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THERMODYNAMICS OF ELECTROLYTES. IV. ACTIVITY AND

OSMOTIC COEFFICIENTS FOR MIXED ELECTROLYTES
- Kenneth_S. Pitzer and.-Janice J. Kim

Inorganic Materials Research Division of the
Lawrence Berkéley. Laboratory and Department of
Chemistry, University of California, Berkeley, California 94720

(Abstract) -

.An ecuation hee beeh-deveicped Qith‘the guidahce of
recent statlstlcal theorles of electrolytes Wthh is de51gned
. for convenient and accurate representatlon and predlctlon of
the thermodynamic propertles of aqueous electrolytes 1nc1ud1ng
mixtures with any number of components. The three previous
papers have given. the theoretlcal bachground and the evaluat:oh
;oé parameters for pure electrolytes of various charge types
.Thevequation +s here applied to a wide Varlety_of mixed aqueoUs7
electrolytee at room temperature and at ionicbstrengths up to |
6M in many cases and 0ccasiona11y.even higher;TfThe‘first
objective is the prediction of prOperties cfvmixed electrolytes
using only the paraﬁeters for pure electrolyteS' on this basis
standard devietiens-in &ny or ¢ for 69 sets of mlxtures are-
less than 0. 01 in 36 cases and above 0.05 in only seven cases all
1nvolv1ng cs” or OH . | A second obJectlve is the determlnatlon
of parameters giVing the dlfferehces in short range 1nteract10n
of ions of'the'same sign where these differ significantly from r
zero. As expected, these difference terms, whiie always small,

are'relétively'most important for singly charged ions (and-



eSﬁecially for OH; and C$+) and less important for ions
of higher cﬁarge. ‘The equations,'including difference terms
where known from binary‘mixtures>with a éommon.ion, wefe
finally tesﬁed 05'17 sets bf‘mixtufes invoiving'four or more
ions without any further adjustment. of parémefers.- The
standard deviation_isbless fhan. 0.01 in all cases and is
0.003 or less in 11 cases. Thus these equations appear'to
yield accurgfe predictiohs,of properties 6f'miXed équeous

electrolyte§;'

'(ehd 6f abstract)



'Many systems of practical -'biologicai.orﬁgeological as
well as chemicalf-‘interest‘involve‘mixed aquebus electrolytes.

One of the primary'objectives of the present;series of papers
is the’prediction of the thermodynamic properties'of such
mixed electrolytes ‘at concentratlons of practical 1nterest
by equations no more complex than necessary | The three
‘preceding‘papers in this series, c1ted hereafter as I1 IIZ,
and IIIS; respectively, have prepared the'basis for the
treatment ofvmired electrolytes_ih this‘papert The first
paper gave the theoretical and empiriCal_bases for the choice
of ‘form of equations and some preliminary applications to
mixed electrolytes. .The evaluation of ﬁarameters'for‘the“
activity and osmotic’ coefficients of purevelectrolytes_at
‘TOOuIl temperatureiisjgiven in II forll-l 241;h3—1, and 4-1-
‘-typesz'and in 11T for 2-2 electrolytes3 where a slightly
different but compatible form of equatlon was required In
II'and IID the measured osmotic or act1v1ty coeff1c1ents
were'fitted substantially within experimentalAerror'Up to
ionic strength about 6M in most cases. |

‘Since the act1v1ty or osmotic coeff1c1ents of most pure
electrolytes of 1nterest have been measured at room temperature,
the equatlons provide primarily greater convenience of inter-
polation for pure eleéctrolytes, But for mixed electrolytes -
there»are'experiment317datathr only a very limited number of '
cases in.contrast to the enormoﬁs range of cempositiohs of |

potential interest. Hence reasonably accurate and reliable



equations covering this enormous range éhould be of great
value in making relatively accurate predictions of these
propertiés. | | |

The form of equation used throughOut‘the series 1is

defined initially for the excess Gibbs energy

X 1oy, o 1 )
= =n f + —. ) X,. n.n, + ‘M:., D.n.n; - (1)
RT w n, i lj_ll j nwz 15k ijk 7175k

Heré n, is.the_numbér of kg of solvent and n., nj, etc.
are. the numbers of moles of the ionic species .i; j,‘étc;:v
The function f depends onlyvén the”ionié strengéh, I, and
represents in esséntially the,Debye-Hﬁckel méhnér the long-
range effects of Coulomb forces. In I it was- shown that an
alternate mathematical form aroée:frqm a different but equally
sound statistical derivation from the Debyé:Hﬁckel distributioﬂ
and that this form was slightly preferable empirically to the
tbnvéhtionélzdné. Ouf.fOrm yields eXactly the same limitihg
law as thé familiar DebYe—Hﬁckelvarm and a.similar butvsome-
what sméller‘effectfof iohic size. Since‘we want to useba
single function f fegardlgss5bf‘ionic size;;we‘must accept
an.approximate expression in any case.

The Aij and Mijk are, in effect, sébqnd and third
virial coefficients which represent, respecti?ely, the effects
of short-range forces between ions considered two and three
at a timg. The second virial cogfficient§, Xij, depend some-
what on ionic'strength; this dependence is'implicit'in'the

work of Mayer4 and is shown simply in the derivation in I.



he-assume;thatsthe third virial coefficientsvmay be taken to
be independent of ionic strength and may be_neglected if all
three ions have the same 'sign. R

‘The principal features in thls system are (1) the use of
ions rather than neutral electrolytes as components and (2)
.the 1ionic- strength dependence of Aij wh1ch makes it feasible
to adopt a dniveréalﬁfunction f and to obtaln rapid convergence
in the virial series.. The 1970 equatlons of Scatchard Rush |
}and Johnson5 also use 1onsvaswcomponents but in order~to
obtain comparable agreement with experlmental data they use,
(1nstead of a single functlon f,Aa series of terms 1nvelving
parameters determined pair-wise for the ions, and they require
fourth virial coefficients. These differences enormously
complicate their equations. R

The. Virialhcoefficientsfjx and afe nbt measurable
'“1nd1V1dua11y but only 1n ‘certain comblnatlons Appropriate'
sums are determlned by the propertles of pure electrolytes
and these are reported in papers II and III.»'The properties
eftmixturesvinvolve, in addition tejthese'sumé, also certain.
differences betWeen the interactions of different ions of the
same sign from the'interactionshof like ions‘Of the éane éignf
vaBronstedfs'prineip1e6 of SpeCific interactien held"fully,
all of these diffeieneevterms would be zero. While we shall
find that these difference terms are often measurably greater
.than zero, they are small and can be-neglected‘without seriens
erfor, " In this paper we evaluatevthese difference terms when

the necessary data are available, but also indicate the



accuracy attainable without including them. Thus one can
estimate with some confidence the accuracy of predictions in

other cases where difference terms have not been determined.

~Equations for Mixed Electrolytes

Startiﬁg:from_equatiOn (1) as‘défihed:and diétussed above
one may obtain workingréxpressions.forvthe osmotic éoefficient'
of a mixed electrolyte and for the activity’cdéfficient of
each neutral electfoiyte which can be said to;be'presénp,

We write £ ='af/3I énd ‘X;j =~9Xij/aI :gﬁd-for the Vdribus
ion molalitiés  m; = ni/nw, “In these:terms the equations fOf

the osmotic and activity coefficients are

R T2 L N
¢ - i= - W = (z ml) {(If' - f)
i 1 1 ' . . -
R t . ' .
+ Ymm, (A,. + Ix..) + 2 ) mmm u.., )}
i i) i) 1] ijk i7jk "ijk
g 2
ex 2 '
1 3G _ 71 . , .
3
: . z; v R _
M S Erale IS

For the activity coefficient of a neutral electrolyte

this yields

(2)



By 7oV T vy ARyt v An vy

i}
1N
=z -
N
1= _
()
+
<o
Al ae]
=

z..2 ' :
+ jik '“J-’“k[ 7 Mx t Y On Pyjx t Vx “j‘kx)]
where vM and vx' are the numbers of ions ‘M and X in the

neutral salt and Zy 1and Zy ére th¢ éhafgeéAon the‘iohs:in
electronic units. Also v = vy + vy.

~As mentioned above only certain_combihétioﬁs of the 'Afs
and u's argybbsgrvable, For the osmoti; CoeffiCient the

definitions previously used are very convenient:

£ = % [£' - (£/D)] = -A¢‘ [(1%/(1 + 1.2 191 (5)

¢ = : ,' ._...)_(.. N ' .._1\1 ' ' .
Byx = Awx * Trux * IZZM Oage * T * 7] Oxx * Td

| N |

oD - o) et
o [z y 121 % =

¢ _ g | (X D B 1 I B -
Gux = 3 [ 7, Px Tz “Mxx..] (7)
T (7'7 e (TN) o W

Yanx = OMmnx (T ‘ MMX (T) PNNX® 9



Here A is the Debyc—Hﬁckpl constant for the osmotic

¢
cocfficient [%(ZnNodw/loOO)l/z 3/2] and has the

(e2/DkT)
value 0.392 for water at 25°C. The value 1.2 for the para-
"~ meter in f¢ was chosen empirically in I. Normally «a

" has the value 2.0. Also in.the special case of 2-2 or

.higher valence types it was nedésséry to.addfa:term to ?
as follows: |
6 L (0) , (D) oo %)+ 802 exp(ia, 1%
Bax = Bux® * Bwmx eXp( ay T5) + By eXP( o 9. (10)

For 2-2 eleétroiytes"al}=‘1{4 and o, = 12.0. Also one
should remember that the superécript ¢ is;a'label-and not
an exponent} In these terms the osmotic coefficient for a

mixed'electrqute is

¢ - 1= (Z m.)’ o1 + 2 ) S mom [B¢i NN €23 Ny ]
1 c a ca ca (z .z )!~i ca

, . *“c”a

+ 1 2. memey [0 0 I0 0 # ) My Yecral . (11).

cc ‘ : .a ,
+ 2 z mm_, [6 y  t Ie_ y zm P 'v]}"
Caa ‘a a' aa aa ¢ C ‘caa
Here (Imz) = m z 2 malzal also . C énd. c' are indices

Cc
C.c

covering allvcations while . a and a' cover all anions. We
note thét thé'fifst term within the braces is the.general
"Debye-Huckel" térm for 1ong-rénge forces and thét the secoﬁd
term comprises a double sum over ﬁolaiitiés and the second
and fhird-virial-coefficients for puré ele;trolytes. JThese,

terms can be evaluated from information on pure electrolytes
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and these quantltles are prcsented in papels II and III f01 a
large number of solutes ‘The final two terms_lnclude the
differences betwcen the second and third virial coefficients
for unlike_ioné of the same sign from the apptdpriate averéges
for like ions. -As indicated'abbve, these 1ést"quantities
are expécted'to be smallﬂ | | |

Next we convert equation (4)1forvthe aéti?ity coefficient
into a form based'gpoh these same obseryabievquantities. In
this case it’is-ton?enient'to define the following quantities,

some of Which'we:é defined in 1I.

_ ' ' } . T
Y 1 ' 1 2 ' > 13 :
£ = 2 f' = -A |- +~ + (=) n(1 + 1.2 I*)| (12)
2 ¢ [1+l.212 : 1.2 . o » ,
. : L Zu 'zb '
= X M
Bax T M t 7y vtz Mxxo |
. o | (13)
- (0) + (ZBISI:)l()/u I) [1 - (1 + o) exp(-al®]
' ' X 1 M '
B = A + 50— A + les——] A
.MX MX . 2z Zy MM ZZX XX
(zsh(&)/ 1 )[ 1+ (1+ al® + .-‘2£ 1) exp(-al®] - (14)
B ST
Cyx = Cux/ 21zy2x! 7
Again for 2-2 and_higher]valence types of electrolytes
another term must be added to BMX andv'B&X':With paraheters
Byy~ and o .bgt w1th‘the same form.a§ the.term in 'BMX .

Then



BN Yy = IZMZXI £Y + (2v /v) z ma M + (sz) Cha ™ (vx/vM) OXa]

+ (zvx/v).z_mc [BCX #\(;mz) CCX + (yM/vX)_QMC]

v+ Z g_méma {IZMZX' BCa ¥ [va M Cca"+ VM cha YoV lpc:al)(]}__
S (15)

* % Z z, Mg I(VX/V) lpc‘c'_ IZMZX‘ cc']

SRR ELERE GRS

There_afe many somewhat simplified forms of equation (15)
for cases where all solutes aré of.the same.vaicnce type:and
further where this is a_éimplé‘type orrwhéré,there is a,¢dmmoﬁ
cation or a common.anioﬁ‘or.where there afe 6nly two solutés,
Since these'trathormations are quite straighfforward and in
many casés dobnpt>5hbiten thé expresSiOn vefy ﬁuch, we will
not burden this paper with thém: ‘F6r avmixtufe_of just two
symmetrical electrolytgs df'charge' z and w1th a common anion
the expression is considérably simplifledJ We write y for
the solute fréctioﬁ of the'component NX. "The actlvlty

coefficient of MX is

1

Ln YmMx zzfY + m{(24y) BMX +'(1-y)’IB1:.1X + y(BNX‘+'IBNX)
+ ml(5 - V) Cﬁx £y Chyd Y (Byy f%‘:"“ -] o (16)
£ y(L-y) [(0/2) Yygy + Top10



G

- T | o .2
- In this:.case the ionic strength is, of course, I = mz";

~also we have substituted~ C¢ Whieh'in'this Case is 2zC.

For--comparison. of thlS equation with the equlvalent equatlon

- (41) in paper I, we note that B =Y - B¢ and B' =

(2% - BY)/I.

vAnotHer observable combination'of ectivity'COefficients
is that for the exchange of‘an'amount'of one ion by an equal
electrical charge of a different ion of theesame sign. This

occurs, for example, with exchange between two liquid phases .

" when positive ions are complexed to form neUtral molecular

spec1es in- the non- aqueous phase and in certaln elect11ca1

" cells. The pertlnent combination of act1v1ty coeff1c1ents.

+ZM +ZN
may be wr;tten,vfor M and N ,

Y
1

Zy in Yy T ZIM in YN ='zNzM(zM - zN) f

+
)
~1

a’maIZNBMa - ZMBNa ¥ (sz)(ZNCMa _uzMCNa)]

- 1 ) . ' ° . . .
m (ZN Mc” 2MOne) * 7 ANEM (ZM ZN) g Z, Moy Oper (17)

+
N
O~

0 o~1

SR - |
mmy [2nzu(Zy = 28 Bea * ZnYMca ~ *M¥Nca!

* 7:§-§. maMar IZ2y¥Maar ~ ZM¥Naar * ZNZM(ZM~ZN) 0aa1]
The corresponding equation for the difference in;aetivity
coefficients of anions is readily obtained by transposing
symbols in'equation‘(17). |

As indicated above all of these equations include the o

Debye—Huckel limiting :‘law. ‘While we shall use the extended
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forms in our applications, it seems worthwhile to express
the limiting-law forms to which these reduce at very low
concentration in mixed electrolytes without-limitation'as to

valence types.

3/2

¢ S | -
o v.4A¢ I __ (18)
L C3/2,0 S
¢ - 1= -2A, 1°7%/7 m, (19)
in g = -3A, Loyl T2 o)
Zy 4n y 2 oz on Yo = -3A, i i (z,, - 2 ),Il/2 : (21)
N M T OEM DTN o *N*M'Zm T 2N o

There are tw0'"higher_order" 1imifing laws which should
be noted. One is the limiting law fof mixing discovered by
Friedman7 aﬂd'discussed aisolby Robinsdn,.WQod, and Reilly.8
These authors found.no_inconsistency betWéen existing activity
br osmotic cbefficient data and this 1imi£ing law for mixing.
On the other hand, the use of:this law ha;;no significant-
effect on results for mixed électrblytes-ép.fhe present 1e?e1
of experiﬁental accuracy; Reéeﬁt héat*of mixing'measﬁrements
by Falcone, Levine, and Wood9 have confirmed the corresponding
law for heat'of hixing. ‘We will show in paper V of‘this series
how the ionic sfréngth dependénte of & may bé defined to
satisfy this limiting law. In order, However, to avoidv
‘complicationsbof no‘practical significanée:fof1most exlsting
data, we shall neglect this ioniélstrengfh dependence of é

for the present paper. In other words we take all -eMN to be zero.
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There is'alse'a'higher order limitiﬁgbiaw
,pertalns only to unsymmetrlcal electrolytes ThlS 11kew1§e
has a negllglble effect in~ most practlcal appllcatlons and
was 1gnored in paper II. Its effect is clearly very small
for systems with only unlvalent and bivalent ions and we
_confine‘oufselves to such cases in this paper.v'For 3-1 ‘or
4-1 eiectrolytes this effect may be‘more Significant and we
shalliconsider such examples in paper‘V,eioﬁg.ﬁithvthe_

appropriate theory.

Comparison With Experiment

'Iﬁ'OUr analysis of experimental data in'terﬁs of these
equatlons we seek two pr1nc1pal results First we want to
learn how accurate our predlctlon would be on the. ba51s of
eparameters from pure electrolytes only, 'Second, we wish to
obtain values for the dlfference parameters 6 and ¢, if
.they are of significant magnltude,.pr to determine that theyf
are negligible and can be taken to be zere. It shoul& be
.remembered that'the principél effects on mixing electrolytes
arise'from>differences in the pure eieetrelyte parameters'
6(0),_8(1), and'C¢ and thafvthe parameters 6 and ¢ have

only a small effect, if'any

The results are summarlzed in Table I for b1nary mlxtures

with a common ion. The Values of 6 and were-obtalned

by calculating the difference between the experimental value

of ¢ or lnY and_the_value calculatedewith the appropriate

values for all pure-electrolyte terms but with zero values for

11
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Table I. Binary Mixtures with a Common Ion
o} _ , o with
System Exp. Max. 8=y=0 8 !/ 8 and vy Ref.

HC2-LiCy en y 5 0.023 0.015 0.000 0.007 11
HBr-LiBr en vy 2 027 015 000 .011 12, 13
HCLO0,-1iCRO, o .006 015 -.001, .001 14
HCL-NaCL a0y .040 -~ .036  -.004 002 . 13
HBr-NaBr en y 028  .036 -.012 002 13
HC20,-NaCL0O, b .025 .036  -.016 .002 14
HC%-KC% n vy .014 .005 -.007 .010
HBr-KBr en y .030 .005 -.021 .008
HC-CsCe pny 3 082 . -.044  -.019 .005 15
HCR-NH,C2 an vy 2 - 2,016~ .000 - 16
HCg - Me ,NC2 an y 003 .0 - .003 17
HC2-Et,NCL Ln .003 .0 - .003 17
LiCe-NaCe ¢ 6 002~ .012 _ -.003 .001 8
LiNOS-NaN03 ¢ 6 .014 .01z -.007, .002 8
LiC20,-NaC20, 3 2. .003 012 -.008, .001 14
LiOAc-NaOAc b 3. .004 012 -.004, .002 8
LiC2-KC2 ¢ .045  -.022 -.010 .003 18
LiCe-CsCh ¢ .100 © -.095  -.009, .004 19
NaC2-KC2 0 4. 014 -.012  -.001, 001 20
NaBr-KBr ¢ 4 009 -.012 -.002, .003 . 21
NaNO,-KNO, ) 3. .008  -.012 -.001, 001 22
Na,S0,-K,S0, ¢ 3. 011 -.012  -.010 .004 23
NaC2-Cs CA ¢ 5 027  -.033  -.003 001 24
KCL-CsC2 ¢ 5 .003  .000 -.001, 001 19



‘Table I (continued)

13

o - o with
System Exp. Max. 1 8=y=0 0 Y ® and v Ref.

HC2-STCR, ny 8 ©0.034 ° -.020 © 0.018 0.010 ~ 25, 26
HCe-BaCs, en vy 3 .009 .036 . -.024 .005 13
HCg -MnC2 n y 3 .008 000 .000 .008 27

- LiCe-Bace, b 4.3 .006 .070  .019 .002 28
NaCa-MgCe., 6 5.9 002 .000  .000 002 29
Na,S0,-MgSO ) 9 .005 .000 .000 .005 29
NéCQ-CaCQZ e 8 .004  .000 000 004 20

- NaCg-BaCt, o 5 .001 003,000 .001 31
'Nacz-Mnczz ¢ ‘5,5 - .004 .Cu0. -.003 .003 32
NaBr-ZnBr, ) 0.4 - .007 .0 e .007 33
KC2-CaCs, b 5 .025 .040  -.015 .003 34
KC2-BaCy, ¢ 5 .018 .072 .000 .001 35
CsCL-BaC2, =y 4 .024 .150  .000 .003 . 28
MgCg,-CaCs, . 7.7 .003 .010 .000 .002 36
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Table I (continued)

S S ¢ _ _ o with

System - Exp. Max. I B=y=0 8 v & and y Ref.
NaC%-NaBr ‘ o 4.4  0.001 0.000 .0.000 0.001 21
KC2-KBr B .002 .000  .000 .002 21
NaCs-NaOH an(y/y") 3 155 -.050  -.006 .002 37
KC% - KOH an(y/y") 3.5 .196 -.050 - -.008 .008 38
NaBr-NaOH en(y/y') 3 ~.225  -.065 -.018 009 38
KBr-KOH an(y/y ") 2 .212 - -.065 -.014 012 28
NaC%-Na,SO0, e 9 .004  -.035 .007 .002 29
KC2-K,S0, - ¢ 2.3 .005 -.035  .000 .002 23
MgClZ—MgSO4 R S - 011 -.035 -.000 .002 29
LiCL-LiNO, b 6 .008  .016. -.003 .004 18
NaC2-NaNO ) 5 007 016 . -.006 .001 22
Kcz—KN'o3 b 4 .003 .016  -.006 .001 22
MgC2,-Mg (NO,) , o 4 .008 = .016 . .000 .002 39
‘CaC,-Ca(NOy), ¢ 6 .014 . .016 -.017 .003 39 .

t See text for references.



6 ~and ¢ in equation (11) or (15). Thisidifference, when
multiplied by a function of cOmpoSition, is found to be equal
to -8 plus Y times another function‘of compoéition; For the

osmotic.coefficient of a MX - NX mixture one obtains
A¢[zmi/2mMmN] = Ohn t My hax o (22)

or the equivalent for mixing anions. For the activity

coefficient of MX ‘in this.mixture one has’
@) Iv/zeymd = By + g (g + omylzy/zy ) Sy (23)

with equivalent expreséions for:other cases,
We plotted the quantlty on the left agalnst the coeff1c1ent

of ¢ on the right. One should obtain a 11near plot w1th

th

the res"1 ts,

interc ept 8 and slope w. ‘This precent on ¢ ul
to. wh1ch estlmated errors could be attached, allowed us to
Judge whether values of é or w were 51gn1f1cant1y dlfferent_
from zero and whether the data were cons1stent with these
equatlons w1th1n reasonable 11m1ts of error.

Table I'glves, in the fonrth.column, the root mean square
average of A¢ or A ny Whenl_e and w are*taken_as
zero. Then the selected Vaiues'of 8 and iwf'are given for
the m1x1ng indicated and flnally the standard dev1at10n when
_these values of 6 and Y are 1nc1uded. Thus for the first
'entry the eysten HCL - LiCZ | relatee ‘to veH;Li and wn JLi CQ;
thg-quantity measured is zn YHCR’ the data range up to I = 5;
and the r.mtsu A 2n Y is 0.023 w1th ) ='¢,= 0. The value

8 Li = 0.015 is selected from consideration of the firSt
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three syStems_all»of which_involve mixing of _H+, with Li*
For the chio}ide "¢ was found to be zero énd with these ‘9
and values the standérd deviation is reduced to 0.067.

The values of o with 8 =y =0 gng'an estimate of
the accuracy to be obtained without differencé pafameters.»
However, the$e deviations are usually proportional to molality.
Hence a better estimate is obtained by nbting the effect of
. ih'equqtion (11) or equatidnv(ls). Thus,,in

6 or 6

cc' aa' ‘
the former one finds the result (mcmc,/Zmi)'QCC,. And, if one
has an equimolal mixture of _HC£04 and LiC£O4, for example,
(mcmc}/Zmi) is m/8 -where m 1is the total molality of C!L’O4

H,Li ‘ , _ _ _
coefficient to be 0.0019m. This 1is negl@gible for most

With 6 = 0.015 one calcuiates the efféétFOn the osmotic
purposes unless m , 1s large (considérably above  1M). The
example choéen has é‘typical 0; iﬁ some' cases the effect'of~
6 and y is even smallér while in.a.few éaSES'it‘is someWhat
larger.

In a few cases‘dafa'éré available only for rather'dilute
solutions and these results can be fitted quite well without
the difference terms iﬂvélVing 6 and ¢. In thesé cases.we
report 0.0 for 6 in Table I to ihdicate that the correct'
Valﬁe of 6 must bé small but is not_determinedraccurateiy.-
In the very recent work on HCQ-NH4C2, therdata were ahquzed
using.the equations of this series of_papers; hence we did not
repeat the caicuiations and have no o values. ‘The fit is

very good up to 2ZM with the o-value in Table I.
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Table'II contains thevreSults for binary miXturesjwithout

a common ion. In[thiS case ﬁé-show only théuétandard chiation
without thé'difference terms 0 ‘aﬁd ] and that‘with these
terms. it,is_apparént that in most of theée_examples quite
good resUlté arevobtainea with only the pure electrolyte terms>
and in‘all;caées‘there is good agreement when'fhe 6 and @
values are included. The values of © and j¢"werebdetermined
from the mixtures with common ion: hence,'thefg were no
"adjustable parameters in this tréatment of the mixtures without
common iqn.v

" In Tables I and II, as well as others to c6mé,'the
ﬁaXimuﬁ’I is usually that of the most concentrated mixed
electrolyte heésured;'butlin a few cases thé limitvof validity
of thé équétibns for pure electrolytes detefmined the maximum
I,for'valid comparisqn. In cases inVolving"K2804, whefe‘
‘solubility iiﬁits pure electrolyte data to I = 2.1M, good
fits were'obtéinedvfor mixtures-to-qonsiderably higher
concentration as shown in the tables. This.SUggests.that'the

2
- A set of systems of particularly great:interést is that

equation for pure K SO4 is valid somewhat above I = 2.1M.

involving the ions 'Na+, Mg++, Ct , and SO4="whiCh was

inveétigated‘thoroughly-by'Wu; Rush, and Scatgha.rd.29 They

measured the osmotic coefficient over a wide range of compo-
sitions. As shown in Tables I and II, our equations fit these
data quite well. Indeed there iévno need'fbr difference
parameters _é_ and Y for the Na+"-"Mg++ interaction and ‘the

cbrresponding;terms for C& - S0, ‘are small. ‘Also this good



4

Table II. Binary Mixtures without Common Ion
, : o] o} wi;h -
System Exp. Max. - 0=¢=0 0 and ¢ Ref.
NaCL-KBr 6 4 012 002 21
KC%-NaBr ® 4 012 : .001 211
Nacz-KNo3 s 4 007 .001 22
NaNO;-KCS ¢ 4 007 .ooé 22
LiCl—NaZSO4 ¢ 5 0.008 (.006)2 40
NaCe-X,S0, b 3. 012 003 »23
KCe-Na, S0, 0 3. 015  " 004 23
'fi'¢s¢z>Nazso47f r 5 L024 (00D 40
NaCQ-MgSO4. ' 9 .008 ;' 002 29
Na,S0,-MgCt, | ¢ 7 .005 - .005 29
NaCg - CuSo 6 2. .oosv,f‘(.oos)a 41

a : g . : .
Some ¢y values were not available from other mixtures
and were set at zero;

8

Na,Cu

= 0 for NaCl-CuSO

18-



agreement hblds to high ionic strength, typitally 6 tb 9M.
Since these data for pure NaZSO4 and MgSO4vdiffer slightly
from the values of Stokes and'Robinson42 wﬁich were used in
papers II and III, we modifiéd a few of fhe pQre electrolyte
parameters.‘ Thus,.fdr‘ngSO4 'we chose 3(0),= 0.221,
% = 0.0250, and for Na,S0, we took C® = 0.0057.
Scatchard,'Rushrand'JohhsonS:.tféatedvthese data for tﬁe
Na', Mg++; cL SO4= systems using a set of equations
considerably mére cémplex than ours. Théif:reéults (S.R.J.)

are compared with'ours_(P.K.) in Table III. If only the pure

eléCtrolyte'terms are used, our results are slightly superior,

since our standard deviation‘isAsmailer in fouf out of six
cases énd has a smaller'average_and a Small¢r maximum. When
the difference terms are included their fits are all better
’than ours 4 bﬁt they introduced 18 new paramefefé as comparéd
._tpv6;in‘our_tase{_»They adopted"noh-zero values for 11 of

‘these 18 parameters in their difference terms while we used

only 2 non-zero difference’parameters. Since_the'experimental

error is probably as-largé aS'their-standafdﬁdeviations and

19

- possibly as large.as ours, our fits are really quite satisfactory.

And the fact that we can'obtain,agreementvusing very few -

' parameters SUggests tﬁat our equatiohs relate'moré closely'to

the real physical relationships. _ |
These mixed electrolytes invoiving’both  Mg+f'andSSO4=

are also of special inférest because they inclﬁdé a 2-2

electrolyte. The fact that good agréement was obtained for

these mixtures offers further support for the treatment of 2-2

electrolytes in'paper'III'which avoids an explicit association



. MgCe

Table III,

NaC2-MgSO,

Standard Deviations of Fits
for the System Na', Mg' ', C&”, 8045
tPure es. termé All terms
System p.x.2 S.R.J.P P.K. S.R.J..

Nacz—Mgczz 0.0016 0.0056 0.0016 0.0009
NaC%-Na,SO, . .0035 .0054 0023 1 .0009
MgCL,-MgSO, .0108 .0066 0025 L0012
Na,S0,-MgS0, .0052 0121 L0052 £.0013
p7Nap30, - 0047 59974~1' (0055~ .0042
L0079 L0037 L0021 L0016

a .
This research.

b

Scatchard, Rush, and Johnson, reference 5.

20
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equilibridm‘and handles'the peculiatity'ofvthis type with an .
extra tetmbin.the secohd virialbéoefficieth “As a further
check on the-effeetiveness.of this treatmehtlhe calculated the
activity coefficient of 'NaC ‘in-miitures'wlth MgSO, for
comparison with the cell measuiements of Wu, Rash, and
Scatchard.zg,'Excellent agreement is obtained,veven for
solutions with“a large:fraction of MgSO4 ahd at ienic
strengths up to 6.16M; the standard dev1at10n for all po1nts
is:less than_:0.0l in .gnY or less than ,1%' in the activity
coeff1c1ent

Although all data for the system ch : KCQ are in
reasonable agreement with the“parameters in Table I, inter-
pretations of eertain of these data have'heen made,whieh
Tindicated anomalous’behavior. These matters are discussed
in the Appendix . |

The results 1nvolv1ng hydrox1de 1on are.based upon
measurements of cells of the type Pt, IMOH(m ), MX(mb)I
AgX,Ag which were discussed in'II. These data y1eld '
lﬁ(YX‘/Ybe)? to which equation (17) applles,:and
Eé = EO (AgX,Ag) - (RT/F) 2n Kw,»where K, is:the dissociation
constant for water. The results for the activlty coefficient
are g1ven in Table I and the values of E :aﬁdv log10
are given in Table IV. The measured quantlty, ln(yx /YOH ),
and the compositions chosen in these examples are very
sensitive to the difference:termsj hence, one has unusually
large o 'values.for 6 and y values'which‘are substantial

but not ‘extremely large. .



Table IV. Dissociation Constant for Water

System | :E; | v" Eo(AgX,Ag)a | iogio K., B Ref.
NaOH-NaC% . 1'..0503v o 0.2224v '.1_3;.995 Y
KOH-KCa 1.0501 L2224 | 13.99, 38
NaOH-NaBr .8:996. - 0710 -1’41."0-07 B
KOH-KBr 8996 .0710 1400, 38

a

From Table X Qf paper II.



Tablé V. summarizes ouf rcSults for mixed electrolytes
with three or more solutes. "The fité withon;difference terms
are good éxcépt in th¢'ca$é,involving'cesium”ibn. With the
difference téfms there is éxce11éht agreemeﬁt in all cases.
The résults for sea water are especially intefesting. These
data concefﬁgnot'only sea water at normal-concénffatioh but
also at much greatersconcentration as would arisc after
evaporation of much of thé water._»Underrthésevconditions

CaSO4

“concentration Ca'® was replaced by Mgf+§',The agreement
)nfor this compiex mixfure invblving‘both>sing1y?and doubly

[éharged iohs of eachvSign,iS'very good'withoﬁt'differencevn
 terms and practicallyxperfect-when these terﬁs are included.
While values for © and ¢ are not available for a few of
the interactiOns, these involve the less abuhdant species
and their omigsionvcannot be significant. |

There seems iittle ﬁeed to comment on most’of the other

systems listed in Tables I through V. Among'the 69 systems;
the standard deviation of fit with pure electfolyte térms'
only is less than 0.01 in ¢ or Lny (or;l% in v) in 36
cases ‘and more than 0.05 in only 7 cases, all of which
involve‘hydr6xide iéﬁ or cesium ion. Thus one_has a good
cﬁance of obtaining quite accurété results up to moderate

concentration by the use of our equations with only the pure

will precipitate. Hence, for the measurements at high

electrolYte terms which are available for almost all electrolytes.

For maximum accuracy, all terms should be included, of

course, and values of 6 and ¥ are given in Table I for



" Table V. Mixed Electroiytes‘with Threefoi_More Solutes

o with

Systemv_ Exb. Max. T 6=$=0 8, ¥ Ref.
Licz—,Nacz-Kcév e 5.1 0.02.31-..' 10.004 43
LiC!L'-NaClL-_Cs-C,Q 6 5.2 | 085 004 s
LiCk-NaCl-BaéZz' e 3.3 .00z .001 a3
NaC%-KC2-BaCs, ¢ 4.5 ©.015 003 | 43
Sea watér (ﬁé Ca) R 6 ' _'.094 . ,001 T 44
Sea water (with Ca) ¢ 2 ooz ..oo‘o 4




many'combinafions*of ions.‘“Since the'éffe¢£fof”5ny'intcr-
action is ﬁfopbrtionél to the concentration of the ion
involved, little érror.wiil;beAihtroduced by omitting terms
in .6. and ¢ for ibns pieséht atISmall'cbn;eﬁtratidn even

if the total ionic strength is large.
DISCUSSION

The parameters 'in our equations were sélected to be

related to interionic forces, although this relatibnship is,

at times, complex or only approximate."ConSidefation'of such

relationships for the differente parameters 6 and ¢ must
begiﬁ with equations (8) and (9) Which show that these
fquanfitieS'afe'differences'between'the virial coefficients
for interaction of uniike ions of thevgame.sign'from the
average of interactions of like ions. Since ions of the éame
sign repel one another‘ana.éfe seidom close_tbgether,'one
would expéct any differences in their interéctiohs to be
smail and to be'especially'small'for'ions with double chérge.
'This general view is confirmed in that all 6's and
Y's are relatively sméll. Also the only.systems where the
o value for 6 = ¢ = 0 exCeéds' 0.05 invol&é,either cs”
with H' or Li* or oH with C2° or Br . These
systems involve mixingkof,only.singly'cha}ged ions and 'in

particular of ions which differ greatly in their interaction

with the solvent. Thus , cs¥ is a strong "structure breaker' -

as are ‘CZf_ and Br~ whereas: H', Li*, and - OH  are strong

"structure makerS". Thus it is not surprising to find a

25



relatively large effect in these cases, butwthe details of‘
solvent structure necar thesevions'are so poorly known-thét
it is not feasible to pursue the matter in greater detail.

Rubidium ion would, pfesumably, be similar to cesium,
and F° similar to OH  but no data are available for
mixtures invoiving Rb* or F . The mixtureS‘of ﬁost other
ions with potassium ion show effects in'the.same direction
but much smailer than with cesium ion as one QOuld expect.

Ail of the doubly cherged positive ions are ''structure makers"
: and_theirvihteraction with cesium ion yields significant,

" negative difference parameters-similar to thpse for. H' or .
Li* with cs'.

As onevmoves,'however, to cases where difference parameters
are expected to be smaller onec canvconclude‘only that they are
smaller - there eeems te be little system or order to their
exact magnitude. One may note that, where the ions mixed are
singly ;harged,-wf is either negative or zero; But if singly
and doubly charged ions are being mixed, then, with two"
exceptions, ¥ is ppsitive‘or zero. |

When the ions mixed have the saﬁe charge, one can show
that 1bng-range Coulombic forces cannot have any direct
contfibution to ‘8 or. Y. But wheh singly and doubly charged

ions are mixed, the direct effects of Coulombic forces cancel

20

onlyiin the first order, i.bQ, in the Debye-Hiickel approximation,'

and there may be higher order effects which make small contri- .

butions to 6 and ¢. We are investigating this last point

~and hope'to,report on it in papef V.



Plnally, how well can we expect. to predlct mixed clectrolyte

propertles on the basis of existing knowledgc whlch 1nc1udes
parameters for almost all pure electrolytes and dlffClCﬂCe
terms for only a 11m1ted number of mlxturee"mostly among
51ng1y'charged 1ons? For 1ons of the general type considered
here one can expect good results’ for multlcomponent mlxturesi
as well as for those of Just two solutes. The only difference
terms of substantial magnitude are those involving OH  and
cs® (also possibly F~ and Rb+)iénd these are known or can
be eStimated reasonabiy Well. For optimum.accorecy, difference
terms for other ions should be 1nc1uded where known, and they
are known for many of ‘the pa1rs of ions 11ke1y to be present
at high concentration in systems of practicallinterest. ‘Thus
the equationsvand'parameters given in'this éeries of papers
should allow effective: predlctlon of the osmotlc or act1v1ty
coeff1c1ents of most aqueous electrolytes at room temperature.
We are now extendlng thlS work to thermal properties and

to activity and osmotic coefficients at other témperatures.
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APPENDIX. The Systems HCZ - KC2 and HBr - KBr

The behavior of the HCR - KCe systembas'reported by
Harned and Ganoy45 seems peculiar; also these results conflict
somewhat with those of Harned'and'Hamer38 for the HBr - KBr
system in the limit of zero concentration where the effect of
the anion should disappear ‘In view of-the importance of. the
ions involved, we investigated theee(systems with speciai care.

From equation (16) one teadily sees_that anyyy  is
linear in the composition fraction y except for the last
term which depends on the productv y(i—y);t For the corres-
ponding equation for &ny, the last term will be the same.
Harned defines quantities a and B to express the linear
and quadratic dependences of an, respectively. For HCL -
KCL., B is found 45 to be zero: for 'anHCQ but non—zero for
. This result is inconsistent with’our‘equations'and,

InYyce
if correct, requ1res a Very peculiar combination of terms

involving the interactlons of three p051t1ve ions. Since
there was no direct measurement of anKcz’ howevet it seems
more likely that ‘errors accumulated in the long calculation
in a manner to yield thlS pecullar result

‘The possibility that Harned and Gancy's results méy be
.subject'to larger error than they assnmed receives support
from three other eources. First, the.exceptionaliy careful
work of Guntelbeig4§ at’ 0;1M total concentration diségrees

with the trend of Harned and Gancy's data at slightly higher'

concentration; second, the data of Harned and Hamer38 on

ot



HBr - KBr yields an intercept~ét m=0 for M - K mixing

more consistent with Gunfelberg's data than with Harned and

47’have shéwn

Gancy's fof  HCL - KC&; ahd third, Bates, et él;
that the Ag, Agcz_veiéétrqde, ugon'which.the daté depehd, is
more.errétiﬁ.than had been tﬁodght. o

It should_bevgmphasized:th;t thésé:vainUS discrepanciés
are not.;arge. Indeed, they are smaller than:thé 0.2 mv
suggestéddZAas fhe range of yafiabilify of the Ag, AgCQ
ele;tfodem If one allows the$¢n§tili moderate deviations,
4511 of the dafa'are in agreement with the pérémeters
B4,k YH,K,Co
are included in Table I.

= 0.005, = -0.007, and "y, , 5. = -0.021 which
e . ‘. LI XA | .
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