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| THERMODYNAMICS OF ELECTROLYTES. III. ACTIVITY
AND OSMOTIC COEFFICIENTS FOR 2-2 ELECTROLYTES,
Kenneth S. Pitzer and Guillermo Mayorga

Inorganic Materials Research Division of the Lawrence
Berkeley Laboratory and Department of Chemistry

University of California, Berkeley, California 94720
(Abstract)

The peculiar behavior of 2-2 and higher valence type

~electrolytes is discussed in terms of various theories some

~of which assume and others do not assume an equilibrium

between separated ions and ion pairs as distinct chemical

species. It 'is recognized that in some cases a distinct

'~ species of inner-shell ion pairs is indicated by spectro-

scopic or ultrasonic data. Nevertheless, there are many

‘advantages in representing, if possible, the properties of

these electrolytes by appropriate virial coefficients and

“without chemical association equilibria. - It is shown that

this is possible and is conveniently accomplished by the

'additidn_of one term to the equations of parts I and ITI of

this series. Thevcoefficients of these equations are given
for nine solutes. It is also noted that these equations

have been successfully applied to mixed electrolytes

'invdlving one.component of the 2-2-type.

(end of abstract)
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The'consideration of 2-2 and higher valence types of

1_and 112 of

- aqueous elgctrolyfes’was omittgd from'parts I
- the preéen;,seriesi(cited hercafter as T and‘II)_becéuSe_'
of certéin_well-known peculiarities of such solutes.
v-Soéhlafter thé publication of the Debye-Hiickel theory,
Bjerrum33sh0wed that an ion association‘efféct could be
' expected on the basis of purély eleﬁtrostaticfforces for
2-2 eiectrolytes'in water or for lower vaiénce'types in
solven;§lof lower dielectric éonétant. VariousiaUthors'
have deait'with.the experimental data forvthe.biValent
metal sulfates and other 2-2'$olutes on this basis; recent
papers are'by.Gardher and Glueckauf4 and by Pitzer.5
Although thése ion—association treatméntS'fitfed the déta'
well,Athere_are'serious disadvantagés which lead one‘to
‘seek a;bétter method.

It has also been shown by Grcawall, LaMer and Sandv_'ed6
and'latér with}steadily improving rigor and accuracy by
Guggenheim,7 by Gardner and Glueckauf,8 and by Rasaiah9
that these 2-2 electrolytes cduld be treated by stétisticai
theory.without the assumption of an association‘equilibrium

- provided one avoids the Debye-Hiickel approximation of

linearization of the exponential in the Boltzmahn distribution.

- The eduations now become so complex, however, that one has

only a few numerical results for particular ionic models.
'Thus_we seek equatiohs which are simpier than those now

"available but which still féflect adequately the complexities

of actual thermodynamic properties of these solutions.
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Discussion - Association or Non-Association

While_WC‘have'noted that the thermodynamic properties
of'zéz.electr01ytes do not require the assumption of a
discrete chemical species of ion pairs, we recognize that

10,11 and ultrasoniclz’13

spectroscopic measurements do
indicate a discrete species of inner-sheil ion-pairs in
some caéesr Thus for some pprposes‘it is clear that ion
association must be recognized. In many cases, however,
the proportion 6f inner-shell ion-pairs is never large,
and it may be a satisfactory approximation for‘thermo-
dynamic purposes to ignore the distinction between inner-
shell and solvent-separated ion pairs. Ih.that case one
has returned to the broader question whether ion pairing
need bé explicitly recognized as fhe formation of a distinct
species of‘merely as the inner portion of a continuous
radial distribution.

The recent theoretical paper of Rasgiah9 presents not

only his calculations by the HNC method for 2-2 electrolytes

“but also comparisons with other methods.  Especially

interesting are his radial chargé density curves which are
reproduced in figure 1. These are for the "primitive" model

. | -]
with a hard core diameter a = 4.2 A, the macroscopic

dielectric constant of water, and a temperature'of 25°C.

‘The curves are presented in terms of a relative radius r/a

and a reduced rédiél»charge density defined as

* 2
s = 4nrTac (g,._ f,g++)

(3)
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where c :is the canentfétion (shown as;'m  on'fhe figuré)
and g, - and g,, are the radial distribution functions
,_for~uhliké;and like paifs of ioﬁs, féspectively. Thg.figure
shows.the curves calculated by thefHNCgmethdd for 1-1 as
- well asQZvZ electrolyfes at'equal-ionic'streﬁgth and for the
Débye-Hﬁckei theory. .The Iatter.theory yiéids.the’simple
eqﬁation | | | |
¥ N 5_39_1:_6-K(r-a)
DH 1+ka

where .« . 1s 'the usual Debye-Hiickel inverse distance.

Thefstriking aspect of the results shown_on'figure 1
is that the HNC charge distributions forﬁi—l'and 2-2
electrolytes differ most at a very low, but finite, conéén-
tration and then become more ﬁearly alike.at higher
'.conéentraLion;" All three curves are, of course, exactly
alike in the 1limit of zero concentration. At «xa = 0.44
the ion association effect for 2-2 solutes is clearly
shoWn:by the sudden increase in charge density at r/a
just above unity whiéh is abseni in the 1-1 case. But as
the concentration increases fﬁrther; this region of
anomalously lgrge charge density expands while the "nbrmal"
diffuse charge cloud is contracting. Thus at ka = 1;75
the 1-1 and 2-2 curves are similar,in.placing almost all
B th?’charge in the range 1 to 2 in f/a with‘only a small

oscillating density beyond.

4
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The osmotic coefficient for Cuso, shown in figure 2

displays this same peculiarity in another>way. The solid

curve fitting the data at low as well as higher concentrations

approacheslthe theoreticél Debye-Hiickel slope from the lower
side at very low cdhcentrafion.' The dashed'curve fits the
data above 0.1 M equally well but has a simpler form
typical of 1-1 or 2-1 electrolytes and approaches the
theoretical slope from the upper side. Thus the difference
or anomaly. is confined to an intermediate cohcentration range
approximately 0.0001 to O.i M.  Various aut‘hors.14 have had

no difficulty fitting the data for 2-2 electrolytes above.

vO,l M to the normal equatidhs used for other types of

‘strong electrolytes.

Further insight into this situation may be obtained
from a simple calculation assuming ion association. The
equations are familiar and are written for a symmetrical

z2-z electrolyte

M%Z + X% = MX

- . Y :
K = L __MX_ . 3
e4 [(1-a)2] [WYMYx] | (%)

Here m is the molality, am is the molality of the ion

pair,'and the'activity coefficients havé‘their usual meaning.

~ For 1-1 electrolytes the second bracketed factor unambiguously

decreases with increase in m ‘since changes in the y's
are relatively small. Thus the association steadily

increases with molality (even-though it may be very small

(5)



at all melalitiee of interest): Fer 2-2-e1ectrqiytes it
becomes;important:to specify -the distance of closest o
approaeh.ueed in an‘expression:fofvacti#ity coefficiehts.
If this'isveeveral times: the hard core diameter, as
suggested by Bjerrum énd_adopted by.ethers,-then'a similar
'steady increase in association with-concehtration is
- observed: |
But'it Seems‘alsd.possible to regard»the MX speeies
as on1y the excess of ciosely»paired iOnS'over'a ""normal"
distribution and to use a typical hard’cofe diemeter of
3 or 4 Re in the‘ACtivity cqefficiéntVexpressiOn.» Then it
is found for 2-2 and higher tYpes‘(in water at room
'temperatﬁfe) that the activity coefficientsv,yMAand-y*
decrease so rapidly that the entirefsecond bracketed factor
in equatien (3) actually passes through a minimum at some
~ low concehtrafion-and'then‘increases'with further increase
in  m. Consequently one wbﬁid have a maximﬁh degreeeOf'
association at this intermediate concentration. |
;Daviesl has dlscussed thlS type of calculatlon in
detail both on the basis glven above and on the baS1s of
: ;conductanee data, and shows that maxima of association are
- found forvtypiCal 2-2 elecfrolytes in the range 0.03 to
l0.1 M and for 3-2, 4-2,.or>3?3 electrolytes at even lower

- concentrations.

It is certainly possible to deal with these electrolytes

on the basis of association eqhilibria, but there are at

least two objections., From the view point of theoretical

(6)
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eleganég,-the need to assume an arbitrary maximum distance
of'separgtiOn for ion paifs is distasteful. Association
equilibfium constants are meaningless unless this distance
is Specified as well as the fOrmulés‘for'the_individual ion
activity.goefficients. Probably more serious is the

ambiguity in the ionic strength, which.also:depends on

these rather arbitrary assumptions, yet is a quantity one
| wishes to use in various parts of the calculation. In

_ vmixed'electtolytes-thiS'becomes particularly troublesome

since the ioniC’strength will affeét.the propertiésxof
othér components as well. In addition there is. the
practical disadvantage of an ionic strength which depends
on an association equilibrium; thié introduces the complexity

of iterative solution of simultaneous equations of compli-

‘catedvtypes;"

We coﬁclude that it is desirable to represent the
properties of these 2-2 and highef valence types of solutes
without a dissociation equilibrium if-possiblé., The test
df success with a particular form of equation will be the

accuracy of representation of observed properties of mixed

‘as well as pure electrolytes.

Equatibns for Pure 2-2 Electrolytes

Since the peculiarities under discussion relate to
interactions between pairs of ions, we must. seek to account-
for them by the second virial coefficient. Let us consider

an equation of the form adopted in I and IT but with one

(7)



additidnal-term

o ‘ | A P, "
, -0, 1 -a,l1
p¢ _=_B(0). . B(l_) e 1 . 8(2). o 2_. .

If 'B(Ol and .B(l)_ represent thé'Same'effeétsvof short

range forces for 2-2 electrolytes as for other types of

(4)

solutes,.Wé can seek values for 8(2) and dz which reproduce

' the anomalous behavior of 2-2 electrolytes in the range

below 0.1 M, ft»is‘found that this is accomplished with a

large negétive value of 8(2) and a large positive aé.

 Also one_can‘show theoretically by an appropriate expansion

that in the limit of veryvdilute solutions the ion-pair

is 32A

association constant, K, is -28(2) and a, A,

where - A is the Debye-Hiickel coefficient for the osmotic

b

vcoefficientf ‘For water at room temperature ‘32A,6 = 12.5.

¢

Our purpose, however, is to fit the osmotic coefficient over

the entire concentration range; hence we regard the results

of the expansioh for very dilute solutions merely as a
confirmation of the plausibility of the mathematical form

of equation (4).

The available data for 2-2 electrolytes were'discussed

IS

in some detail in a recent publication5 where the correction

of osmotic coefficients from 0 to 25°C was also considered.

The only addition we now make is a recentvséries of
visopiestie measurements.l6 on MgSO4. In the present

calculations we used osmotic coefficiénts directly from
- Robinson and’S'tokes17

18

values of Brown and Prue. In the case of Cdso, one

(8)
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‘must depend on élccfrochemical cell measurements, and wé
worked with the.oémotic coefficients previously repdrted5
to be consistent with»the-ceil poféhtials;

The compléte equation, including the Debye-Hiickel term
and'a simple third virial coefficienf,_is‘for a 2-2

electrolyte as follows:

0-1 = 4£% + mB;aX + m? ey (5)
£ = oA [T+ b1 S ®
! s
I 0,1 .
Bﬁx = B(O) + B(l) o Bﬁi) e 2. :(7)
| For the activity coefficient the corresponding equation is
tnoy = 4f) + mBIT/lX + m? C%X (8)
£V = '-A¢[i”5/(1+b1’5) + (2/b) &n (1+bI7)] o (9)
‘ 0 1) ' ¥ 12 -, 17
BY, - 8 )+ (ze( /a I)[l - (1+e 1% - 30,%D) e b
: (10)
2 ¥ .1 2 -a,1?
+‘-(23( )/a D1 - (L+a,I7 - 20.%1) e ]
Y, = (3/2) ¢t . - - o (11)

MX MX*

- Here the terminology is the same as in 1 and II, and the
~value b = 1.20 is retained' The d1fferenLes are the

~addition of the last term in second v1r1a1 coefficient and

(9.



the substitution of numerical values for a 2-2 electrolyte.

Note that thc superscripts ¢, v, and'(O), etc. are labels

rather than expohents} All parameters that are adjuétedAfor,

each substance are given the subscript MX.
The full array of data for the sulfates of Mg, Ni, Cu,

Zn, and Cd were fitted by least-squares adjustment of the

four parameters B(O), Bcl), B(Z), and c® for -each

substance.VlA series of valués of ui and 'a2  Were'used.
While the dptimum values of al ahd az vvaried a little
from case to case, the_valuesf al = 1.4 and a, = 12.0

fitted all cases very well and were adoptedzfof all 2-2
électrplyteé. This value_of' oy is somewhat smaller than
the value 2.0 wused previously in I and II. The'value 12
for a, is close to that suggested by the‘theory méntioned
above. The resulting valﬁes, the concentration range of
 data used, and the atcuracy of fit afe given in Table I.

It isvapparent_that agreement is‘obtained éubstantially-

within experimental error.

(1)




Table;I. Parameters for Thermodynamic Functions

for 2-2 Electrolytes in Water at 25°.

(b = 1.2, o) = 1.4, dz = iZ.O throughout)
"Eléctrélyte B(Q) B(l) 8(2) c? range o
MgSO, ©0.2210 3.343 -37.23° 0.0250 0.006-3.0 0.004
Nisd4 .1702 2.907 -46.66» .0366 .005-2.5 .065
Cuso, .2358f'2.485 :-47.35 ‘.0012 .005-1.4 '.dos
Zns0,  .1949 2.883 -32.81 ,0290 -005-3.5 .004
cdso, .2053 2.617 -48.07 = .0114 ©.005-3.5  .002
'Coso4. ﬁzo 2.70 -30.7 - .006-.19 .003
Ccaso, .20 2.65 -55.7 : .064».011, 003
BeSO, 317 2.914 (-100)  .0062 .1-4.0 = .004
MnSO,  .201 . 2.980 (-40)  .0182 1-4.0 .003

(11)



For ‘the f1rst five solutes in Table I the data extond
over a w1de Concentratlon range and the resultlng parameters
should be reliable. - Since data forv'Co$O4 “and CaSO4

'_limitedfto dilute solufions, beceuse of eoiﬁbility in the

are

case of the calcium salt; the third virial coefficient was
VOmittedfehd B(O) was set at  0.20 on the basis of the
'resﬁltS-for other solutes. The data sufficed to evaluate
the fwo”remainihg parameters.19 |

o There are ﬁo data beidw 0.1M for the last two solutes
BeSO4 aﬁd MnSO4, hence only rough estlmates ‘can be made for
the 6(2) -values' - |
| For the osmotic coefficientethe large valuev'of_-a2
makes'the-termvin. 8(2) negligible above eO.iM.' We see
'from‘equation (10), hoWever; that the corresponding term in
the act1v1ty coefficient equation approache> the constant
value 8( )/288 at hlgh concentratlon. S1nce this term is
‘constant it does not affect the relatlve values of the
act1v1ty coeff1c1ent (or other functlons) at various con-
~centrations above 0.1M, but it does affect'the relatlonshipA
to the solute standard state and theJébsoiute values .of the
'activity'Coefficients. . This indicafes thevcategory ef
calculations which are valid even though 8(2)  is not known
, and the different category where 6(2) isvrequired
ThlS last p01nt becomes espec1a11y important for st111
C_higher charged electrolytes, e.g., 2-3, 2-4, and 3-3 types,
where the._B(Z) term will be important. at iower eoncentrations

-~ than for 2-2 solutes. There are,'te our knowledge, no cases

i
T

az



where fhis,efféct gan'now be adequatcly evaluated for -
these higher‘charge-types; hence their omiséion from this
paper. | | | |

Mixed electrolytes are currently being investigated
with these-équatiOns. SolutiOns.involving MgSO4' as one
component have been successfully fitted on the basis of
these parameters and an ionic stréngth célculatéd withdut
assumingfany association. These results, thch will be
feported in detail in part IV of this series,‘offer further

Support to this method of representation of the properties

of 2-2 electrolytes.
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- 19. The freezing point data for CoSO, appear to depart

‘ 'slightly from the family of curves for other bivalent
sulfates. The parameters in Table I suppress this
anomaly and yield the best fit within the normal
pattern. TIf all three B parameters are adjusted
freely a set such as 0.70, 1.60, and -25.0 yields
better agreement, o = 0.002, but these parameters

are so inconsistent with the general pattern that we
hesitate to recommend their use.
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FIGURE CAPTIONS -

vFigufe 1.. Radial charge distributiohé for 1-1 and 2-2

electrolytes at three different ionic strengths.

Figure 2.: The osmotlc-coeff1c1ent of CuSO4. The.soiidv

| line follows all experimental data;.fhe
straight dotted line is the DebYe-Hﬁckel

| limiting slope,vthe dashed line is an approx1-
mate curve typical of- lower valence electrolytes
_whlch fits in this case only above 0.2 M and

in the 1limit at infinite dilution.

(16)
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Figure 1. Radial charge distributions for 1-1 and 2-2

electrolytes at three different ionic strengths.
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The osmotic coefficient of CuSO,. The solid %iné follows all experimental ‘
data; the straight dotted line és the Debye-Huckel limiting slope; the dashed

line is an approximate curve typical of lower valence electrolytes

which fits in this case only above 0.2 M and in the limit at infinite dilution.
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