsible for the high viséosities of
electrolytic solutions, and, in particular, the same strong ion-solvent
forces ﬁust cause the observed decrease in ionie diffusion coefficients’
at high concentrations; At low and intermediate concentrations there is
a region where most of the water molecules are only partially and indirectly
affected by the presence of lons. It is in this concentration range that
a viscosity minimum 1s observed for some solutions and where the ionie
diffusioﬁ coefficients may increase to a maximum.

It én ion is intrinsically structuré-breaking, it should,eyen at the
limit of zero concentration exhibit a higher diffusivity than one which is

structure making. This general scheme works reasonably well in the inter-

pretation of the ionicdiffusion date. The halide ioms, C1~, I”, and Br ,
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vhaVe reiatively high diffdsion eoefficiéhts,.in genéraivexhibit maximég
1§nd_dre fherefbre belieﬁedfto be struétﬁré-breaking, This:isvin agreemeﬁt
wi#hithe fact'that a nunber of halide solﬁtions-cause'a minimuﬁiih the
,-vischity of aqueous solutions. Of the alkali metal ions investigéted,
6niy potaséium cohsistently shows a maximum; it élso haé 8 relatively
hizgh,iimiting ciiffu.sivity so it must be st’ruc'tur‘e-breakir@g; Lit;ﬁi_um_and;
| sédiﬁmrare structure-making. Nitréte behaves similarly to thé.halide |
'iéns and i1s takgn to be structure;breaking.
| Sulfate ion;has.been found to cause iarge increases in its own
diffusivity as well as that Qf‘its counter-ions'in.solﬁtions ofvloW'ch—'
centrations, so that it must be structureabre;king by virtue of its éiée.
It does not have quite aé high a limiting diffusivity as the halide ions
or nitrate, but this may be due to its larger mass.

The mbnatomic, polyvalent ions of barium, calcium, and lanthanum would
bévexpected to be structure-making and are found to possess continuously
decreasing diffusioﬁ coefficientéa Zinc and cupric ions, on the other
hand, exhibit unexpected maxima, but these may be due %to the very strong
effectvof"the sulfaté ion on the structure of the solution. 2

The interpretation of the diffusion coefficients in strong acids

and bases is somewhat more difficult., The high mobilities éf these species:
is attributed to fast proton transfer between water molecules and the
hydronium or hydroxide ions.‘ This mechaniém is both acid-vand'baée-
catalyzed go that the increase of diffusivity with concentration may be

~ related to the rate of the proton exchange. At high concentrations

there are Felatbively fewer water molecules present, and because of the

effect of the counter-ion on their structure, these are apparently'DOt in



]

o1

aspfaVOrable a configuration to aceomplish the,proton transfer, Thus,
the mobility or diffusion coefficient decreases in concentrated solutions.
We also observed that the presence of hydrogen 1ons decreases the

effect of anions in breaking the structure so that the_usually large

: increase of the sulfate ion diffusivity is minimal and that of chloride

- ion does not,occur. The presence of the extra proton in these solutions,-

v

:is believed to intensify the strength of ‘the hydrogen bonds in water, and

57

there is even spectroscoplc evidence” ' for the existence of a stable
species Hgoh » The hydrogen ion, therefbre, is strongly structure-making
and opposes the effects of the structure-breaking anions.

The somewhatAanomalous behavior of the ammonium ien, in that its

diffusivity does not decrease greatly in concentrated solutions,tmay be

related to this ion 8 unique 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 game strength, it 1s belleved to be only slightly structure-

brea,kin_g. 58

Even at higher concentrations it apparently does not act
very strongly to change the solutlon structure.

It is difficult to translate these qualitative explanations of the
behgvior of lonie diffusion coefficlents intc accurate quentitative
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 qualitative effeects for which any setisfactory microscopic theory or -
correlation must be able to account.

Few suggestions have been made regarding the prediction of transport

properties. As Iindicated earlier, Hartley and Crank.j2 have suggested
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\ ?f N . .
that the relative viscosity be employed in’ the estimation of diffusion

8k realized the ekistehc¢ bf the.three'indépendeﬁt '

coefficients. - Wendt
' transport p;opeftigs, but he was williﬁg to neglect'ﬂz_:and to assuﬁé_,f
that thé £§i coefficients are constant. - These approximations are valid -

only at very low concentrations,

" Newman et al;57 tehtative1y proposed‘thatwfgi is inversely propor_-‘ _ IR

fional tb‘vis¢osiﬁj§ This‘apprqximatién is equivalént‘to fhét.of Harfiéy,..’
and Crank and has'éeﬁéréi unsatisfactory implications. First of all; it
requires that all transference numbers be cdnsﬁant; which is definitély
no£ the case in most systems, Furthermore, such a form cahnot account »
fér the varied béhaviOrs described above;~parficularly the'iafge:ﬁaxim#
in ;zi' One reason that . éimple viscosity cbrréction to ngvdoes nét '
work better may be that the viscoslty of a solution results from,theA |
mieroscopic transport of momentum by both ilon-solvent and ion-ion inter-
actioné, wheresas the diffusion coefficient 621 is related diregtly only
to the ilon-solvent interactlonse

No single, simple quantitative relation can possibly account fbr the
: com@licate&‘behaviér of the ilonic diffusion coefficients. .At concentfa-
tions around‘one molar and above there ié generally a decrease of Czi whicﬁ '
cOrresponds to an increase in the viscosity. In very few cases, however,
are these properties inversely proportional, In many cases f%i in this
concentration range drops off as répidly as viscosity to the -k péwer,
and the décrease may'bé even more severe, Therefore, if one_wisheé to
estimate an ionic diffusion coefficlent, he is probably on safer ground
Vto ldok 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‘f:_ is-imporﬁant'
only in véry concentrateéd solutions, the estimation Ofﬁj;_ baéed on Eq.

(IV-2) and the empirical function G(c) illustrated in Fig, 10 is a slightly -

more satisfactory sifuation;v

In order to develop more reliable schemes for éStimating both the

ionie diffusion coefficients and the f:f coefficients it is necessary to

~

havé more data to establish the pattefhs of behavior of many othex: ions
as well as the relative effects of various counter-ions. In the fblloWing

chapters we develop a method for measuring'diffusion coefficients which

ié,soundly based on the equations of Chapter IIIL,
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V. MEASUREMENT OF DIFFUSIVITY

"vaom the summany'of the transport data giVen’above,-onevcan See tnat 7,5
values .of diffusion coefficients and.transference numbers in concentrated
fsolutions -are still relatively scarces Because of the need for more
extensive accurate data, both for direct practical application and as 8
‘,bas1s for a successful theory or correlation for concentrated and multi-_”
component solutions, we declded to develop the necessary means for ‘mess-
uring accurately diffusion‘COefflcients in concentrated binary solntions.
In conjunction With.tnis, a program of transference number measurement

‘has been undertaken concurrently by one of our co-workerse

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“
2,3%4,148,68

Since a number of thorough reviews 2 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'majonity 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 eache.

1. Optical Methods

Most of the popular optical methods are based on the solution of Fick'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 mgasurement of diffusivity has
been given recently by Geddes and Pontius.L
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law for free diffusionst! That is, diffusion takes place from an iﬁitially'-
sharp boundary in an effectively infinite column of_solution. Most of |
' 'these methods.use interferometry or Schlieren analysis to 5bservé the grad~ _
iént‘of thevindexvof refraction as it changes with time.ﬂ Such a measure—.‘
ment;éan be made qﬁite»accurately. -Unfortgndtel&, thé analysis of thesé'
eXperiﬁenté requires the_assumption of & constant diffusion coefficient, or;
‘at besf;‘a specified éoncentration dependence. Therefore it is.heceSSary to}f
étért with a very small concentration difference,bwhich minimizeé‘the_ |
favorable.density gradient acting to stabilize the-solhtion against convgc—
tioﬁ. Furthermore;the analysis of the measurements.depends rather critically'
on the initial conditions One must be very careful to make the initiél éon—
centration boundary as sharp as possible; it is necessary in any cése to
make a zero time correction, which detracts from the elegance of the méthod.
'Such‘méthods do offer the advantage of affordinglmeasurements'in a,
relatively short time. In spite of thé various difficulties,.several in= -
vestigators, notably Gosting,gl and Longsworth,h9 have succeeded In de-
veloping the Gouy method to an accuracy of 0.2 percent, and as a result &
large portion of the reliable data, particularly in concentrated solutions,
has been obtained by this technique. Recently it has been developed for

9,14,39

the study of multicomponent solutions as well.

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 measurements, is the dla-
phragm cell as developed to its modern form by Stokes.73 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 diffuslon coefficient that is, a complicated
y.average of diffu31v1ty over the concentration difference in the diaphragm
V_and over: the duration of the run, but an analysis has been developed which

' ;makes it poss1ble to calculate approximately.the differential coefficient-
”from the measured‘Va]_ues..—ﬂF ‘
‘an accuracy of half a percent is possible w1th the diaphragm cell. BecauSe.
. chemical analys1s of the-solutions is 1nvolved, this type of experiment |
offers & means for studying multicomponent di: Pf'usion.-

| Tt seems that the primary disadyantage of this method ‘aside from its
limlted aceuracy, is that ‘one may nake measurements withoui belng aware of
a sizable systematic error. For example, the effective diffusion;path
length Which is determined.by“calioration may change*from solution to. '
solution because changeS»in density or yiscosity may‘alter‘the.hydro; :
dynamics .at the faces of the diapnragm; (For _furtnér comments on the

' diaphragm cell method and an investigation of its analysis see Appendix Bs)

3« Conductometric Method

2t which has made it possible to |,

-5

A method has been developed by Harned
measure diffusivities of electrolytes at concentrations as low as 10 molar
where the values may be readily extrapolated to the Nernst limiting values
The results obtained for manyisystems 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 Harned®'s
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 percente.

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-

Tt appears that under the best circumstances o
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centratioo grodient with time iS'monitored by a conductivity difference
between two'points in the cell.
The solution of Flck's second law for an enclosed column of solution

of height a and With constant properties takes. the form of a Fourier series:

- neen/'-é.t'- | -
c=c + 2: Ae ™ bra cos nmx/a (v-1) .
. Il=l . . . _ - .
where D is the diffusion coefficient, x is distance from theebottom.of

the cell, t is time,rahd . is the uniform concentration at infinite

'time..'The coefficients A depend upon the iﬂiﬁial distribution of solute
in the celle Measurement of the difference in concentration between two

symmetrical points in the cell causes the even terms in the serles to

vanish:
' 2 2 o
c(t) - c(a ¢) = 2A1e-‘7T Dt/é cos T¢/a

+2 A3 ~om Dt/a cos 3mt/a

| 2, ;2
+ 2A5e—25F Dt/ cos 5mt/a (v-2)

s s -

Harned chose ¢ to be a6 so that the second term in the above equation

also vanishes, and
' 2
c(a/6) - o(5a/6) = 2a,e TR oo (my6)

2
+ 2A5e-25Dt(w/a) cos (5m/6) + ees . (V-3)
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| 'Beca.us.e of thé 'fact'or ofr 25 i_n.the‘ ‘fexpon_eﬁt in the second terrs"this
serles converges very rapidly with time, and at suffic1entIy large tlmes.
a plot of In [c(a/6) - c(5a/6)] Versus fime is linear with a slope of f;:;-'
eD(W/e) . The same exponential form holds for any property which is pro-
-”portioﬂai to concentrationa Harned placed two’ pairs of electrodes in his
cell at a/6 from each end and thus was able to determine the diffusivlty
from the change in the difference of conduct1v1ty between these two loca~i
tions over a perlod of days. Because this analys1s is-lndependent of the
initieliconcentration profile in the cell,bfhe special care which is re-
quired in setting up the free-diffusion experiments is not necessary in
this case. |

Of the various methods for measuring'diffusioh coefficients theoHarnedb

approach demonstrates the greatest finesse in treating thelprob'lemo It is
therefore unfortunate that this technique is not directly applicable -in
concentrated solufions‘ In many solutions the conductance can not be used
to monitor the concentrapion difference eccurately because 1t is not a‘ﬂ
linear funcf‘ion at higher concentrations and may e‘ven.exhibit a maximum
as in the cases of potassium hydroxide, sulfuric acid, and 1ithium chloride.
Furthermore, in order fo obtain a conductivify cell constant of reasonable
magnitude the diffusion channel must be made fairly wide., For Harhed’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 .
two centimeters, since electrodes of this length were used in some ca.ses.)2
- With the most concentraped solut ions measured by Harned, .5276 N KCl, the
electrode size was reduced to a one millimeter diameter circle, which mustt
be close to the practical lower limit of this experimental variable.

Solutions of higher conductivify would require a wider cell. Already at a
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rvspécing of 3/8 inch Harnéd;had fo take major precautions tbgavoid the .in-

- duction of convectionvinyhis celi.: To m;ke the éell'Wider would almost

surely maké thé preventio#{of convection impossible. The extensiohvdf -

this approach for use ih concgntrated solutions requires thgt another

means of observing the concentration distribufion in tﬁe cell be‘devised;  .

Preferably the new method will allow the cell to be ﬁéde smaller in crosélb-_

section to diminish the possibility of convection. | -
Before considering these experimental difficulties, one shouid ask

several theoretical questions regarding the possibility of extending

Harned's method to concentrated solutions without losing the accuracy'he_

achieved afvﬂigh dilutioﬁ.; Since Harned's anaiysis was based‘on.the }

' dilute'solution equations with con;tant properties,'it remains to show

th;t the method will give a well-defined differential diffusioﬁ coefficient

in concentréted solutions; For.thaf matter, it has been only an assump-

tion that Harned's dilute solution values are différential coefficients

because his conéentration differences are so small. A more complete

anélysis of -the problem based on the concentrated solution equatibns 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 éolutions. ‘These were used
with the conservation equations to derive the analog of Fick's second law,

Eqs. (III-27) and(fii-28):

= _.v. Ve - X I1-2
St = OV v DVe - v (III-27)



~and
| S e : R
“Vev  + V — _V"DVC.::; Oe . ) - _ - (III-28) o

=0 o de:

| Let us use these equatlons to analyze the decay of a one-dimensional con--

centratlon gradlent in a column of solution of helght 8.

' At infinlte tlme the concentratlon w1ll become unlform in the cell.
' Let us then call the concentratlon, the den31ty, and the helght of the
column c_,p s, and a , respectiwely. At the bottom of the cell the fluxes__7

. are zero which means that

v =0 (v-4)
o]
y=0

and

de ' - .

= 0. o - (v-5)

55. y=0 ' . .
At the top of the liguid column thé fluxes vanish also so that

gicr' = 0, | - (v-6)

y=&

Sihce the mass in the system remains cohstant, another .boundary condition

is that

oo
a : a

_[ p dy = / o dy=ap - (v-7)

o ol
We solve these equations by assumint'fhat all the variables can at

- large times be expanded in singular perturbation expansion series of the

~ type \ .
c = c°°+ec()+ec(2)+..., : (v-8)
a = a + ea(l) + eea(g) teooey (v-9)
and
v, = evo(l) + evo(g) + o4 e ey (v-10)
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' where € is a funiction of time and goes to zero as t gees to infinity."v:
_ . : » : ¥

: iS'the ‘solvent veldcity. ‘The coefficients c(l) ' (l), and v (1) are in-

dependent of time, c( ) and vy "t ) then depend only on pos1t10n.

For convenience we apply the definltlon
Dy= el (1)

and for use in the solution of Egs. (III-27) and (III 28) we express this

'quantity as its Taylor series around ¢ :

2

dD a"D : .
o M 1%, 2 e :
Dy =Dy *tg| (e ) tz——p| (e )" +. .. (v-12)
) 0 de ™ o :

C : e

where D = D (c )« Substitution of Egs. (V-8) through (V-11) into Eqs.

(111-27), (III-28), and (V-4) through (V-7) and eguating terms of equal

~order in ¢ yleld a hierarchy of differential equations with boundary con-

ditions from which ¢ and the coefficients c(l), a(i) (1)

, and vy can be

determined. The ability to generate these necessary equations Justifies
the assumptions expressed in Egs. (V-8), (V-9), and (V-10).

The results of these manipuiations are very complicated. The equations
Which were selved and the various funcﬁions obtained are given in Appendix
C. The important conclusions are that

-Dxﬁ(ﬂ/am)e

€ =@ i ) » (V"'IB)

-

and the difference in concentration between points one-sixth of the overall

1ehgth from each end of the cell is given by

--D;It(vr/a)2

c(a/6) - c(5a/6) = Ap/3 e + {K'\/_B + L(3 3/4)

Ac

. oo 2
u SR (V-14)

a
3



102~

- where Al'depends updn the initial condition, and the constents K, L, and

M depend on the concentratlon derlvatives of the propertles of the solution.jy

‘Explicit expressions for X, I, and M are glven in Appendix C. Since. it was_

' found that,a(l) = 0.and that a( ) is very small "we no longer dlstlnguish‘

vbetween the height of the cell and the actual height of the liquid column.v SR

It is seen in Eq. (V-lh) that the second term in this series is. of
25

order es-ra’cher _tha.n"e as suggested by Ha;rned-’vs Fourier series solutlon_.
' Nevertheless at sufflciently large times the first ternm predominates, and

the Harned—type measurement ylelds the differential value D corresponding‘

M
‘to the_concentratlon e’ . _

It is interesting_to_inveStigate the Ordem of magnitude.of'the co-
efficientvof this second term. ?or an initially sharp boundary at the -
eenter of.the cell, the’value’of Al is E(Ac)e/no (lﬁ seems worthwhile to

.approximate this condition experimentally since it will minimize.the'non_
symmetrical coefficients of.higher.terms‘and hasten the epproaeh_of the l
concentration profile to the symmetricel cosine form expressed bv the'_
leading term.) From Egs. (0-24)'and (c-25) it can be shown that K and L |
5 oo

are proportional to Al

term in Ac to the first term is therefore proportional to

and therefore to (Ac)z. The ratio of the second

| o 2
5 —QDNW(W/e)

(Ac)o e : .

Since a is usually about 6 centimeters and ﬁ;

is about 2 X lO-).cmg/sec,

this ratio is

(Ac)i e—’36 t

¥ See Appendix C.
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where t,ie here expressed in hours; The duration of a run is several ,
daYs so that the exponential term rapidly becomes rery small, The uee of
e small initial concentration difference also helps to ﬁinimize the mag-f
. nitude of the second term in relation to thesfirsf. The fact thet the

25

second term is of order eﬁ'rather than ¢~ as Harned states is therefore
» unimportent. The method is nevertheless valid and yields a-well-defined,

differential'diffusion coefficient even in concentrated solutions,-

Co An Experimental,Method for the Observetion of a Concentration-
~ Profile in. Concentrated Solutions - Rayleigh Interferometry

We have discuseed.ébore the.reasonS'why Harned‘s conductometric
analysis is limited to dilute solutions. The extension of the restricted‘
_diffusion epproach requires the applieation of some other method for ob-
'serring the concentratioh difference Ac in the cell as it changes with
time. An obvious solution to this problem is#the use of one of the ﬁany
optical techniques which lend themselves so readily to in EiﬁE enalysis
of concentration gradients and have already been developed for work on -
free diffusion experiments. Rather than the Gouy method, which ylelds
thevgradient of refractive index, we chose instead Rayleigh interferometry,
which gives a mapping of the refractive index directly. Since over small
concentration ranges the refractive index is very nearly»linear with con-
centration for most electrolytes, a map of index of refraction is eséen-
tially a map of concentration. This approximation becomes increasingly
good as the concentration gradient gets smaller and smaller; and it 1s such
a situation that prevails when the measurements are to be made in a restricted

diffusion experiment.,

¥  Since the concentration dependence of the diffusion coefficient D, is
most severe at low concentrations the coefficients of the second term
of Ed. (V—lh) are actually more important in dilute solutions. There-
fore the evidence that Harned's results are accurate lends support to
our conclusion that the method is valid in concentrated solutions,.
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The Raylelgh 1nterference method for observing concentration gradients :
and boundarles in llqulds has been developed by a number of workers for
_applicatlons in electrophoresls, ultracentrifugation, and free diffusiong:
,The.nodern‘modification of the Rayleigh refractometer such that it'yields
a eoncéntration profile was devised by Philpot‘and Cook;G; Their addition
'dof a cylindrical lens set up a onesto-one correspondence betWeen the re~"
;dfractlve-index at a point in a vertical cell and the interference pattern |
on. onLy one horizontal line on the horizontally extended image of the cellc ;_C
This principle was also discovered 1ndependently by Svensson.78 The actual )
applicetion of the method‘ln physico—chemical measurements has‘beenraccomf"lJ‘
plished pringrily-by.Longsworth5q andvby Mboretss Excellent exsnples;ofiﬁ: o
the pstterns one observes are'éiven in photogrépbs by tbe latter; '

The type .of cell usedvby Longsworth and Moore is‘elso directly

applicable to the study of restricted diffusion. . Essentially it is a

BN

Tiselius cell, which is the standard apparatus for electrophores1s studies.j‘_" o

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 dimen51ons are &n
improvement over the Harned cell with regard to the avoidance of convectiono
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 sections 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 Eqe (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 is called the‘Rayleigh interferometer‘is -

‘the ability of two_coherent beams of light,to interfere constructiﬁely or

désﬁructivély depending~on'the phase difference of their waves, bFor'examplé,

'if coherent light passes through two.parallel slits in a mask as shown in
Figs 23, the two beams are in phase at pbints A and B, When light fromithef

,;tﬁo slits:reachés a point M on screen S they may be still in phase 6r out

of phase, depending on the distance each has traveled, If 4 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 6, where 0 = tan—l(y/R). When

d sin @ is an integral number m of wavelengths A; the beams are in phagze at.

M, and the intensity of light at that point is a maximum, As y increases

from M to N, where 4 sin G = (m+l)A, the two beams get out of phase, and

the intensity decreases. At the pointbwhere d sin @ = (m+172)x they are
exactly 180° out of phase, and thelr 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
phasé with that from A, the positions of the bright fringes on the screen

are shifted according to the relation

dsin 6 = m - B | ' (V-15)

where & 1s the fraction of a wave that the beams at A and B are out of
phase, and ﬁhe angles Gm, for which m is an integer, are the angles at
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 d\ in Eqe (V-15) represents



A

Figv'.faj . Diagram showing"in'.‘l;erferen‘ce “of. cbheifen:b ]_igh‘b  j ' : L
- from two slits = I R D
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fthfs path<difference; Since the optical path iength in a mediuu is the

: produet of actual distance 1 fimes the refractive index p of the mediunb.'
this path difference can result from a difference in p of the medium ad-

Jacent to Aor B as Well as a dlfference in Le

B
indlces “A and g are placed behind slits A and B, respectively. If

Suppose that dlfferent media of thlcknesses EA and £_ and refractive

:“A A = “B p Oh =0 In general,

BN =yl = pplpe (v-16)

Letvus.feke»{A = Lpe

- .can be written as

The condition for interference on S in this situation

d sin 6+ z(uA-uB) = mA . : ‘(v517)

Now as (uA-uB) changes, the value of 6 o’ 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 egain where there 1s an intensity

maximum when Hp = Hpe If My is constant but MA is changed,
hy, = AAm (v-18)

at the point M; the order m of the interference at M depends upon the
change in uA.  Only when AuA is such that Am is en integer does an in-
tensity maximum appear at M. Equation (V-18) is the condition Whieh'
applied when one uses a Rayleight interferometer to determine a concen-
tration change. A change in refractive index AMA in a sample solution

is identified by the number of fringe shifts Am,
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The 1mportant contrlbution of Phllpot and Svensson was to take the
essentially tw0-d1men51onal Raylelgh refractometer descrlbed above and
to make 1t-a three-dimen31cnal self-plotting‘interferometer. 'They did
__'tﬁiS“by adding & cylindrical lens tc the sysieﬁ; If tWO cells, one with
.a one-dimen51onal concentration gradient and one which serves as 4 com-
parison path, are placed adJacent to the vertical slits A and B, and the -
"__cyllndrlcal lens 1s 1nserted between the mask and the screen, this lens |
serves to focus the images of the cells, or rather their vertical extent; |
on the4screen w1thout_d1stort1ng the 1nterference patterns which exist on
every hcrizontal lines Since the vertical dimenSioh.of the interfexence.
pattern'ccrresponds_to fhe vertical dimension of the sample cell,fa graduaiIFJ .
change in refractive index in the cell with position is related to. gradual
shlftlng or bending of the fringes along a vertical trace according to the
condition of Eq. (v- 18)» |

A diagram cf euch an arrangement is shown in Fig.‘zh. Mcnochrcmafic
light from a'pcint source P is focueed at point F on the screen's by lens
L.. Now the cell C and the referencegcell C! along with the mask M are
placed in this beam. The interference patterns.formed by the two slits in
M are all located near F. They are spread horizontally around F because of
the diffraction by the slies, but contributions from various locations in
the‘cell all fall on topvef one another. When thebcyliﬁdrical lens K is
inserted, the image is extended vertically on the screen such that the
interference patterc corresponding to the refractive index difference at the
topICf 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 aﬁd vertical; But when a concentration gradient exists, the loci of
maxime, and minima at each horizontal level are displaced by a differential

increment to give a pattern of curved fringee of the same shape as the



7]

Fig. 24 A simplified Rayleigh interferometer

K

=601~
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_ COneen%ration prOfiie.:.The-change‘in refracfive index or concentration '
.betWeen two p01nts 1n the cell is proportional to the number of fringe
'shlfts betWeen correspondlng levels on the interference pattern.

Inrthe conflguratlon.aust described the interferogram is rather

‘narrow, belng located withln the horlzontally dlffracted image of the
' point source. A major-improvement has been achieved, following the
.'_dsuggestlon of Zern1ke,85 by the use of a multipoint source. Provided
.ithat»the points are properly spaced’tovreinforce one,andther, this glves‘
‘:a muchvwider and more intense pattern; The result is effectively to place :?T
.'bes1de on- another many patterns of the type illustrated in Fig. 2k, The
brlght'center frlnge_from one'polnt source isvmade to coinclde‘w1th the‘
secend, less intense fringes of its adjacent3peintvseureeS¢ ThiS'gires:a
I“Wlde field of sharpened, parallel fringes,

The only question remainhing about the use of such a mefhod for our.
purnoses is how precisely a concentratlon dlfference can be measured.
Accordlng to Eq. (V- 18), the change in refractive index for a shift of one
fr:L_nge is equal to (N/2)s If N = 5000 Aand 2 = 1.7 cm,* (Mp/Am) = 2,8 x 10 5
As a typical case potassium chloride erhibifs a nearly linear refractive
.index—concentration relation; the derivative (dn/dc) at 25°C is roughly
10-2/(mol/f)° Therefore, (Ac/Am) is abonr 3 % 107 (mol/7)/fringe. Since
it seems qnite Llikely that the fringe pattern can be measured to some small
fraction of a fringe, the nrecision in the measurement of Ac should be con-

=5

siderably better than 10~ mol/ 4.

Thus we have shown that a restricted diffiusion experiment yields a well-

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 mm cell, See
Chapter VI.
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. used _Wit_h ‘a._Tiselius .ce].l of the propér dimensior.xs.vshould_be well suitéd

to vi.:h'e mea)surément of concentration differences necgssé.ry fo_i' the calcuia-—_'
tlon of the. .diffusion coefficient ::accordin_g to Eq. (V—lh)_. In _the next
chepter we dvescri‘be_’ the apparatus :whiéh was assembled and the é;cperiments-
ﬁhich ﬁere ﬁerférmed to test these conc}.us'ioﬁs’ and to mea'surea neﬁﬂiffﬁéiyiijf&' :

d.at-a. .



_112;'
VI. EXPERIMENTAL APPARATUS AND PROCEDURE _

From our 1nvest1gation of the transport properties of binary elec-. .
' trolytes e concluded that more extensive aceurate: dlffusion coefficient
data for,concentrated.solutions are desirables In the last-chapter we4

suggested.a method by which such data may be obtained; In this chapter.

. ave described the apparatus and procedures for implementlng these sugges~; .

V tions and the experiments.whlch were carried out,.

Aw Optical Apparatus

It was a considerable convenience that interferometers as well as

Tisellus cells meeting the speclflcations of the des1red apparatus are

commer01ally available as laboratory electrophores1s apparatus. Prlmarlly .

‘on the basis of cost we decided to purchase the Model 238 Tiselius:
,Electrophoresis Apparatus from the Perkin-Elmer Corporations* Since the
instrument offers a choice between a Schlieren optical arrangement and‘a’

Rayleigh interferometer making use of the same optics, the opties are

necessarily somewhat different from the interferometer described in the

'previous chapter. The net effect, however, is the same. The conflguration
for generating Rayleigh interference is shown in Flg. 25.

A mercury'vapor lamp H emits monochromatic light (A = 5461&), which
1s channeled by the condenser and field.lenses A and B‘through the multi-
point source horizontal slit P, and to the mirror F, whence 1t is directed
through a wilde-slit mask E and the Schlierenlens 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 of a liquid constant

Similar items varying somewhat in design and flexibility are avallable
from Beckman and American Instruments as well as from Strubin and Co.
in Switzerland.

) -

)
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‘tenperature bath and through the cell C-C’ In the channel of the cell

,C is contained the vertically diffusing solution. The windows of the v
: .cell are extended fo form C', a space in which the thermostat ‘bath fluid
'_vcirculates are thus serves as the comparison medium of uniform refractivev

index, The cell windows are extended to be included in the reference path'v b

: because the optical path difference, B in Eq. (V;l5), must be kept Sm311.‘i}“'"u':

'Because of the pressure»broadening-of the mercury'vapor radiation, co-
herence of the light is short-lived and lost completely if Gh is too large'
If the coherence is lost, interference is impossible.

. As the llght pagses from the cell it encounters two vertical slits
'in mask M, one adjacent to C and one to C' i 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 I refocuses the beamsg These beams do not retrace their original
path exactly, honever, becanse mirror D is tiited downward slightly to
catge ‘them to pass under the narrow mirror F on their return. ILens G is
a cemera lens which focnses 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 glits in'M
arevat this stage not in focus but are encompassed in the images of these
iatter slits. The imtroduction finally of the cylindrical lens K with
its axls vertical spreads and focuses the light in,each of these images
horizontally over the entire field of S and thus accomplishes their
interference after the cell has already been imaged in the vertical direction

by the camera lensy
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z'The,results 1s as in the simpler case of Fig. 24 to.generate’a7field:'i'

of vertical interference fringes, nOW‘equally'spaced because of the equallyfi-f-*j

.,spaced multip01nt sources. When there is no: variation of refractive index e

1n the vertical cell c, the fringes are straight. Changes in the refrac-‘

'v‘tlve 1ndex cause the interference pattern to shift horizontally according

. to Eq. (VL18). Since the vertical coordinate on the photographic plate- |

f'is unaffected by this shift, the resulting pattern represents a mapping
of refractive index versus positlon. v _ v B

The Perk in-Elmer Model 258 unit contains a built-in insulated constantj'
"temperature bath as indicated by the walls I in Fig. 25, On one ‘wall of
the bath is installed & thermoelectric cooling-plate, whlch is designed_'v
for constant operation to maintain the bath‘at O°C for electrophoresis
experiments;v For fluid eirculation therefis 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 dlrection of the cell in the
center of the bath. The small motor which runs the pump is mounted on
rubber shoeck absorbers to prevent vibrations from being transmitted through
the optiecal bench to the cell. The instrument itself was placed on one-
inch-thick hard rubber pads on a laboratory bench.,

To attaln 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

rpm. The stand on which the stirrer was mounted rested on the same
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' 1aboratory bench as the instrument, but it waes weighted heavily and sat

tzupon one~inch-th1ck rubber cushions.’ During a run the bath was covered

"1with a 3/8ainch-th1ck sheet of lucite. ~ The temperature of the-bath fluid

,jwas measured with a Beekman thermometer and found to be constant Within ii;fiw
10, 005 C; all measurements were made at 25 OO C.' ._ |

3 In most experiments the bath fluid was distllled water‘f Withfreryfsurl
Jconcentrated sample solutions, however, the refractive index of the two
flulds differed too greatly'to maintain the interference._ Longsworth5o

'resolved this difficulty by placing additional pieces of flat glass in _

'r.the reference beam at C' we found it more convenient simply to alter

)

vthe refractive 1ndex of the bath fluid by addlng a sufficient amount of? :
' ethylene glycol to the bath water to match approximately the index of '
refraction of the sample solutlon‘ | v

An example of fringes obtained with 3. 5 N nitric a01d (refractive
'1ndex ~ 1.355) in the cell and pure water (refractive index ~ 1.555) in
thevbath is shown in,Figs 26.: These fringes arevfuzzy and of very poor -
quality, ’When about 30 percent ethylens glycol solution was placed in
the bath, the frlnges appear as in Fig. 27’ They-are:much.sharper under

these 01rcumstances.

B. Optical Cells .and Cell Holders
The cells used in these experiments nere also purchased from Perkin-
Elmer Corporatione They are patterned after the original Tiselius cell'as _1;
- modified byLongsworth.5l A picture of the centervpart.of the cell is shown
in Fig. 28. It consists simply of two legs or channels,.rectangular |
-parallelepipeds in shape, between flat groUnd-glass flanges¢ As indieated'.

previously, the faces of the cell are extended to the sides to be included
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Fig, 26 TFringe pattern with a considerable differ-

ence of refractive index between the cell
solution and the comparison path.
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Fig. 27 TFringe pattern with the bath solution
adjusted to about the same refractive
index as the cell solution.
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XBB 678-4586

Fig. 28 Central 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
quantity enters into Eq. (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 channel was, as suggested béfore, 2 mm by 9 nm along the op-
tical path.

To avoid any difficulties in the measurement of fringes resulting
from geometrical distortions in the optical 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., These
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 small box on
the bottom which closes a U between the two legs of the cell through holes
in the flange. The top 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 to 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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Figs 29 Optical cell with accoutrements in cell holder.
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from the outside flangesj; that 1s, it rests on the bottom one while spring
tension is applied on the top. There are mechanical linkages which allow
both the top and the bottom sections to be displaced from the center section
by manipulation at the top of the holder. This allows the center section,
which 1s stationary, to be closed off at the outer surfaces of its flanges
by the opposing flange surfaces.

Since these cells are designed for use in electrophoresis experi-~
ments, they are primarily meant to be used with all channels aligned.

When we made our first diffusion experiments, we found that small amounts

of solution could leak between the contacting flange interfaces when the
channels were displaced. This was possible because the cells were not mounted
very solidly in the holder, and the tension holding the flanges together 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 independently to the holder base.,- These were
replaced by four flat and coplanar pegs on a single block which was mounted
across the base of the holder.

At the top of the holder the piece which constrained the cell laterally.
contacted it on only two sides. This piece was modified to be thicker and
to contain the contacting flanges at the top on all four sides except for
a shallow noteh on one side to allow the top plece to be displaced.

The vertical tension on the cell was 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 thus created
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a. TOP ALIGNED.
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b. TOP DISPLACED.

Fig. 30 Diagram of placement of spring
holders on the cell top
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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
Finally, notches in the top and bottom plates were made slightly

wider to allow the maximum displacement of the channels as indicated by

the configuration in Fig. 30b.

Ce 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 speed 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 swirl so that the wire tip was not exposed.

To seal and to lubricate the contaeting ground glass surfaces between
sections, chemically inert Apiezon Type N vacuum grease was used. This
lubricant was found superior to silicon grease because it flowed more.
readily to seal the flange surfaces, and it could be removed from the
glass more readily when the cell was disassembled because 1t is soluble

in cyelohexane.. A light coat of this gfease was applied to the flanges
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of the top and bottom sections. Areas about a milliﬁeter 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 center 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 spfings were put into place against

the top flange.

The face of the cell on 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 with the mirror D.

To fill the cell all channels were aligned. A 10 cc syringe with a
6~-in. 18 gauge needle was filled with the more concentrated solution of
two which had been prepared. With the cell tilted for air to escape, the
needle was inserted into one of the channels and to the very bottom of the
U. Solution was slowly injected until the entire cell up to 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 branches of the center section let
us call one leg A and the other leg B. Most of the solution in leg A zs
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
injeet 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 windows sf the»cell;'

The liquid levels in the cell were adjusted such thaﬁ the solutién on.
side B was slightly higher than that on side A, Thus ;ﬁen the bottom
section was aligned, the boundary between the two SOIutions'flowed up
into leg A with the more concentrated, and hence more dense, éolu%ion
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
celi, the syringe needle was inserted into leg A once again and the solution'l
was slowly withdrawn from a region near the center untilvabouf 5 cc had
been removed. This served to form a very sharp boundary. The heedle was
then carefully removed, and the top and bottom sections wére displaced to
close off the diffusion channel.

Although it would be theoretically desirable to start the experiment
with as small a concentration difference as could be measured with suffi~
cient precision, it seemed more prudent to form the boundaries between
solutions of appreciable concentration differences so that a large density
difference would be acting to stabilize the system against convection
during the boundary forming procedures. Therefore, initial concentration
differences of one half to one molar were usually employed. The decay of

such a difference required several days before the concentration difference
could be measured; large concentration differences cause so many fringe

shifts that the bending fringes are too close together 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 itg steep concentration
gradient to decay. A three or four day decay period also gave the initial
concentration.distribution time to attain the symmetrical form required
by the first term of Egs. (V-3) or (V-1k).

Any velocity disturbanceé generated in the cell by the boundary
formation would be expected to damp out aceording to an exponentlal form
analogous to Eqs (V-14) with the time constant depending on the kinematic
viscosity rather than the diffusion coefficient. Since the kinematie
viscosity of liquid solutions i1s about three orders of magnitude greater
than the diffusivity, any small convective veloecities 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 for quite
a long time. Actual measurements on a run were made over a period of from
3000 to 4000 minutes. Temperature readings and photographs were taken about‘
every two to three hours except over the night when the interval reached
ten hours. The precision of the measurements and the rate of change were
such that more frequent observations were not deemed necessary.

At the termination of a run the cell was removed from the bath, and
"the solution in the reservoir and top section on side A was dralned.

The top of the cell was then aligned, and the solution in the diffusion

channel was transferred by syringe to a small stoppered flask. From there
1.00 cc of solution was taken up by pipette and titrated to determine the
value of ¢ . Since in most cases the diffusion coefficient varies rather

gradually with concentration in concentrated solutions, great precision is
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not required in this chemical analysis for corresponding values of con-
centration and diffusivity to be of comparable aceuracy. For example, in
the case of potassium chloride at high concentrations an error of one
percent in concentration corresponds to an error of only O.1l percent in the

diffusion coefficient.

E. Measurement 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 thevfringes
much later in the run when measurements are being made.

The two horizontal lines across these patterns result from the reference
marks on the cells 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 proportional to the horizontal distance
which any particular fringe 1s 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 O.1 mm. The photograph

is placed on a traveling stage with precision motor-driven or manual drive
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Fringe pattern about half an hour
after the formation of the boundary.
The fringes cannot yet be distinguished
in the boundarys
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Fringe pattern sbout 2 hours aft:r the
formation of the boundary. A Scilieren
pattern, proportional to the concentra-
tion gradient, is superposed on the fringe
pattern.
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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 onté 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
which 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 3-in. by U4-in, optical quality glass plate on top of it to hold
it flat. The stage was then rotated until the reference lines were parallel
to the direction of longitudinal travel of the stage. The position of the
stage was adjusted sueh that the analyzing slit corresponded to a locus
just inside one of the reference marks. The manual longitudinal drive
and the intensity indicator were used to locate the position of an inten-
sity minimum, that is, a dark fringe. The intensity minimum was chosen
because 1t seemel to be slightly sharper than an intensity maximum. The

reading on the vernier scale on the stage was recorded.
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'wa-the etage>Was slowly moved by ﬁanuall&vturning.the driving.knobg—~-
as thevprojection of the choeeﬁ fringe was fdllowed visﬁaliy acrosélﬁﬁef
screen ﬁntii the other_reférence line'came‘into_viewy The intersection
of this.fringe with the reference lipe was brought to fall upon the
analyzing_slit,vand the exaefly lengitudinal.coordinate of the fringe Just
inside the reference line was determined as at the other end. The displece~
ment of the fringe betWeen these two points was equal to the difference
ein the gtage scele readings. |

The measurement of the fringe location be means of the intensity
minimm was found to be reprodueible within 0.06 mn.  Since the fringe
spacing ﬁas abbut 0.59 mﬁ; this p:ecision corresponds to one-tenth of a
fringe. Also since the total displacement ef a fringe wae on fhe order
of thirty to eeventy millimeters, this precigsion in‘a gingle measurement
amounts to about 0.2 percent.

To ascertain'thaﬁ 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 concentretion profile in the cell before
the boundary was formed in each run. Such a pattern was shown in Fig, 27.
In every casge the fringes.were stralght end vertieal 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 -ﬁ;(n/a)z. Because of the nature
of the'lpgarithmic funetion, any property which is lineafly proportional

to concentration will follow the seme time dependence, For most electrolytes
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' the refractlve 1ndex is roughly proportional to concentranion. A typicel-lhe
"iexanple is pota531um chlorlde' 1ts refractrve index behav1or is shown in
f Fig. 355’ Although there is some curvature, s linear dependence is followed
‘ quite closely'over any narrow concentratlon range, such as is encountered
in the restrlcted dlffusion cell during the period of measurements Accordef
. :ing to our earlierwestimates of the concentrat;on change per fringe éhif% in
'notaeeium’chloride, the concentration:difference nnen the fringes‘become 
less‘meeéurable than one-tenth molar. Since refractive index is_linear
over snch a range, and since the distance a fringe is displeced'is.in’
turn proportional to.thé refractive index difference, the-logarithm of ﬂhe
measured fringe shift should vary as -Dﬁcﬂ/a)et;
The measnrements of fringe displacement A versus time t were fit by
an equanion_of the form _
| | ma=abt - (VI-1)
byﬂthe,leest squafee method on a CDC_66OO digitel computer.. There were
ueually about twenty'points,'and time range was about 3000 or 4000 minutes.
Thevvariance in b due to‘scatter irr A was compufed according to a standard
53 '

statistical formula. The value of the diffusion coefficient was cal-

culated from the relation

oo =22, (vI-2)

If the residual of the fif function at a data point greatly exceeded
the estimated experimental error, the corresponding photograph was re-
measured at least twice.; This was rarely necessary, but when it was, the
subsequent measurements usually conformed satisfactorily with the fit

equation. As might be inferred from the appearance of Fig. 33, an occasional
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, _mis_take' _i's, likely while tracing a flf:'g;igé 'a;c'rdss'_{_;hef. pattern. In a few of
.f our eariier ruhs a peint or two at either the small tiﬁerer'the large‘tihe.j»':fst
end of the curve did not confornu At small tlmes and large concentratlon ‘f‘=ﬂ'
"differences such dev1ations may'result from contributlons or higher order

‘terms in Eq. (V—lh). The deviations that occa51onally appeared at long g

-times were 1nvar1ably below the fit line, which would 1ndicate an enhance- f

i ment of mass transfer. These were probably the result of cqnvectlon . |
ihduced'by vibrations in the sYStem.when the dehsity'gradient became ‘too
vsmali'to prevent it. ‘Such points at either'end were discarded beeausev
vanhaceurate value of the diffusien coefficient'cah be determihed.only o

frem_a set‘ef data taken over a period of time wheh the system is obeying

an equation of the form (VI-1).

G. Selection and ?reparatiOn of Materials

The electrolytic solution whose diffusivity has been studied most
thoroughly is aqueous potassium chloride at 25°C. Harned28 investigated
dilute soiutions by his conductometric method, and Gostinggo made measure-l
ments over the entire concentration range with the CGouy interferometer.
Where these two sets of data overlap, the agreement is within 0.2 percent.

Stokes75

used these data to calibrate his diaphragm cell and then in subse-

Quent runs at different concentrations fouhd agreaement 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 cohcentrated potassium

chloride solutions at 25°C. Baker reagent grade potassium chloride was

used to make a saturated solution in distilied, degassed water. The water

-6

-1 -1 .
which was used had a conductivity of about .5x10 ~ ohm = em ~. Since we
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were working with concentrated salt solutions, no Ligher purity was be%

- lieved necessary@ The saturated solution was kept in glass under vacuum
.and mixed with more water to prepare sample solutlons cf the de51red con~

‘centratlons. The final concentrations after dlffusion were determined by

titration w1th Van Waters and Rogers, Inc,, standardized O, 0282 N’silver

"nitrate solutions, potassium chromate was -digsolved in the chloride solutlon"

to indicate the end point by precipitatlon 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. Itsvthernodynamic properties have been
studied quite thoroughly, and its other transport properties are known
to moderately high concentrations. We thereforevdecided to determine its
diffusion coefficient at various concentrations.

Baker reagent grade Tl.0 percent nitric acid solution, which is about
15.8 molar, was 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 stendardized 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 were made prior to these experiments to confirm that concentrated
nitric acid does not react appreciably-with'the 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.
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~The refractive index of nitric aeid soiutions has been measured '-at

‘s 25 C by Luhdemann; 52 U;nfortunately thls functlon passes through a maximum

at very hn.gh concentrations (about 37 mole percent) so that our experlmental C

method will not work there. - Nevertheless s the function is nearly llnear
_over a considerable range of concentratlon, and measurements at concentra-
'_tlons correspondlng to the existlng transference number data - could be made‘ B
_;'T A sunnnary of the runs performed and the experimental results are

given in -the ‘next chapt.er,.
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VII. EXPERIMENTAL RESULTS

1. A number of runs were made with agneoug solutidhs of poféssiuﬁ>
chiofidé,at 25éc‘during which fhe experimental'procedure and the improve;'»'
ments in the cell-holder design were de&eloped,'rln most of these éxpéri—
ments the final solution concentraﬁidn was determined by measﬁring ité
conductance, Unfortunately, the conductance cell which was uSed_fof thié
purposé was found to behave nonlinearly SQ that the measufed conduétances :
and therefore the concentrations.of the more concéntrated solutions were
incorrect. | |

After titration was adopted as the. analytical method, two runs were
made at concentrations near 2 molar. At final eoncentfations 2,075 M and
2.125 M, the diffusion coefficienté_werq calculated to be 2.0113 x 1072

cm?/sec and 2.01h9x1o"5

cm?/sec, respectivgly. .The.aﬁalysis of one of theSev
‘runs is ;hown in Table XXXVI where the fringe displaéements calculated by
the fit eQuation are compared with the measured vaiues. They arevfound to
agree within the reproducibilityvof the measurement,vwhich indicates that
the assumption is valid that terms higher than the first in Eq. (V-1k)
are negligible at these large times. The standard deviation of £he estimated
error in the diffusion coefficient calculated from the slope, which is a
statistiecal quantity for expressing the confidence'level of a least
squares slope, is 0.19 percent and 0.21 percent of the measured diffusion
cééfficient in the two cases.

The results for potassium chloride are to be compared with values

interpolated from Gosting's Guoy'measurements.eo As shown in Fig, 36,

agreement is within 0.2 percent and O.1 percent for the two cases. Stokes'
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' 'Table.XXXVI. Summary of results of fringe measurements

- and data analysis for diffu51on of potagsium
- chloride in water at 25°¢ and’ c

= 2,075 M. -

. HElght of cell = 7.90&5 om

Time (Min)
o MEasured '
0 49,35
126,0 48,20
26645 46,89
T52.5 b2, 66
1458.5 37,58
1649,0 36,11
1800.5 35,28
1952.5 34,06
2166.0 - 32.80
2808.0 28,90
12959.0 28,21
5178;0: 26,93
3276,0 26,51
3495.0 25,26
5626,0 24,69

”Fringe displacement-‘(mm)l “

Calculated

ho, L2
148,25
46.97
k2,82 -
3743

36.09
35406
34,06

20,70

28,9k
28,12
26,97
26,47
25439
2k, 75

: v ' *%
Diffusion coefficient equals 2.0113X10

-2 sq cm/sec .

 Standard deviation of the estimated error in the diffusion

coefficient = 3.,7677 = 08 sq cm/sece
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Pig. 36 The diffusion coefficient of potassium chloride
in water at 25°C and high concentrations
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. Table )CXXV‘II ".[’he diffusion coefficient of nitric a.cid in
- , T water a.t 25 C‘ :

o (wles/t) Pﬁ*ios’(éﬁ?/sé¢5'uﬁ o standard deviation b

'l;005.v‘. B P 7- :".”"SYV'C'Q7
_2;155 a8 '.'.A_ _ ‘0,07
_;3{940  R T S '_‘  <, L0017

R R e e o ey s L B . - e

‘Calculated from Eqe (III-5) and values in Tablé XXXV .

I e e T
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T4

'nesults in this range ere also included in the figure for comparison;

‘The statistlcal evidence for hlgh prec151on and the close agreement w1th
Gostlng ;] values indicate that the method used here is Valld and capable

of accuracy at least comparable to. that of the other modern methods for
measurlng diffusiv1tya |

- Measurements were made.with nitrlc acid at four final concentrations. :
.and 25° C. The results are summarized in Table XXXVII The measured dlffusion'»
coefficlent is found to go through a shallow minlmum in dllute solutlon o

and then to increase gradually'w1th concentration. In every run except dne_

" the etandard deviation of the estimated error in %dis less than 0,08 perCent.
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VIII. DISCUSSION OF RESULTS

From the diffu31v1ty measurements and from data for other propertles

available in the literature it is possible to calculate the multlcomponent
diffusion coefficients‘§5.ij of nitric acid in water. The results.are*giveniiLTQTVi
in_Table XXXVIII. Values of the Quantity é defined‘in Chapter lV are also

4 preeented‘in this table. It is found that the function G for nitric acid ..

is quite similar to that for the other acids, HC1 and H SOh,being lower

- than those for other l-l electrolytes, An assumption of G based on the

values pre;ented in_Chapter IV would tnerefore,yield a roughibut approXi;”b

mately correct value frﬁpE5+3 for nitriclacid.4

HpO ﬁ+ and §5HQO NOB is also qualitatively in

agreement with the observations of Chapter IV regarding the effects of

The behavior of §S

these ions in other systems. The nitrate ion is believed to be structuree
breaking in a manner sinilar to chloriae, but the presence of the_struc-
ture—naking,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 coefficlent behaves similarly to those in
hydrochloric and sulfuric acid, exnibiting a small maximum at low concentra-
tions and then diminishing considerably at higher concentrations.

From the.comnlicated 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. By looking at the §sij representation of the data, we have been *
able to discover a consistent qualitative scheme of behavior which is not at ”
all obvious in the measured transport properties. All the §5+_ coefficients

increase with concentration according to Eq. (IV—E), where G is a function

much less concentration dependent thaxlﬁs, and may be estimated from Fig, 10;
. > :



Nitric scid in water at 25°C.

Table XXXVITI.

o «10°

3392 .

1.6049

34500

1.154

c P M A t, DM><:LO5 1+ %—% ¢ 2 D(;_xlos ,_33;_ G
O «99TL 8937 420,50 8300 3,158 1.0000 O, 9.288 1.902 O. -
W00l  1,0040 L8937 L41L.BO L8371 3.103 © L9919 LO0L = 9.284 1,882 2,076E-07 = 3.592E+03
010 1,0051 .8938 406,00 .8%92 3.003 9764 010 9.283 1,843  6,763E-07  3.696E+03
2050  1,0054  .89k2 393,30 L8438 2,881 79559 L050 93290 1,795 1.655E-06  3.,369E+03
LJ00 1.,0134 8946 385,00 .8392 2.829 JOUTS 100 9,286  1.TTL  2.420E-06  3.255E+03
200  1,0096 L8956 376,10 LBh16 2,802 WOUST 4200 9.242  1.749  3,TBLE-06  £.93TEH03
300  1.,0096 L8965 365.39 .8388 2.808 9522 4300 9.137 1,736 L.830E-06 ~2,783E+03
«500  1.,0181 L8984 356,80 LBHIL 2,850 L9755 +500 8,926 1,710 6,955E-06  2,465E+03
G700 1.0236 9003 344,89 L8380 2,903 1.0057 - 700 84630 1.681 8.8LTE-06 2,235E+03
1,000 1.0%303 8811 341.72 .8%%32 2.978 1.0579 1.000 = 8.141 1.629 1.184E-05 1.960E+03
1.500 1.0470  .8854  308.08 .8266 3.081 1.1575 1.500 7272  1.524  1.777E-05 1.513E+03
2.000 1.0635 .8917 280.13 .8201 3,162 1.2681 2.000 6,433 1,411 2.379E-05 L1.I21E+03
2,500 1.0799 9002 256.03 L8139 3.232 1.3859 2,500 5,607 1.306 2,956E-05 8,866E+02
3,000 1.0961 9111 23Lh.79 .8078 3.306 © 1.5027 3,000 5,113 1,217 3.486E-05 7.805E+02
3,500 1.1120 .924k 215.81 .8018 horih 3.951E-05 - T.632E+02

;.Q'r-[-.
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it appears to be practically independent of temperature.

The temperature dependence of the Ssyi;coefficients is accounted for
:primarily by the temperature dependence of the limiting values. The latterf S
s represented by Eqe (IV-}) with the coefflcients for various ions given L
1n Table XKV e - |

The concentration dependence of §S depends'on the nature of the ilon )
.\itself as well as the identlty of the counter-ion.? This dependence can not
| be quantitatlvely related to the viscosity of" the solution, but it can be_.
-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 systemSQ For example, the behavior
of hydrogen ions in_other strong acids might.be expected to be quite closev
to that in'hydrochloric, sulfuric; and nitric acids, and. the behavior of |
the other alkalil metal ions may be inferred from the behavior of Li+, Naf,
and K%o. The larger lons 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 qualitstively on the basis of its effect on the solution s tructure,,
For example, since sedium and lithium are structure-making, the diffusivities
of chloride and iodide drop off much more in concentrated solutions with
thesevcations 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.



[T

~1h5-
The quantitative characterization of these effects is a camplicated

one which will require & detailed mathematical theory of the microscopic

structure of solutions. Such a thedry-seems at the present time to be far

" from our grasp. It 1s hoped that the effects elucidated here may help guide

tpe,eventual development of a successful théory;

Ih‘order to determine more completely the propefties of Various ioﬁs
andvthéif effects on the properties of other ions; as well as to provide a
mofé sound bésis for éﬁ empirical correlation, it is necessary to'have more

extensiye experimental datas We have developed a new épparatus for the

‘measurement of diffusivity in concentrated binary solutions. It is hopéd

that this apparatus will be used in a systematic invesﬁigation of the be-
havior of ions which have not yet been studied as well as in é 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 meagurements indicates such
& high precision in the determination of the diffusion coefficient, the limit
of the accuracy of the methoed at this time may be the chemlcal analysis of
the solution, With barely»more than one cubic centimeter of solution avail-
ablé, titration can not be extremely accuraté. It 1s 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 applicatioﬁ of estimated §Soi coefficients in mass transfer problems
require values of the activity coefficient correction, For the most part
activity coefficient data are available only_at'OOC from freezing point de-
pression measurements or at 25°C ffom E.MJF. or isoplestic measurements.
Tt appears that the most convenient method for obtaining necessary values
for concentrated solutions where no data are avallable is an isopiestic

measurement°u6 Provided that_thermodynamic data are available for some
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system A at a particular temperature, th¢ required activity coefficient :

vter.i_n'v'fqr an unknown system B may be determined by comparing the concen~ |

R tra;‘tions_" of the two solutions which are. in equilibrium with the same partial - o

o ._présgqre of - Water vapors The éonditibn,for'this;equilibriﬁm is

ést:. R¢A : | o : : | o | (VIIi—I) 3

'-.where ¢Ais_the osmotic coefficlent and
_ A"

- _A'BmB

(virr-e)

whére‘mA and_mﬁ are thé‘mélalitiés of the two solutions. -Furthermoré, o

m

o B , .
Inyg= 5= 1+ .£‘ (qu-l) d In Mg » ‘ (VIII-3)

Differentiation of Eq. (VIII-3) and substitution of Egs. (VIII-1) and

(VITI-2) yield the desired expression

| | ' : v,m, ¢ |
'[1 * %—E‘-’:Hzl] B dz(zixB [ Av;: A] - (v

for the activity coefficient correction of solutioh B.

Fof the complete description of mass transport in a mglticomponent
‘electrolytic solution cbntainihg n ions, éne néeds values for n(n-l)/2 Aa;_
coefficients and n&oi éoefficients; that is', n(n#l)/2 independent
transport properties, which are functions of compesition and temperature,
The specification of this large amount of information requifes a tremendous, '
experimental effort,'and no complete set of data fof any system has yef been

25D

~ obtaineds 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 properties.
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B . .
'Lightfoot et al. T have suggested that 1751 for an ion in a binary

'solutién be used as its value in a multicomponent system, This procedure

. should be valid when all ions'are present in very low'concentratiOné. Sincé -

~we have discovered that these coefficients are concentration dependent as -

- well as dependent upon what other ilons are pfesenﬁ in the solution, the value - - H

ova9;i when any ions in the system are présent in high concentrations will
probably be'changed considerably ffom its zero-concentration limiting values
The direction aﬁd extent of the chahge wiil depend upon the effects of &ll
the ions present on the structure of the solution. These might be estimatéd 1
qualitatiVely on the basis of the arguments presented above for binary
solutions. Some careful eiperimental work in multicomponent systems will

be required to determine whether these suppoéitions are valid.

| . In g mﬁiticomponent system the condition of electroneutrality no longer
requires that the lons all diffuse ét the samé rate. In this case, the
quantity K:h. for various pairs of lons can become important in diffusion
as wéll as conductance, It is thérefore more important in these cases to

be able to‘estimAte values of ZTij. As a first approximation one might
attempt to use a form such as Eqe (IV-2). The manner in which the ionic
concentrations enter into such an equation.for multicomponent solutions is
- notuélear,nof is the concentratioﬁ upon whilch 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 Ajﬁj on the basis of a relaxation effect. A complete calculation of
this type should also allow for some specific effects on Zgj by the ions
through their influence on the structure of waters 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

théoretical limiting expressions
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E99 ~COlICLUSIONS AND _mcom\mméﬁs
We have discussed a set of generally appllcable flux equations which ;if;
'define the transport propertles necessary for the complete description of
' maSSatransPort in electrolytic solutions. The transport properties so
': deflned are related to those usually measured, but they are more easily
.'interpreted in terms of molecular 1nteract10ns°_ It is, therefore, these L
:propertles whlch should be the easlest to correlate and whlch should be
treated directly by any mlcroscoplc theory of electrolyt'c solutions.p;ﬂ
There are essentially two kinds of transport proPerties in this
| s1tuation' those which are related to ion-ion- interactlons, A?;_, and
: fthose whlch are determ;ned by ion—solvent interactions, ﬁzi" From an ;
'investigation-ofithe'available data on mass'transport in binary solutionms,
e discovered that the formed are very small in dilute‘SOlutions but in-
creaseioverimany orders}of magnitudevand are appreciable in concentrated -
solutions, Based:on the relanation term of the limiting law for electro-
lytic conductance, a crude empirical correlation of Kﬁ_ data was suggested
which takes into account most of the dependence of [T on concentration and
temperature for a system..
The ionic diffusion coefficients'lgi were found to vary from their |
- limiting values in a way characteristic of the ions present in the solution.
In general, if the ions'present are large, they initially tend to break the
structUre'of water such'th’atbzi goes through a maxlmum~before decreasing'
at higher.concentrations; Smaller and multivalent ions impose additional
structure on the solution, and tgi‘decreases-monotonically from its limiting
value‘ A gqualitative estimate of the variation of an ilonic diffusion co-
efficient from its limiting value may be made on the basis of this scheme

by investigaging the behavior of a similar system. Most of the temperature .
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"dependence of the Cgi coefficients is_aecounted for by the'variation of its
' lim1ting velue° | o
The development of a reliable quantitative correbation of the trans;
"port properties 1n electrolytic solutions will require much more extensive

odata, as well as valld quantitatlve theories of the structure of solutlons

- and molecular interactions, to elucidate what phys1cal‘parameters are im-

portant in determining»the obServed behavior. In order'to provide some of -
the requ1s1te data, we have developed an optical restricted diffusion method
i,for measuring dlffu51on coefficients in concentreted binary solutions. From.
measurements w1th potassium chloride in water, tne method was found to agree‘
with the_Gouy method within the estimated accuraey of 0.2 percent. The |
newimethod has the edvantages that its mathematical analysis involves fewer _'
"approximations than any other method and that experimentally it does not
reguire "an initiallyvsharp boundary betWeen two solutions, One disad-
vantage is thst the time reQuired for each deta point is several days.

The diffusion coefficient of nitric‘acid in water at'25°C and at con-
centrations up to 3 molar was measured. The ionic diffusion coefficients
were found to beheve.consistently with the qualitative scheme suggested on
the oasis of the effects of various lons on the structure of water. The
diffusivity of nitrete in nitric acid decreases much more rapidly than in
other nitrete solutions because of the strong effect of hydrogen ilons 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 atiooneentrations above .l moler in a manner similar to
the hydrogen in HCl and HQSOA. ' gl

The problem of relating the transport porperties of multlcomponent

solutions to those in the binary systems is even:more complicated than the

T

_ quantitative description of binary solutions. It would be desirable to

e -
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f.have complete sets of transport property data 1n:some multlcomponent
'e'solutlons 80 that an.lnvest1gat10n of the behav1or of the- C{i qoeffle
cients Would be possible. . )

| Of the many theoretlcal‘problems which need to be solved there are
tWQ,Wh?Ch may be w;thin,the reach of the.current’theorles of the liquld
'.sféte; The'firstvis the explanatioh of.the values as well as the tem-
. ;perEture dependenee-ofbthe'limiting ionic diffusion coefficients. Con-
' %slderation of this partioularlproblem in elecﬁrblytes minimizes the num-
_berlof feeﬁors'ﬁhichvneed to be taken into account. Tts solution should
elucidate»the types of forces which are most important in the ion-solvent
intereétiohs.lrlt'WOuld elSO serve as a gquantitative basis forrdescribihg
' subsequent‘ehanges ih_the'strucforeband effective forces as therconcentre-
tion is inereaSed.

Another importaht problem to be treated is a derilvation of the relax-
‘ation effect conslstenttw1th Eq. (III 1) rather than one based on the dilute
solution formulation. Such a development is primarily a problem in electro-~
stetics. 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
Eq. (Iv;e)_ for the correlation of £] . It should, furthermore, be a
‘sufficiently general formulation so that it will treat the ionic distri-
bution functions in multicomponent solutions and indicate the manner in
which,ﬁqd in these systems depend on fhe concentrations and might be related
to the lonic interaétion coefficients in binary electrolytes.

The investigation of transport properties in the forms suggested in
this discussion has been found fo be quite advantageous. It has revealed
- a qualitatively systematic behavior of the 155 cdefflcients which was not

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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'?arioué iéﬁs»on the:structuré_of wafer'and 6frlong range ion-ion inters
_‘gctions, there is promise that a generai éorrelation of them will become»_
_ p§ssible as progress'is made in the quaﬁtitative>description of the strue-~
t_ﬁr.e of ﬁéter .a.nd' iolecﬁlar iriteractiohs in électrolyti;: solut'ivons..'

: Coﬁveféely, the observations made in this sﬁudy should be valuable gﬁidesl
in ﬁhé dévelo?meht 6f a succéssful micrqscopic fheory by préViding qﬁali;
'”‘tafiVe infprmation abéut the structure of electrolytic éolutions. ‘It is
_hqbed tha£ thé>experiméntal apparaqu'developed here will be used to obtain
- additional data in a wide variety of‘systems and thus increase our knowledge

~of the complex liquid states
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7 'APPENDIX A 7
’Fﬁnctiéns Used to Fit Properties and Values
of the Parameters for Various Systems.
.1 To'interpolate_the expériméntal data to_fhe eonéenfratidns wheré
'1¢alcﬁ1atiéns”werevmade,.wevfit‘ali the values for a propérty to'én
'anal&tic repiesentatibn¢ Experimental density'data, gfter_being cdnverted .

b

to gm/em’, were represented by

p=p +a,c+ a c5/2>+ aco . » (A-1)

With thiS'equatidn any concentration values on other scales could be
converted to;moles/liter. Values of the coefficlents in Eqe (A-1) for
various sYstems are given In Table A-l,

Viscosity data were fit by the form

o= “Hgo +be /2, bye + e 5/ + bhc + b505/ (a-2)

The coefficients of this eQuation are given in Table A-2.

The conductivity was represented by

L 32, 2, .5, D .
K =dpc+dye + dge” + e + dge . (A-3)

The coefficilents ére‘presented in Table A-3.

The cation transference number data were fit by the form

ti = ti(o) + elcl/2 +ege + e3c5/2 + e)_l.c2 . (A-k)

The 1limiting value ti(o) mey be calculated from Eq., (III-6) and the
values of‘ﬁgi given by Eq. (IV-3) and Table XXXV. The parameters e,

are given in Table A-k,
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. The eipeiimehtal diffusion coefficients were fit by the form -

2

—- S - 1/2 R \ 3/2 . N L | -b R
_DM‘” D‘£+ fie + féc_f féc- T4+ ihc e (A-5) "
‘The Nernst llmiting value D may be calculated from Eq- (III~5) and the - e

"Kr values given by Eq. (IVLB) and Table XXXV, The parameters f are,
_'given in Table A5y " |
For the differentiation of the activ1ty coefficient data we fit

the log of. these data by
, 1/2?- . N
1rry =‘”glm 4+ gm+ g-m5/3 t gl + gl + g | '(A 6): L
i (1+ml72“) R R R e

The co'efficients,g_i are presented in Table'Af6;
- The fit of'DM'wﬁS'notfused for the calculations of the ﬁ?’ coefficients.
The experimental dlffusiv1ty points were used to ecalculate the thermodynamic

diffusion coefficient which was then fit by
(7 = D° + h. c 24 h2c + thB/ + by & s - (&-7)

and this eQuation.was used in the subsequent calculations. The values of
the‘coefficients_hicare givenvin Table A-7.‘ |
The ihterpoiation of equivaleht conductancevand viscosity by these

equations is inaccurate in very dilute solutions for some systems. When
there were insufficieht data at low concentrations, the large variation at
high COncentrations biaéeo the fit. For the: other properties the fit was
“within the experimental error or within the scatter of values from
~ different experimenters.
The calculated ionic diffusion coefficients tgi were fit quite

accurately by an equation of the form



~155=

& =0, + klcl/é + k2c2+ k5c5/2 + khc2 . (AQ8) 

ol ol

The limiting values are given by Eq. (IV=3) and Table XXXV. The co-
efficients'ki for10;+ and £§_ in various systéms are given by Tables
- A-8 and A-9, respectively.

| ‘ The lonic interaction diffusion coefficien£ is represented accurately..
by ﬁhe form

éz_ = llcl/2.+'£2c + £5c3/2 + Ehcg < (Af9) '

The coefficients f, are gilven in Table A-9.

1
In some cases Egs. (A~2), (A-3), and (A-10) are not accurate in
dilute solutions because the predominance of data at high concentrations

biases the fit. The inaccuracy is particularly blatant for the condue~ |

tance of LaCl5

HESOM’ where d, is positive and for ﬁi_ of BaClg,

0°C and 50°C, and H480),, for which {, is negative.

, LiC1 at 35°C, LiN0,, H.PO, KC1 at 18°C, KCL at 35°C, and

LiCl at 35°C, NaCl at



' Table A-1.

Values of density equation parameters

o <156-

for aqueous electrolytie solutions
Solute - Tempa a a, a
» (°c) o 2 5
Ammonium chloride 25,00 1,5268E-02 Lk, 2267E-0L -3.8344E~04
Ammonium nitrate 25,00 3.2U26E-02° ~T45583E-04  ~9.5159E~05 .

Barium chloride 25,00 1.8152E~01 1.3507TE~03 ~-4,8312E-03
Cadtiium sulfate 25.00 1.7083E-01 -1, TL8LE-02 9. 0769E~03
' Calcium chloride 25,00 84 4592E~02 L4, 6L83E-03% ~3,2862E-03
Cupric sulfate 25,00 1.6319E-0L  -8.8629E-03 ~1.1939E~0k4
Hydrochloric acid 25,00 1.795TE~02  =~342003E~-0Ok ~1.,2209E-0k4
Lanthanum chloride 25,00 2,2929E-01  ~1.,1470E-02 =34 S506TE=0k
Lithium chloride 25.00 2.611TE=02  ~2,L456LE~03 3, 1902E~04
‘Lithium chloride 35400 2.5410E-02 -1.9625E-03 = 2.3639E~0k
Lithium chloride 50400 2,6342E~02  ~1.7390E~03 = 1.0080E~OL
. Lithium nitrate 25,00 4, 5565E-02 -4 L4676E~03 5.9611E~Oh
" Nitrie acid 25,00 3.2061E~02 2,1099E-03 . -9,032LE-0OL
Phosphoric acid . 25,00 5.2204E-02  ~3.1817E-Ok ~2, T830E~0k
Potassium bromide 25,00 8.5851E-02 - -2.5499E-03" 2.1722E-0k
Potassium chloride . 0,00 2.844TE~02 1.8256E-02°  ~3,9529E~03
" Potassium chloride 18.00 3. 3102E~02 2,1511E~02 ~-8.6615E-03
Potassium chloride 25,00 4, 7830E-02  -2,0LT71E-03 ~-5.4033E~05
Potassium chloride 3500 4, 7Th85E-02  -2,0650E-03 -5.1796E-05
- Potassium chloride 50,00 4,9976E-02  ~6.T865E-03 - 1.635TE~03
Potassium iodide 25.00 1.,3203E-01.  ~1.3936E-02 3.1413E-03
Potassium sulfate 25.00 1.4180E-01  =1.1383E~02 -8.0789E~Ok
Silver nitrate 25.00 1. U56TE-01  ~6.L475TE-03 1.0150E~03
 Sodium chloride 0.00 4, 7817E~02  ~4.,9601E~03 4, 6814E-0L
Sodium chloride 18,00 4, 4389E-02  -3.7T7295E-0% 3. 3908E-0k
Sodium chloride 25,00 L4,113TE-02  ~1.233%9E-03 ~2,2432E-04
Sodium chloride 35,00 2.3348E-01 -1.9429E-01 L, 71835E-02
Sodium chloride 50..00 4,2015E-02 . -2.,T096E-03 1.563CE~04
Sodium hydroxide 25,00 4, 7791E-02  -4,9148E~03 6. LOUBE-05
Sodium iodide 25,00 1.1761E-01  -k4,1864E~03 7.0349E~0L
Sodium sulfate 25.00 1.3836E-01  ~2.5404E-02 - 5.2724E-03
- Sulfuriec acid 25.00 5.0346E-02 1.0344E-02 -2.6583E-0%
' Zine sulfate 25,00 1.1681E-01 6.9285E-02 ~3,04OLE~02




Table A-2, Values of viscosity equation parameters for aqueous electrolytic solutions

b

by,

Solute ?ﬁgg.“ 1 b2 : b3v' b5

Ammonium chloride 25,00 ~1.O45E~OL 3. T23E~0L =4, TLTE-01  2,424E-01 . <L, 257E~02
Amonium nitrate 25,00 3,795E-02  ~2.136E~01 0.186E-01 ~9,1NTE~02 ~ L.5ThE-02
Barium chloride 25.00 1.256E-02 1.912E-01 3+291E-03 2,.306E-02 2,492E~02
Cadmiun sulfate 25,00 4, 851E-02 2. 366E-01 9.550E~0L  ~1,113E+00 6. 500E-01
Caleium chloride . 25,00 4,515E~01 ~1.945E+00 3 ,689E+00 —2,5L8E+oo - 6.669E0L
Cupric sulfate 25.00 L. 089E-02 9« 554E~02 L. 452E+00  ~1.L6LE+00 6. 668E-01
Hydrochloric acid 25,00 ~T.686E~06 64921E-02 ~1.8L6E~02 5.635E~03 -2, T12E~OL
Lenthenum chloride  25.00 2, 628E-02 5. 322E~01 ~1,753E-0L = 3.120E-OL 6.380E-02
Lithium chloride 25,00 1. 468E~01 -2, TO2E~0L 4,265E-01  ~2.053E~OL 4, 142E-~02
Lithium chloride 35. 00 3. UBTEHO0  ~T.681E+00 6. I2LE+00 -2, OU9E+00 2. 538E-01
Lithium chloride 50,00 1.132E+00 -2, 496E+00 2,085E+00. ~T.255E-OL 9+ 598E~02
Iithium nitrate 25,00 5.,813E-02 -1.333E-01 2:918E-01  ~1.483E-01L 3.199E-02
Nitrice acid 25,00 ~8.033E~02 1. 471E~0L ~#1.251E~01 5.269E-02 ~6.9TLE~03
Phosphoric acid =~ - 25,00 2.,20TE+00 =T 160E+00 +L.TUBE+00  ~3.152E+00 4. 592E-01
Potassium bromlde  25.00 2.854E-03  ~5.8828-02 3.460E-02  ~1.261E~02 4.9628-05
Potassium chloride 0.00 - =5¢864E+C0 1. 643E+01

-1.T18E+01

T4 T93E+00

~1.294E+00

-LGT~



Table

A~2 (continued)

Solute

b

b

%?ggf L by Pz Py 5
Potassium chloride 18,00 2,L45E-02 = -1.338E-01 1, 64TE-01 -9.+318E-02 2,186E~02
Potassium chloride . 25,00 1.783E~02 . -8.12TE-02  1.195E-01 =74 344E~02 1, 856E-02
Potassium chloride  35.00 2.550E~03 1.THOE-02  ~L.9T6E-02 1.102E-02  9,118E~05
Potasslum chloride = 50,00 2.109E~02 -}, 870E-02 7.9THE=02 3.860E~02  T.TR9E-03
Potass;umjiodiae 25,00 1.28TE-02 ~1, }158-01 1.000E-01 ~3.835E~02 9.534E-03
Potassium sulfate  25.00 34 303E~02 8.B5IE-0L  -2.273E+00 2,86TE+00 = ~L.191E+00
Silver nitrate 25.00 T+ LOSE-02 ~2,3TTE-01 3.508E-01 = = =l.5U2E-01 2. T6TE~02
Sodium chloride 0,00 1.313E-0k 1.331E-01  ~2.453E-01 2.3488-01 -k 5hoE-02
Sodium chloride ' 18.00 3, 826E-02 -1.529E-01 3.708E=01 = =2.251E-01 5. 500E~02
Sodium chloride 25,00 -1.681E-02 1.24TE-01 -~ ~k.168E-02 1.342E-02 _5.383E-d3
Sodium chloride 35,00 ~1.263E-01 2.9TTE-OL . -2,149E-01 1.0948-01  -1.684E-02
Sodium chloride 50400 ~L, 781E-02 2,440E~01 -2, 4h9E-01 1.317E-OL -2, 167E~02
Sodiun hydroxide 25,00~ 2,781E-01 - 1.3968-02  -h.013E-02 -  8.108E-02  ~k.T81E-03
Sodium iodide 25,00 ~1,123E~01 4 721E-01  -6,1T8E-O1 3.L11E-01  -5.783E-02
Sodium sulfate 25,00 - 4. 926E-02 2.023E-02 . 9.995E~01 94 684E~0L "’,_h.houEhoi
Sulfuric acid 25,00 8.167E-01 -2, 132E+00 2. OT5E+00 .f7,592E-01 . 9+809E-0R |
Zine sulfate 25,00 ~1.919E-01 b OTSEH00 . =T, TTSE+00 5,T32E400 . =l.

~1.059E+00

...8g '['.-



Table.Aeéi

Values 6f Conductivify Equation Parameters for Aqueous Electrolytic Solutions

"‘50327E—02

2+593E-02

| 3 JLATBE-03

Solute figif dl dy d3 B d&. d5
Ammonium chloride 254,00 1.430E-01 —5.633E-02 3 4 T9E-02 -1.113E-02' 9+129E-~02
Ammonium nitrate 25,00 1.354E~01 ~5.132E-02 245TTE-02 -94551E-03 1;094E-05
Barium chloride 25,00 2 ,290E~0L 3.619E-02  -k,536E-0L 1.668E-01 —5,095E-02
Cadmium sulfate 25,00 1.763E-0L ~5.283E-0L  1.011E+00 -9+63TE-01 3. 451E-01
Calcium chloride 25,00 2,716E-01 -4 ,268E-01 6 .065E-01 -3 «802E=01 5.05TE~02
Cupric sulfate 25,00 1, T56E-01 - 462E-01  T.O69E-OL -5.391E-O1°. - 1i51TE-OL _
Hydrochloric acid 25,00 4, 196E-01 “3.969E-02  =5,602E-02 . 1.077E-02 8.233E-07
Lanthanum chloride 25,00 2, T28E~0L 6,8TTE-0OL  -3,290E+00 L, T18E+00 —2.234E+00
Lithium chloride 25,00 1.,086E-01L -4,888E-02  2.047E-02 -8.365E-03 1.180E-03
Lithium chloride 35.00 7.512E-02- 3e503E-02  -3.423E-02 5,980E-03 . -1.724E-0Ok
Lithium chloride 50,00 2,010E-01 -L T30E-OL  L.305E-OL  -5,T55E-02 9.+396E-03
Lithium nitrate 25.00 8.,168E-02 7M88E-03  —2,555E-02 6.THOE-03  -5.095E-0k
Nitric acid 25,00 4,99LE-01 _1UTIE-0L  -1,551E-02 8,246E-03  -6,5LTE-Ok
Phosphoric acid 25,00 h4369E-02 B4256E-02  =1,655E-02  1.085E-0k 3 .438E-04
Potassium bromide 25,00 1.462E-01 -6 43 TE-02 543 T5E-02 2433 TE~02 3 4223E-03
Potassium chloride 0,00 8,118E-02 -3 «060E-02 2, T22E-02 7.175E-03 -1.066E,o3
Potassium chloride 18,00 Lke333E-02 2,046E-01  —2,555E-0L 1.300E-0L  -2,421E-02
Potassium chloride 25,00 1.438E-01 ° ~1.2438.03

66T~



Tgble A-3 (continued)

-5 A657E_501

S;)].ute : zixélsa dl dz 5 d 5
Potassium chloride 35,00 1,208E-01 1.13TE-OL  -1.878E-OL 1.080E-01  -2,2hhE-0P
Potassium chloride 50,00 2,486E-01 2,211E-01 2;265E-Ol: A1,115E-01 - 1,913E-02
Potassium iodide 25400 1,433E-01 5.6U3E-02 - L,565E-02  ~LaTOOE-02 - L.TIME-03
Potassium sulfate 25,00 2,893E-01 4 315E-01  6.435E-01 4,958E-01  1,2§2E-OL
Silver nitrate 25400 1.299E-01 ~T,083E-~02 | 2.355E-02  =5.,218E-03 4 8T9E-0k
Sodium chloride 0,00 | 6,603E-02 L 022E-02  5.08TE-02 . -3,8U43E-02  9,M18E-03 -
Sodium chloride 18,00 TLOUOE-OL . A, 31B1E-02 1.,933E-02  -T.54UE-03  8,468E-0k
Sodium chloride 25,00 -1,200E-01 -508TE-02 2.683E-02 ~L.203E-02 1.Th2E-03
‘Sodium chlrodie 35400 1JUBE-01  —8.563E-02  6.396E-02 . -2.855E-02  4,185E-03
Sodium chloride 50400 1.924E-01 “L.OI0E-01 - 6. 4U2E-02  B3.OTME-02  5.,237E-03
Sodium hydroxide 25.00 - 2,432E-01 ~T.951E-02 4, 145E-02 ;3.461E502 T+165E-03
Sodium iodide 25,00 1.218E-01 L4 ,BI5E-02 3 ,225E-02 “1.570E-02  2,469E-03
Sodium sulfate 25.00 2.582E-01 -5,496E-01 = L.216E400 - -L.633E400  B8.960E-OL
Sulfuric acid 25,00 - 3.Th4E-0L 2.759E-0L -3,310E-0L . 9.129E-02  -7,874E-03
Zine sulfate 25,00 1.895E-01 - 1.091E+00 -1.0k0E400

3$7l8Ele

~09T~ .



: Table A-4
Values of Cation-Transference'Number Equation Parameters for Agqueous Electrolytic Selutions.

Solute %ggg.; ey e, e5 ' ey
Ammonium chloride 25,00 S1.T9ME-OL 5.332E-03 —7.306E-02 1.487E-01
Ammoniun nitrate 25,00 2,2UFE-02 . -24390E-02 1.0198-02 ~1.50TE=03
‘Bariim chloride 25,00 -1, 799E-OL 1.728E-01 ~1,145E-01 2 J482E-02
Cadmium sulfate 25,00 J1UB0E-02  3.850E-01 3 . 593E~01 —1.065E-01
Calcium chloride 25,00 ~T+180E-02 -4, I0LE-0L 1, 089E-0L -1.061E-0L
Cupric sulfate 25,00 -2, 14TE+00 8.83TE-0L 2 14 TE+00 1,585+00
Hydrochloric acid 25400 5, TO1E-03 54033E~02 3 o TOOE-02 - 5.330E-03
Lanthanum chloride 25,00 -2,513E-01 8.L428E~01 ~1.T61E+00 1.191E+00
Lithium chloride  25.00 6. h25E-02 1.322E-02 8¢512E-05 ~54660E-03
Lithium chloride 35400 ~9.345E-02 8.1k2m-02 =kt BTTE-02 T+ 469K -03
Lithium chloride 50,00 4, 072E-02 ~1,128E-01 4 ,658E-02 -5.T65E~03
Lithium nitrate 25400 ~1,009E-01 5 560E-02 - ~1.,221E-02 1.728E-03
Nitric acid 25,00 5+042E~-02 ~6941E-02 2,654E-02 -4 ,364E-03
Phosphoric acid 25,00 ~9.210E-02 1,392E-01 A—6.Oh9E;02. 8.+900E~03
Potassium bromide 25600 I, T90E-02 ~1.225E-01 1,021E-01 2, T59E-02
Potassium chloride 0400 =3 J450E-02 3o T3 TE-02 ~1.T94E-02 3 ,184E-03
Potassium chloride 18400 =2 4930E-02° 5o O4E-02 =3 Jh96E-02 8.210E-0%3
Potassium chloride 25.00 -3 ,006E-03 1,220E~03 4 5T6E-05 . =94020E-05 -

;TQIf



Table A-4 (Continued)

Solute

51 1 : s

Potassium chloride 35,00 3825E-05 = -1,138E-02 1,350E-02 -3 963E-03
Potassium chloride 50400 -2 56TE-03 -3 +911E-03 . 5,198E~03 ~1.615E=-03
Potassium iodide 25,00 ~5.992E-0% 1.793E-02 ~1,384E-02 | 3.265E-03
Potassium sulfate 25400 LsT15E-02 14340E-01 ~T+82TE~OL . 8;%58E-01
Silver nitrate 254,00 3 . 558E-05 4 OUSE-02 ~1.609E-02" 4 648E-03
Sodium chloride 0400 ~1.012E-01 1.160E-0L 6 169E-~02 1,165E-02
Sodium chloride 18,00 ~5030E-02 2 58 TE~02 -6+ T89E~03 4, T93E-0k
Sodium chloride 25,00 4,03 TE-02 2 W39E-02 ~1.626E-02 4, 412E-03
Sodium chloride 35400 ~4,502E-02 1.585E-02 .1.60¢E£o3- -4 ,913E-0k
Sodium chloride 50400 -2, T8UE~02 L ALTE-02 1.631E-02 =3 +OU6E-03
Sodium hydroxide  25.00 1.593E-02  -h255E-01 7o 4OOE-OL -3 J691E-0L
Sodium iodide - 25,00 2.808E-02  -3,261E-03 7, 8U2E-03 1.280E-02
Sodium sulfate 25,00 1.970E-02 -3 .501E-01 1,283%4-00 -1,396E+00
Sulfuric acid 25,00 3 T3IE-02 ~ToT23E-02 34988E-02° -9, 182E-0%
Zine sulfate 25.00 4 T3oE-02  -2,004E-01

1,382E-01

"‘3 0083E -02




Table A5 . :
Values of Experimental Diffusion Coefficlent Equation Parameters for Agqueous Eiectroly‘bic, Solutions.

- f

Solute %’sgl})). fl o | 3 fl&
Ammonium chloride 25400 ~64936E~06 9,00TE-06 3,14 TE-06 - 34369E-07
Ammonium nitrete 25,00 - -6.290E-06 6..354E-06 <3502LES06 I 586E-07
Barium chibride 25400 ~1.,662E-05 3 »9L6E-05 | B TBOE-05 1.230E-05 -
Cadmium sulfate 25,00 3,161E-05 -2,84hE-0k 6. TOLE-Ok  4,B30E-O4
Calcium chloride 25400 -1.36TE~05 D 216E-05 ~1,07TTE~05 1.3 76E-06
Cupric sulfate 25,00 —24133E-05 56342E-05 ~54893E-05 2 4220E-05
Hydrochloric acid 25,00 ~1,908E-05 3.36hm~o5 “wl 63 TE=05 3 ,33535E-06
Ienthenum chloride 25,00 5 .092E—05 5 205E-05. 5 JO82E-03 | 7 «229E~03
Lithium chloride 25400 =4 ,021E-06 4,1 75E~06 -8.172Eeo7' | 27.,027E-08
Lithium chloride 35400 -5,025E-06 54269E-06 ~1.24TE-06 ;1.620E-08
Lithium chloride 50400 -6,384E-06  6,728E-06 -1.645E-06 L, 6498<08.
Lithium nitrate 25,00 - ~54208E-06 8.09TE-06 -5.868E.06' . 54339E-07
Nitric acid 25400 -1.828E-05  2,998E-05 ~1.T7OOE-05 ' 3.506E-06 -
Phosphoric acid 05,00 3 (62 TE05 3 . 2866E-05 ~1.10TE-05 1.214E-06
Potassium bromide 25,00 ~T+ TT9E-06 1,197E-05 -5 T61E-06 1,114E-06
Potassium chloride 0400 =3 636E-06 56333E-06 -2 594E~06 5 TLTE-0T
Potassium chloride 18,00 ~64523E-06 9.6TLE-06 ~5.125E-06 1,118E-06
25400 ~TJTTIE-06  L1.136E-05 1.101E-06

Potassium chloride

~5e664E-06

..'€9“[-.



Table A-5 (Conmtinued)

Solute

Temp. -

iy

RN

¢  1 2 3 ”&,_
Potassium chloride 35400 ~7.808E-06 | 9¢QLIE-06 . - -4, 205E-06 7.198E-0T
Potassiun chloride = 50400 -9, 866E-~06 1.075E-05 54368806 . 3.,125E-07
Potassium lodide 25400 B.T9LE-06 - 1,TPIE-05 9.928E-06 | 2.169E-06
Potassium sulfate 25400 -2,545E-05 7.861E-05 © -1.,2L8E-04 64968E-05
Silver Hitrate 25,00 —5,052E-06 -1.233E06 T S53E-0T ~T.OTHE-08
Sodium chloride 0,00 -3 «214E-06 3.894E-06 ~1,T69E-06 - 3.141E-07
Sodium chloride 18,00 <l THIE-06 545UBE-06 ~2,325E-06  3.486E-0T -
Sodium chloride 25,00 6, 170E-06 8 48TE-06 L 331E-06 74929E-0T
Sodium chloride 35400 6 1506 T+LT2E-06 -2.617E-06 2.9UTE-0T -
Sodium chloride 50400 6LL59E-06  5,MUTE-06 ~1.077E-06 -6,384E-08
Sodium hydroxide 25400 -8.992E~06 9+114E-06 -5;l31E506 - L,180E-06
Sodium iodide | 25,00 ~5.580E-06  1.005E-05 —4,906E-06 948LIE-0T
Sodium sulfate 25400 -1, TU3E-05 5 472805 ST TITE-05  3.832E-05
Sulfuric Acid 25,00 <4 172E-05 6 «552E-05 +3.6loE-o5 : - 6.9THE-06 -
Zine sulfate 25,00 BESE-05  2.525E-0h ' © 6.856E-0k

~Te311E-0k

, fﬂ914



Values of.Activity

Table A-6

Coefficient Equation Parameters for Aqueous Elecfrblytic Solutions.’

Solute ?fg%- = g, g3 &y &5 g6
Ammonium chloride 25,00 -1.131E400  1.M06E-01  ~1.783E-01 1.P10E-O1  -3.861E-02  b.L76E-03
_Ammonion nitrate 25,00 -1.2265+00 -3.813E-02 -6,0T1E-02 3.215E-02  -5,951E-03  3.902E-Ok
‘Barium chloride 25,00 -3 ,499E+00 2.,216E+00  ~1.9187+00 -5.684E-02 | 9.5ThE-01  -3,631E-01
Cadmium sulfate 25,00 ~1,2055+01 1.816E+01 =3,8108+01 3.697E+01 ';1;726E+01 3.110E+00
Calcium chloride 25,00 =3,.4875+00 2,6385400  -3.03%5+00  1.928E+00 -5.339E-01 5¢223£-02

urric sulfate 25,00 =1,066E+01  1,272E+0L -2.6323+01‘ 2.652E+01  -L1,350E+01  2.85LE+C0
Hydrochloric acid 25,00 ~1.311E+0C 1UUEE+00  -2,3028+00  1.839E+00 -6,226E-01 7535802

Iarthanun ckloride 25,00 -8,79LE+00 3, TO3E+0L *_e.ouhg+oe' 5e535E+02 -4, 065E+02  -L.979E+02
Lithium chloride £5.00 -1,216E+00  6.542E-01 -5.5T3E-0L 2.810E-OL -5.962E-02  k.,267E-03
Lithiun chloride 35,00 -=-- mmes e - -=-= -
Lithium chloride 50,00 — ——— . emmee B o= _ w————
Lithium nitrate 25,00 '-1.157E+oo 4.3248-01 -2,663E-01 1.5T3E-OL -5.538E-02' 3,3078-03
Nitric acid 25,00 -1.,094%+00 3, b1kg-01  -5.,2872-02 -1,158E-01 1.013E-01  .2,253E-02
Prostheric acid 25,00 ——— _— ————— -— ——— e
Potassium bromide 25,00 =1,1408+00 2,1458-01 -2,L12E-0L  1.533E-OL 4. 504E-02 5.012E-03
Potezsium chloride T0,00 ———— ——— emeen —— L e —
otzssium chloride 18,00 —— 7 _— —— _—— _— m———
Potassiux chloride 25,00 ~1,172E+00 2.975E-01  -Lk.5338-01 3.387E-01 -1.1588-01 ‘1.5152-02
Potzssium chloride 35,00 —me- m———— emeee ———- pm——— T mem-

~GoT-



‘Table A-6 (Cdntinued) ‘

"L4856E+01

=T322E+00

Solute ?gg%-‘ gy - g 83 N & '56, |
Potassium chloride 50400 ——— m——— e N C i B s
Potassium iodide 05,00 ~L.IUSE+HO0 ~ 4.003E-01 -5,188E-01 3.637E-OL -1,203E-01 . 1.493E-02
Potassium sulfate 25,00 ~2.278E+0L -1,160E+01 . h.99TEHOL “9.021E40L  T.MoB8EH0L  -2,276E+01
Silver nitrate 25,00 -Lo153E+00 -3.53LE-0L  8i5TTE-02 -L.015E-03 -L.IT6E-05 .  L.478E-0k
Sodium chloride 0,00 ——— mm—— —— B | m—— C dme
Sodium chloride 18,00 —— BRE v—— ———— — -—
Sodium chloride 25,00 < ~L,I51E+00-  3.T75E-OL  -4,318E-01 2.827E-OL = -8.301E-02 9.384E-03
Sodium chloride 35,00 —— — — . —— | ——— A —
Sodium chloride 50.00 —— ‘ —— ——— . ———— L e B
Sodium hydroxide 25,00 ~L1,329E+00 6.955E-01 ~6.831E-01  3.102E-01  -4.829E-02 ' 7 4B2E -0k
~ Sodium iodide 25,00 ~LJIMOE+00  3.6TTE-OL -1.930E-02 -2,085E-01  1,555E-OL 53.199E502
Sodium sulfate 25500 -3.655EH00  -8,023E-OL  5,983E+00 -9.948E+00 . .6.6LTE+00-  -1,580E+00
" Sulfuric acid 25,00 -6,TA3EH00  LISSOE+H00  -5.834E+00  3.549E+00  ~1,033E+00 . 1.166E-OL
Zinc sulfate 25,00 -1.OSUOEH01  L1.23ME+0L  -2.249E+01 | 1.129E+00

Ag;991-



Table AwT

\ us Electy ' .

Values of Thermoixggggc Diffusion Coefficient Equstion P

Solute %§§§. hl h? _hi.' @h
Ammonium chloride 25,00 1.131E-06 1 1E-07 9 LOIE-0T 2,173E-0T
Ammonfum nitrate 25,00 2,059 TE-06 1.TOSE-0T 4 3T6E-08 ~1.473E-07
Barium chloride 25.00 6 «208E-06 -2;2123-05 1.789E-05 ' «55682E-06
Cadmium sulfate 25400 1,0598E-04  -5,86Lm-0l | L.160E-03 ~7.565E-0l
Calcium chloride = 25400 - 3.083E-06 ~1.352E-05 - 6,564E-06 ~9.906E-07
Cupric sulfate 25400 2,255E-05 -l T96E-05 % +800E-05 ~1.314E-05
Hydrochloric acid 25,00 ~T+306E-06 1.580E~-05 ~1.923E-05 5+626E-06
Lanthanum chloride 25,00 5.530E-06 -2,040E-05 1.806E-04 -1,010E-03
Lithium chloride  25.00 (6.3T1E-07 -4 ,382E-06 1.161E-06 - ~6.664E-08
Tithium chloride 35,00 1.825E-06  -8,5TTE-06 3.S14E-06 -4 ,801E-07
Lithium chloride 50400 - 6,842E-06 -2,042E-05 9.06L4E-06 -1,223E-06
Lithium nitrate 25,00 64850E-07 <3 4 121E-06 4 ,306E-07 547T1E-08
Nitric acid = 25,00 ~94955E-06 1,814E-05 ~1,69TE-05 - L, 341E-06
Phosphoric acid 25,00 -1,428E-05 1,031E-05 ~4,038E-06 5¢194E-07
Potassium bromide 25,00 1.0896E-06 2 ,659E-0T ~1,092E-06 2.228E-07
Potassium chloride 0400 842776E-0T -8.817E-0T 1.015E-07 ~1.430E-07
Potassium chloride 18,00 1.409E-06 - 2,632E-06 2, 429E-07 84300E~08
Potassium chloride . 25,00 1.519E-06 -1,223E-06 | =54202E-08

4,3 62E-08

"L9T-.



Table A-T7 (Conmtinued)

Temp. :

h

Solute (°C) 1 2 1&
Potassium chloride 35,00 L 1T3E-06 9,3 T4E06 4 o55RE-06 ~94541E-07
Potassium chloride 50400 5 +843E-06 | -1, 443E-05 TeTLTE-06" ~L.TISE-06
Potassium fodide = 25,00 ~To516E-0T 6,6TIE-06 ~T+008EGH6 -  1.908E-06
Potassium sulfate 25,00 1.669E-05 | 9,018E-05 1.916E-04 ~L,3T5E-0k
Silver nitrate 25400 - 2,318E-06 ~2,115E-06 " 1,5T0E~06 4,03 TE-0T
Sodium chloride 0400 4e190E-0T -2 LTTE-06 G4203E-0T =@3302R-07
Sodium chloride 18.00 9.451E-07 3 .B66E-06 14101E-06 ~1.785E-07
Sodium chloride 25400 8.094E-07 ~1.865E-06 w6 H19E-0T 2 +596E-07
Sodium chloride 35400 - 8J605E-0T ~54989E~06 - © 2,968E-06 ~T4916E-07 -
Sodium chloride 50400 L, T72E~06 «~1,303E-05 4,581E-06 -5.T86E-0T
Sodium hydroxide 25,00 3 +863E-06 2,3547E-05 24235E=05. ~T+253E~06
Sodium iodide 25,00 1,619E~06 b, L75E-06 1, TH1E-06 ~5+08TE-0T
Sodium sulfate 25,00 6965806 2.5198-06  -3.469E-05 2,802E-05
Sulfuric acid 25,00 L394E-05 -2,881E-05 | 1.355E-05 . =2.2L0E-06
Zinc sulfate 25.00 6433E-06 ~1,0LTE-03 . -1-112-“1“03

e.eghE--.ohv
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Values of . ot Equation Parameters for Aqueéus Eleétroly-tic Soltrtions.’ i

Table A-8-

Potassium chloride

Solute : v'.l(?ggl})). kl . 3&2 kj_ | kh '
“Ammonium chloride . 25,00 -2.960E-03 2.526E;02 ‘ ~T7+.103E-02 '64,561E-02
Ammonium nitrate 25,00 3 ,009E~06 “T.605E-07 . . hho1E-07 —2,094E-07
Barium chloride 25400 9s128E-07 ~ ~L.016E-05 9e127E-06 -3.0T3E-06
Cadmium sulfate 25,00 84559E-05 -4 ,881E-04 9.57TE-O4 ~6,183E-0k
Calcium chloride 25.00 . 84236E-07 -1.423E-05 1.4O4E-05 -4.752E~o6_
Cupric sulfate 25,00 1.570E-05 =% ,210E-05 1.1458-05 5,576E-06
Hydrochloric acid - 25,00 © =1.999E-05 8,383E-05 ~9,014E-05 2 ,390E-05
Ianthanum chloride 25,00 - -3 ¢325E-07 T+523E-07 56 T32E-05 <l 3135E-0k
Lithium chloride 25,00 6.3TIE-0T  -L.382E-06 - 1,161E-06 ~6,664£-08
Lithium chloride 35400 1,026E-07 -5.438E-06 2 2 THE-06 3 ,011E-07
Lithium chloride 50400 6.639E-06 -2,005E-05 94969E-06 ~1,576E-06
Lithium nitrate 25,00 ~1,116E-06 -1,203E-06 6, 4UPE-08 6,07TE-08
Nitric acid 25,00 2,231E-06 4, 562E-06 -2, 781E-05 9. 466E-06
Phosphoric acid 25,00 ~1.285E-0k 1.453E-04 - -6,316E-05  8.918E-06
Potassium bromide 25,00 | 2,853E-06 -4, 4688-06 2,862E-06 ~8,32TE-07
Potassium chloride 0400 1.423E-07 -1.493E-0T ~2,3LTE-OT - -8.410E-08
Potassium chloride 18,00 44 509E-07 -1,012E-06 -8,210E-07 3,269E-07
25,00 1,3 7THE-06 -1,157E-06 - 4,884E-08 -4 ,613E-08

- =691~



Table A-§ =

Zinc sulfate

| -8.215E-0k

Solute Texp, - kl o k- ko ff?h
Potassium chloride  .3%5.00 5.891E-06  -9.6MTE-06  5.,0M3E-06 -1.103E-06
Potassium chloride 50,00 5.400E-06 - -1.B21E-05  T7.782E-06 . ~L.TI5E-06
_ Potassium iodide 25.00 -9.T29E-0T.. . " 7+24IE=06  ~T.410E-06 - 1.99TE-06 S
Potassium sulfate.  25.00 2.314E-05 - -1.086E-0  -2.091E-0k . ~1.370E-0k
Silver nitrate 25.00 | 2.,256E-06 - -6.,021E-0T7  9.125E-07 -1.406E-0T
Sodium chloride 0.00 ~T+270E-0T ~bi56kE-07  h.hbTE-08 -} T69E-08 -
Sodium chloride 18,00 . -1.635E-07 -2 ,586E-06 T.BI2E-0T -+ -L.366E-07
Sodium chloride . 25,00 ILTOBESOT.  -1.150E-06 < -6.288E-07 . 2.hI5E-0T
Sodium chloride *  35.00 “5,8U2E-07 - -h.258E-06 . 2.292E-06 " -6.2488-07
Sodium chloride = = 50,00 = 2,76TE-06 -1.1038-05  b.4O96E-06 6.340E-0T
Sodium hydroxide 25.00 | 2.599E-06 . -2,114E-05 . 2.558E-05 . -1.033E-05
Sodium iodide 25,00 T.205E-0T  -3.579E-06 = 1.861E-06 —3.0TTE-OT"
Sodium sulfate 25.00 8.010E-06"  * -5.458E-06  ~T.Th2E-06 _1.97TE-06
Sulfuric acid 25.00 6.951E-05. -1.LUE-Ok  T.030E-05 -1.164E-05
25,00 5.112E-06 1.8088-04 9.0LTE-0k

""'OLT;'.



Table A-9

" Values of o Equation Parameters for Aqueous Electrolytic Solutions.fi-~

Solute

k

k

ok

-1,292E-06

%‘E?; - - 3 -'ku,
Ammonium chloride 25,00 2.960E-05  2.,526E-02  -T.103E-02 6.560E-02
Ammonium nitrate 25400 1.179E-06 1.037B-06  *-3.269E-07 -8.895E-08
Barium chloride 25.00. 1.75TE-05 -3 . T88E-05 '1'2;6313;05.' . =T.WhSE-06
Cadmium sulfate  25.00 1.328E-0k . -T.WLIE-Ok  1,504E-03 .~ -9.937E-Ok
Calcium chloride 25,00 T.965E-06 . 5.066E-07  -3.508E-06.  ° -3.351E-06
Cupric sulfate 25,00 '3.594E-05 -8.51TE-05 1.25TE-Ok -8.129E-05
Hydrochloric Acid 25,00 L 566E-06 8.240E-06°  -1.039E-05 - 3.130E-06
Lanthanum chloride 25,00 1.946E-05  -6.080E-05  3.4THE-O -~ -1.712E-03
Lithium chloride 25.00 . k.96UE-06  -6.T91E-06  1.908E-0T © 4.60TE-OT-
‘Iithium chloride- 35,00 | 1.2258-05 . -2.291E-05° 1.045E-05 -1.628E-06
Lithium chloride 50,00 - 4.923E-06 -1.&663-05.‘  4.103E206 - ~9.094E-08 -
Lithium nitrate 25,00 T.112E-06  —T.TOSE-06 - 6.387E-0T "’2.15AE;07 _
Nitric acid 25,00 -T.135E-06°  1.259E-05  -1,090E-05 2, 708E-06
Phosphoric acid 25400 ~7.134E-06  L,515E-06  -1,723E-06 2,191E-07
Potassium bromide 25,00 S9.931E-07  5.51ME-06 - -5.478E-06 L1.3948-06
Potassium chloride 0,00 1.524E-06  -1.548E-06  3.225E-07 -1.519E-07
Potassium chloride 18,00 2, LUIE-06 = -L,372E-06 1.387E-06 1.798E-0T
Potassium chloride 25,00 1.674E-06 ~5,649E-08 -4 ,062E-08

-TLT-



Table A-9 (Continued).

ko

Solute ?E??" kl _ Vk?-”‘ 3 ';kh
Potassium chloride 35.00 4.475E-Q61 v‘a'-9.039E—06 ' 3.983E}O6 | '_-7?825E;07S
Potassium chloride 50400 6.21TE-06 . 'L 465E-05 = T.622E-06" -L1.625E-06
Potassium iodide 25.00 - ~5.0938-0T - 6,0UBE-06 . -6.562E-06. ~-1,808E-06
Potassium sulfate- 25,00 1.055E-05 -« ©  -6.611E-05  1.526E-0k - . Sl.165E-0k
Silver nitrate 25.00 2.342E-06 "-3,928E-o6 2.286E-06 - | 5.688E-07
Sodium chloride 0,00 3,251E-06 <5.870E-06  2.698E-06 ~5.865E-07 -
Sodium chioride 18,00 - 3.469E-06.  -6,011E-06  1.4k0E-06 .- = -1.97BE-07
Sodiwm chloride =~ 25,00 3.002E-06 . -3.064E-06 -6.230E-07 2.508E-0T
Sodium chloride = . 35.00  ° 4.020E-06 ' =8.TISE-06 - 3.863E-06 | -1.031E-06
Sodium chloride 50,00 8 L9OE-06 ~1.506E-05  3.861E-06 . -2,8258-07 -
Sodium hydroxide £5.00 | 3.TMTE-06  T.090E-05  1.708E-04 . 9.h99E-05 |
Sodium iodide 25,00 . 3.48TE-06 . -h.680E-06  9.8TME-OT -9.4BOE-O7 . |
SOdium'sglfate_ 25400 5.A38E;oéf-  L.2TIE=05 . -6.84TE-05" 6.589E-05
Sulfuric acid 25,00 5.219E-06 -1.0T9E-05  5.052E-06 -8.352E-07
Zinc sulfate 25.00  3.112E-0k  -1.328E<03 1.4U1E-03

- B.5T5E-06 T

<53LT{; |



Potassium chloride

Table A-10
‘Values of o Equation Parameters for Aqueous-Eleétrblytic Soiutions.- |
Solute .v?iig.” C tl ,b2:  i k} lh
Ammonium chloride - 25,00 2.,255E-06 ~5.140E-06 4.0k5E-06 6.460E-06
Ammonium nitrate 254,00 8.557E—07' 6.13TE-07 "1‘975E;07‘ 1.932E-09
Barium chloride 25,00  =1.555E-07 -~ 3.564E-06 = -b.8462-06 | 2.5%39E-06
' Cadmium sulfate’ 25,00 1.47BE-08 - 1.240E-07 -1.585E-07  ° 8.798E-08
Calcium chloride 25.00 . 3.303E-07 - 1.106E-0T . Bi119E-0T7 . -6.518E-07
Cupric sulfate 25,00 2,131%-08 1,073E-07  -1.612E-07 1.185E-07
Hydrochloric acid 25,00 1.589E-05 _ 3,492E-05  -3.THTE-05 “~1,096E-05
Lanthanum chloride 25,00 6.533E-08 3.T3TE-06 -2.545E-05 . 5,952E-05
Lithiun chloride 25400 i_} 6‘2063-67 ,3;867Efb7- - 2.625E-07. Lb9TE-O7.
Lithium chloride. = ° 55,00 - -2,084E-06 6.096E-06  -3.1198-06 W.589E-07
Lithium chloride = 50,00 1,870E-06 ~ -2.h278-06  Lk11kE:06 -1.321E-06
Lithium nitrate 25,00 © © 2.9TR-0T 1.099E-06 "-4.502E-o7 " 2,703E~08
Nitric acid 25;00“~ B 3;977ﬁ505i <-”;8.813E-o5. © 8.033E-05 -2,078E-05
_ Phosphoric acid 25,00 1.647E-07 © 1.565B-07 . 1.52TE-07 ~5.139E-08
Potassium bromide  25.00 - 1,1388-06 -  3.580E-07 . 8.127E-07 SRS
Potessium chloride - 0.00. 5.331E-07 . h,10TE-07  2.L73E-07 8.727E-08.
Potassium chlorids 18.00 1.309E-06 -7.629E~OYV_ : 1.9283;06. ~5.33TE-07
25,00 1.0658-06  * M.TE9E-OT = 5.54TE-07 -2.311E-07 .

¢t



. Table A-10 (Continued)

Solute . %‘ircr;;;. ll : 3,32 ' - 235 _ : ,sh',
Potassium chloride 35,00 1.104E-06 - 1.175E-06 6,806E;b7_' ! ”;2,985Eio7f‘: ‘
Potassium chloride 50400 1372E-06 1.005E-06  1.536E-06° .~ -6.559E.07"
Potassium»iodide | 25,00 1.601E-06 .-1,163ﬁao6 wfe;h96Eeo6{ Q,'f*5;8;631E—07g,
Potassium sulfate. 25,00 2LOE-OT - 3.666E-0T  9.086E-07 . -L.548E-06
Silver nitrate 25,00 TJSEOE-07 _  1.9658-07  -2.1058-0T  °  k,0U8E-08
Sodium chloride 0,00  <2,53TE-0T 3.11TE-06.  -3.112E-06 1,040E-06
Sodium chloride 18400 5.856E-08 - 3.2B1E-06  -3,0008-06 " 1.03TE-06
Sodium chlo?ide"' 25.00 . - T;YMTE-OY ‘ 5;713Ee07'_5_]1.085E467g . =L.099E-07
Sodlum chloride 35,00  -2,878E-06. . 1.509E-05 -L.438E-05 . - K.254E-06
Sodium chloride . 50400 ~T.3408-07 To265E-06 5 MI6E-06 | 1.563E-06 .
Sodium hydroxide 25;00 . 2.620E-06 - <5,T21E-06 1.650E-05 _ “1.003E-05
Sodium lodide 25,00 . 6.986E-07 1.0T3E-06  L.515E-07 - =8.796E-08
Sodium sulfate 25,00 2,2U8E-0T. - 1.4OME-08 =  T.009E-O7 - 7.686E-0T

- Sulfuric acid 25,00 ~94229E-07 4.6T2E-06 " ~1.698E-06  6,206E-08
Zine-sulfate 25,00 3.509E-08 - -6.259E-08 Lk 432E-0T Sk TETE=OT

~lT-
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A.PPENDIX B

Binary Diffusion in a Diaphragm Cell

As a result of the work of Stokés?3"7? on the problems outlined by

'Gordgn;s

the diaphragm cellvmethod-hasvbgen deveioped into one ofbthe

_feW'reliable techniques for determining 1iqﬁid phase diffusion coeffiéients

f(see Chapterlv). Its accuracy under careful operation is estimated tb

be about 0.5 percent frqm a comparison.of results with measureménts byb

the Goﬁj method. ThéreAnevertheless rémain several theorgtiéal quesfions

to be answered concérning the anaiyéis of diffusion in a diaphrégm cell,
Since the cléssiéal.aﬁalysis is based upon the dilute'soluéion

flux equation, the diffusion coefficient which is measured in a concen-

’ tratéd solution hags not-yet.been precisely‘defihed in terms of a frame

of reference. The existing analysis also assumes that the volume change

of mixing in the solutlon over the course of the diffusion experiment is

negligible, In order to minimize the effeet of errors in Chem%cal

ahalysis, experiments are made with as great a concentration difference

as possible. TFor this reasoh the assumption of no volume change may

céﬁtribute significantly to the experimerital erfor in the determination

of diffusion coeffigients 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.

Anglysis of the Method

We congider a cell of the type employed by Stokes. Two well-stirred
volumes of solution are separated by a porous diaphragm of thickness I.
Properties of the lower, more concentrated solution are denoted by the

superseript # and those of the upper solution by the superseript °.
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' hfhé voiuﬁe>qf the lower compartmehﬁ'v* 1s fixéd, but the:hpper volume"‘i
,.__v5 mh& hhange to aIIOW'fbr ahy‘vélﬁme_changeg of mixing §incevit:is |
| vented through a capillary. AThé‘effeétivekcréés~séctional érea'for,
- diffusion through the diaphragm,ls A, Toorék)haé justifiéd thé applica;

tion of a one-dimensional model’ for diffugion in the complex pore

_ geometry; The assumption of a quasi-steady state in the diaphragm, which S

3has been justifled by Barne:s:L and Gordon19 'will be maintained here.
- The equatlons which govern the diffusion of a concentrated solution
in the d:.aphragm are (111-22) with (III~25) and (111-29), (III-M), and

v_.'(I_;)x_

o R - dZn‘éo . - v ' - ) ;
Loty (gme)ren (D)
N =rcovzb - (B-2)
S == (B-3)
and: B aco ' - ' - '
S 6.‘6— = - VOgo_ . ' (B")'!')

where V becomes *SE where y is the distance through the diaphragm

measured from the bottom surface. Since the density is given by
= MSC + Moco’ (B-5)
snother conditién which applies 1s

90y S Ly ° — ’(3-6)
M S MR e :

Equation (B-6) may be rewrltten as

VN (%2— - MS> =M, VN . | - (B-7)



-

»Sinéé the bottom volume is constant,

; | ,
gt de o : :
o TEet s e

‘end o, dd o . o
A e e | . (B9) " o

‘at y = Oy By means of Egss (B-6) and (B-8), Eq. (B~9) may be rewritten
as | '

) a0 - | _ o
N (dc —MS) =M . S (B-10)

In the top compartment, materisl balances glve

' M = AN ' - (B-ll)

dat . s

and

il

cFVi '
07) aw ) - (B-12)

Tt o

at y = In These may be rearranged to the following formst
dtnop\ av® dp |
P (l T d 4n c> at A-[(Ms - EE)NS S No} (B-13)

o | d In de 3 )
~ <1+ 3 ﬂnc) T -A[(c —MS>1\TS~MO NO} (B-1k)

at y = L. Equations (B-8), (B-10), (B-13), and (B-14) constitute the

and

necessary boundary conditions for solution of the problem,

Initially the concentrations in the two compartments are known,

.

ot =t (0) k . (B~15)

If

!

and - e’ =c° (0) | (B-16)

at t = 0, and a steady concentration profile is already established.
This latter condition is accomplished experimentally by allowing a pre-

diffusion period before a run is started. The usual quasi-steady state
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approximation which is made is that the volumes V® and V are
: _sufficiently large compared to AL ‘that ¢’ and c¢ change very slowly
‘and a steady diffusion problem applies in the diaphragm, N and N
vare therefbre assumed to be constant throughout the diaphragm at any

:_time Accordingly we seek solutions of the forms

. c‘(i) + (/) c@) s o (317) ,
N, =Ngl)_ + (ALY ) Ng?) teae ; (B-28) -
N 'e'Ng_l) —F‘(AL/V*)V'YI\T£2)+ e e o (B-19)

We assvurln.ebv6 is of the same order as 'V':t 80 that,:as the paremeter (AL/V#)
vgoee‘toiéero,'theveitnetiOn becomes a true steady stete'problems: Appli-
cation of this limit to Egs. (B-3) and (B-h) after the series (B~l7),
(B~18) and (B-l9) are substituted indicates ‘that N(l) and N<1> must be
independent of position and therefore represent the quasi-steady state
solution.v We proceed to solve for c(l), (l), and N<l>. The super;
scripts will be dr0pped with the underetanding that Ns.and NO are
henceforth taken to be independent of ye

Substituting Eq; (B-2) into Eqs (B-1) and making use of the relation

between NS and Nb, Ede (B~10), we.obtain an expression for the flux

d In cov v
] ) l., ettt ¢ M
. d In c oo dc
= - —_ B~20
Ns ‘DM (dp)# 3 dy ( )
o -
. de

Integrated from y = O to y = L this becomes -
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, 4 d fn <, o »
e T | % | PR
N L =/ _ . ' D dc- . (B-21)
s ¥ @) e
. e 1....(.:. QE) . i
: _ p \de

- | 3 % ‘ ' o
- The integral diffusion coefficient D- is defined by the equation

%
(e we® o A%
m| — ,ovt=o e R L (B-22)
(e -e & v Vio -
| . 1 1 A L
The quantity —5 = T 1s called the cell constant B and is
| v V0 o

determined expérimentaﬂkyby'measuring the conCentratiqn-changes in‘the cell
of‘a solution whose diffﬁsivity is knéwn. The integral diffusion éoefficienf
.used»for the determination“of B ﬁust be calculated from thevknown diffusi-’
vity-concentration function. In experiments with other solutions B, a
geomeﬁrical property of the cell, should be unchanged so that D* may be
éaléulated fromvK. (B-22). To calibrate the cell as well as tovdetermine
the appropriate diffusivity values in systeﬁs being measured, it is then
necessary to have a relation between D* and the differential cpefficienf
Iﬁr

It is convenient to work with_the integral diffusion coefficlent

for a run of vanishingly short duration. Subtraction of Eq. (B-1%) from

Eqe (B-8) and integration yield

£ . c’ (do)
(e"=c")i t AN 1. 1 o \Ge
In — = T T + o dat
(c -c°)t 3 (¢"=c®) v Ve 1. (4 4n p)
d in c
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we consider a run of vanlshlngly short duration and take the limlt of

(B-23) as t >0 to obtain by comparlson with Eq. (B-22)

‘. 1.;-°° (99.)
1 +‘, 1 - Ev,vdc '
PR e .
| - vV, l_(d n p) o ,
N : ' ~——dnel . (B-2k)
t=O # o . . - .o o * S NUEET
(¢’ = ¢°) ,<,1 L L .) . o
. * 9.'
v Ve
* Substitution of Eq. (B-21) yields:
| S (dp - i 3 fn e
1, 1 *’@ dfine 00 . ..
—F + - 5 _DMQc
: v V‘°t=0 1~ (—-—-—--—-d 2 ) 6 l-- - (§p>
D* B . d in ¢ / ¢ , ¢/ . . :
S Tt=0 ;) e .
A , (c -¢ ) = R RS
_ ‘ - V Vieo / ' ' (3-25)

FinailyQ'differentiation of this expression with.respeét to c¢'gives the

: *
des1r§d relat;on between Dt:O and DMI

PRl

(B-26)
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~ where .

and

.  (B-28)

Equationf(B-26) 1s to be compared with the expression

*

)
¥ ) £=0 * F )
<C =C ) q + + Dt_____o = DM<C ) 3 . (B—'29)
[} )

which is used by Stokes to determinerthe differential diffusion co-
effiecient. Eefore making this comparison, however, we note that Stokes
recommends that ¢°(0) be zero to maximize the precision of the method.
Under these ciréumstances, T=0, R = of - o (%g)# , and Eq. (B-26)

becomes

& AD Lo 2o\ /¢ c DM(c') de . i) (c*) (5.50)
' de t=0 L2 5 [ $72 M _
[ I R -—
p \de

Comparison of Eg. (B-30) with Eq. (B-29) now demonstrates the nature

of the approximations made in the classical analysis. Exact agreement

(&)*
— =0
de.

requires that
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v»'sincé-the=additional term is of the order of
e, e
| ;g;g. ﬁ%sz—- DM .
o \de. '
. An estimate of the extra term for KC1 with ¢’ = 2M indicates a magnitude
- of 1'.5><1'o-'3

-DM. This approximation may therefore accouht for somé con- |

{s1derable portlon of the inaccuracy of this method. We note thé.greét
‘VW,simpliflcatlon of Eq. (B—26) accomplished by maklng ct_O |
The problem.remains to relate the measured 1ntegra] diffusion eco-
.effic1ents for runs of flnlte duration to Dt=0‘
'by repla01ng the time 1ntegral in Eq. (B-23) by the use of mean values of
c# and c° in the integrand. Such a procedure is not rigorous, but it»1s:
difficult to avold severe mathematical complications otherwise. Arother
way to obtain D:=O from the data would be to repeat the same run (e,
with the éame initial concentrations) for Qarious lengthé of time ahd to
extrapolctevD*fto t=0; This ﬁoﬁld require excessive experimental effort,

Also;measurements at short times becomes incieasingly imprecise.

The integral diffusion coefficient is in general given by

d In ¢
y c* 1 -

* d In c
D = . 7

/ < (e

e’ p \de

€0 '
D de dt - (B-32)

where c°, c#; and V° are functions of time. This equation may be differ-
éntiated with respect to time, and the concentration integral may be
separated into two definite integrals, each having O as one limit. These

integrals may then, according to Eq. (B-25), be replaced by terms in

Stokes accomplished this

t .
]
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t

* % % ey . | | LT
»-Dt=o(c ) and D =o(c )« Equation (B-22) may be used to eliminate t. The

A * : :
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'théSe'are available from Eq; (B-32), and the latter are given

by Eqs. (B-13) and (B-14) and felatéd through Egs. (B-2l)-and (B-25) to

*
t

* *
analogous to one of Stokes, which relates D’(cf(t), c’(t), c*(o)) to

* ! . o . B
D£=O(c*) and D =O(C ). The result of these manipulations is an equation,

*
t

=o(c°)‘ According to the results of Stokes, onevmight
' *

. ) *
=0 funetion from D

éxpect an iterative .procedure for calculating the D
data to converge readily and rapidlys.
-Thus we find that the use of the complete flux equations given in

Chapter III makes 1t possible to analyze diffusion in a diaphragm cell

and to eliminate the assumption of no volume change of mixinga It also -

provides the necessary equations for relating the measured integral diffusion

coefficients to the differential diffusion coefficient mQré rigorously

than has been done in the,past;

Experimental Appliecatlon

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 construet a diaphragm-céll of
eorrosion-resistant materials for the purpose of studying this systems

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

commercially'wifh the same pore sizes (about 10 to 15 microns) as are used

Equation ( 8 ) of reference T4 .




18k

'in'thé!gléss éélls.- We pu;chased a'dirélé of porous zifdoﬁiﬁﬁ 1-7/8

"inqhé 5 in diameter and 0,10 inch thick welded. in a 3.5_inch ring of

'7_ ?ifcélléy from Clevite Cgipérétiohf 'Thiégpléte wasvsandwichéd-betWéenv»_,
two cupé,»each about 35 cé in volume,‘ﬁaéhined from lucite. The accésé
hbleiin_éaéh en& of fhe cell was'ciosed by a teflon plug in which theré |
'ﬁas drilled a capillary hole. ‘The ‘bottom one could be sealed, and the

" top wes left opeh-as'a;Vept" Stirring on the faces-of the diaphragmfwas
accbﬁpiished b&“fwbvteflqn-coatéd Stirrers- The one on the top was a
permaﬁenfimagngt and_thé iower oné'waé.a nail; whi¢hvwas held uﬁ against
ﬁhe diaphragm'by tﬁe magnet, The latter was driven at 60.rpm by means of

| pérmaﬁent ﬁagnets Whiéh were rotated externally around the celi; | o
| This apparatus was operéted in the manner described'by gtokes,
and measurements wére.madé with potaséium.thoride solutioﬁs in an attempt

to détermiﬁelthé cell'constant4 It:waé found that a eell constant
pepfodﬁéible Withiﬁ less fhan'several percent could not be obtained.

It is felt,thatvthe reason_for this failure was that'the diaphragm
was téo ﬁhin. The méasured cell constant waslon the order of 1.5 cm—l.
‘This meaﬁs that runs must be of about iE;hours duration to maintain a
.reésonable concentration difference. With such a short run the times
involved in setting the cell up and sampliﬁgsat the end became appreciable,

énd the run duration was not known precisely. Also the initial condition

of a étéédy_stéte concentration profile in the dlaphragm bgcomes increasingly :
critical for shofter runAdurations, Stokes! experiments lasted several
déys so that these effeets were minimal. Anothei possible problem with a
thin diaphfagﬁ is that convective velocities caused by the stirrersvmay

reach into the pores for a significant fraction of the diaphragm thickness.

Since in other respects the porous zireonium diaphragm performed
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.satiéfactbrily,'it is felt that such an apparatus can be déveloped to.
yield_diffdsion'data‘Of'bétter than_éne percent accuracy in cq:rosiﬁe

- gystems, it_is‘therefbre‘recommendéd that a similar Zircoﬁium.di&phragm,f

at least 0.3 inch thick, be obtained, tested with potassium.chloride

'.solutions, and- used tpjmeasure diffusivity in strong alkali solutions,_



’APPENDD(C

. Detailed—Results—of thefAnalysis—~; r'n"
B 0._,Restricted Di fusion R

In Chapter V we have 1ndlcated the procedure for solv1ng Eqs..

(III 27) and (III—28) When the approprlate substltutions are carriediey_ff.{

out and terms of equal order in € equated the following equations';:»z{y

%_E_ (1) .D_N;:o . :yg , (c-1)
2) de ilw?2 d%(?) _dDMv‘.m- 2 1) d2 (l)
2e(®) d§ T M ",_d.y_e * (dc ) ( 3 + (c-2)
= dD 2 ;( dc(l) )2 2 (1) dc(l)
(Fovo EE) € \Tdy o dy ’

¢ T Dy € é:'ye ““5 dyz
. 2'. <

3.(1) dgc(g)] 1 (d,‘DM)' 3. 2 42.(1)

ay° "2 _d—c-g ( ) dy ’

S el FUlon S Sesy AR -5 W A € *,d_____.. VR e
T e [ e e X 2
o
3 (1) (dc<l)) (1) ac(®) 2, (@) ac(1)

€ dy | o) dy o dy °’

etc. From’Eq. (III-28)‘

G
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w® e Y p@
- ) e =0, A(c-_u>
(@) e ey /e |
L Ay - de 2 (@) [_ @c . 2 (l) ,
2 Az ile, o d’c 7 o 4b)- ld
N _gy .+_(v“O 33-) < E +V<VO,_.dc, Adc), | dy‘(( ) e )
[ LT sy 2D
L N Cdy - g , , -
eté. And from thé boundary conditions/,“
(1) l - D |
de*™/ | _ o , : -
il B | ~ (c-6)
Vo<i> =0 3 ) (C'7)
y=0 S '
(1)
€ <—-——-———dcdy =0 ’ : (C'8>
- | y=a" , »
AN R 2,0
¢ <i%5,—> » 21 ( 5 ) =0, - (c-9)
© d‘y B
. 8, a -
(3) 2 (1)
3 (a 3(d (2)
€<§y >w+€<d;2 LT ‘
a ‘ a
2 (2) 3 (1)
eBa(l)<d02 +%‘-€5<dc > ((l))=o (c-10)
dy o dyj alr:o
8
. (l) dp wb ,am (l) -
p e a +e(7)£ c dy = 0, (c-11)



Cand

f ‘}40(2)&3?;* 52 (51_2_& )_,[ a ,- dy_:_é;' (é? 1?‘\ |

©etey

Equatlon (c 1) YIelds € and c(l) t'o' 'bé' B TP

: '_D t(TT/a e

;The constant A depends upon the 1n1t1al concentratlon dlstribution.

( )

Now that e and c are.known, the remalning equat;ons may be;

‘ solvec_i one 'by, onee ._Sveve'ral of the resulting functions are given below,

O

RIMEY

[ . cos?@?/?&)] . | (c-15)

é‘G)‘ = K C.oS'; (ﬁ/@o_o") + 1, _c:osj' (my/a”) + {‘C-l6)'
My sin (my/a”),
Also; |

(c-18)

{»

| V_(l)_: - A (n/a") ( v —agb) ’si_n (ﬂy/a“’.),A - (c-19)

and
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The various .

of-the'syétem'in

(my/a") éos (ﬁy/;&§ [(J-B) L ] +
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0

- ) de | L.o\®™® o o s . . ,
l 27 (5 - 0dD) [Ty  osp ¥ LN AE T
§'Al C (Vd 7S dc) (_oo am_cos = ) v (C-20>

éonstants appearing above depend upoh the propertiles

the following wayt

ol | o
- Q = == EN (c-21)
M.
. @ ‘OO ) '_' v . . |
M

P = COD ‘E'E- -2 -d_.z;— s | _(C-EB)

(c-24)
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o de
o)

o dc¢
. F_or an ini‘bially-éharp boundary at the center of the cell', v

| 2(Ac>o ‘ E o
AT T e (0-5__1_)”

“For that initial condition, a(g) may be approximated by

’ 2 w _ ® . : .
a(g) = _‘ “(A.C)O a < ;—742. ﬁ) . v (6-32) i

71'2 de

‘For a typical case, 3.0 M KC1 in water at 25°C, (dgp/dce) = 6x10

(gm/cmj)/(molg/lz), and VO = 27 cmB/mole. Since (Ac)O would be at the
L
&

most 1.0 mol/s , the magnitude of 1'1(2)/43‘oo would be smaller than 10~

The vai'iat:'_Lon in "a" is therefore negligible.
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NOMENCLATURE

A effective cross-sectional area in diaphragm (Cm?)
An coeff1c1ents of series expression for concentration in restrlcted
+diffusion cell
a helght of restrlcted diffusion cell (em)
ja;blc ’empirical constants-  introduced "in Eq.x(IV;S)
ai,bi;di,e. l,g ohy Ly empirical constants given in Appendix A to
: - represent concentratlon dependence of prqper-
ties
constant identified after Eq. (II-18)
' B,J K,L M,N,P, Q,R S abbrev1at10ns for terms arising in Appendlx C
ey concentration of species i (moles/cm )
' - , : c c
c concentration of binary electrolyte = ;i = ;: (moles/cmi)
. . + -
c, concentration of solvent
Cop total solution concentration
, . _ . _ 5
D molecular diffusion coefficient of binary electrolyte (cm /sec)
Di diffusion coefficient of species i (cm?/sec)'
Dm dlffu31on coefficient of\electrolyte defined by Eq. (111-29)
A (e /sec)
* - 2
D integral diffusion coefficient (em /sec)
*
D diaphragm cell integral d1ffus1on coefficient for a run of
t=0
vanishingly short duration (cm /sec)
2
D diffusion coefficient of electrolyte (Chapter IIT)(em /sec)
Dij diffusion coefficient for binary interactions (cmg/see)
E constant defined following Eq. (iII—EB)
e " electronic charge (coulombs)
F Faraday's constant (coulomb/equiv)



=

5

= =
.H-.

]

=]

192~

'-current density (amp/cm )

, eBoltzmann's constant (erg/deg molecule)

effective length of pores in dlaphragm (cm)

thlckness of medium through whlch light passes to generate
interence (cm) '

D/cT, average molecular weight of solution (Chapter II1)

. ‘abbreviation for molarity, i.e., mbles/lifef
: melecular'weighﬁ of species i

order of interference fringe

normality (equiv/cmj)
flux of species i (moles/cm2 sec)

number of electrons involved in electrode reaction

flux of species i relative to mass-average velocity (moies/cm? sec)

constant defined in Eq. (II-19)

ﬁniversal gas censtant (jeule/mole-deg)

rate of homogeneous generation of species i (moles/cm? sec’)
abbreviatiohs for terms arising in Appendix B

stoichiometric coefficient of species i for electrode reaction ‘
Temperature (deg K>

time (sec)

e

transference number of species J (in particular, 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 speeies i (cm?~mole/joule sec)
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volume of compartment of dlaphragm cell (cm )
partial molar volume of solvent (cm /mole)
fluid velocity (speciflcally mass-average veloc1ty)(cm/sec)

velocity of solvent (cm/sec)

velocity of species i (em/sec)

. molar average velocity (cm/sec)

mole fraction of species i

‘mean activity coefficient on concentration scale

position coordinate in diffusion cells (ecm)

valence or charge number of species -i

diaphragm cell constant (cmfl)

mean molal activity coefficient

dielectric constant (Chapters II-IV)
perturbation parametef introduced in Eq. (V-8)
specific conductance (ohm/cm)
equivalent conductance (cmg/ohm equiv)

ionic equivalent conductance'(cme/ohm equiv)

‘wavelength of light (em)

viscosity (centipoise)

refractive indéx (Chapter V)

electrochemical potential of species i (joule/mole)

chemical potential of salt in binary electrolyte (joule/mole)
V++'V_

numbers of cations and anions produced by dissociation of one
molecule of electrolyte
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?'denSity of‘solution .(gm/c'3

'pi' ' mass den31ty of spec1es i. (gm/cm
electrostatic potentlal (volts)
ld":Superscripts

S0

ﬂ 1nd1cates values at inflnlte tlme,‘l e., unlform concentration_'-V

[e5y

vf'identlfles coeffic1ents of terms in singular perturbatlon
- expansion serles, Eq. (V-8) and fellow1ng '

0. 'glndlcates‘propertles at inflnlte'dllutlon
0 1nd1cates propertles in top compartment of dlaphragm cell
' (Appendlx B) : :
| F ;1ndicates properties in bottom compartment of dlaphfagm cell
' (Appendlx B) -~
.Subsérigﬁs"
_59' 'lﬁdicates propert&fofrsolvent
+, - viﬁdicete preperties of cetions and anions
indicates properties of electrelyte |

indicate values at zero time
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