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The Activity and Osmotic Coefficients of Aqueous Calcium 
Chloride at 298.15 K 

Bert R. Staples and Ralph L. Nuttall 

Institute/or Materials Research, National Bureau 0/ Standards, Washington~ DC 20234 

A critical evaluation of the mean activity, Y~" and osmotic coefficients, cj>. of aqueous calcium. 
chloride at 298.15 K is presented for the concentration range of 0 to 10 mol· kif!. Osmotic coeffi
cients were calculated from direct vapor pressure measurements, from isopiestic measurements or 
from freezing point depression measurements. Activity coefficients were calculated from electro
motive force measurements of galvanic cells. both without liquid'i.unction and with transference, 
and from diffusion data. A non-linear least-squares program was used to fit data from all sO\lrces 
using both + and In y* as a function of molality. An eight-parameter .extended Debye-Huckel equa
tion describes the osmotic coefficient, the mean activity coefficient, and the excess free energy as 
:II. function of molality. The scientific literature has been covered through July, 1976. 

Keywords: Activity coefficient; calcium chloride; critical evaluation; electrolyte; excess free energy; 
osmotic coefficient; solutions; thermodynamic properties. 
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1. Introduction 

The purpose of this paper is twofold. First, a table and 
equations giving recommended values of mean activity and 
osmotic coefficients for calcium chloride in aqueous solution 
at 25°C wil1 be presented. The table and equations result 
from an evaluation and correlation of the experimental data 
published in the past seventy years. Liter.ature through July, 
1976 has been considered. Second, the procedure used in the 
critical evaluation and correlation of data on activity and 
usmuLic cuefficients uf dectrolyle sulutions will be detailed. 
This will serve as a guide for future data evaluations for the 
remaining polyvalent salts. 

Thermodynamic expressions wil1 be described as well as 
data treatment methods for each experimental technique. 
Fine details of the critical evaluation procedure will be ex
plained and· the results of this critical evaluation will be 
presented for the activity and osmotic coefficients of aqueous 
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calcium chloride solutions at 25°C, over a range of molalities 
frum O.OOOIlu 10.0 mul' kg-I, • 

The basis of the present evaluation is the work begun by 
Wu and Hamer (1)1 a number of years ago. Preliminary 
values of osmotic and mean activity coefficients were pub
lished by them in 1968. We have adopted their correlating 
equations and have used a modified version of their non
linear least squares method to obtain parameters that best fit 
the experimental data. 

Critical evaluations of activity and osmotic coefficient data 
were begun in the 1930-1940 period by Harned and Owe·n 
and by Robinson and Stokes. Their results were included in 
books published by Harned and Owen in 1943 and by Robin
son and Stokes in 1955. The most recent revised editions of 
these books [2, 3] were published in 1958 and 1965 respec
tively. Wu and Hamer [1] evaluated activity and osmotic 
coefficient data for a series of electrolytes in 1968 but their 
work on polyvalent electrolytes was not completed. Their 
work on the 1:1 electrolytes [4] was published in 1972. The 

• Flgurl:':; in lnat:k,I:'l:; iuJit:atl:' litelatule lcfclcno;;c" "t thc cnd of thi~ p .. pcr. 
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evaluation of polyvalent electrolyte data is continuing in 
the Electrolyte Data Center, at the National Bureau of 
Standards. 

2. Thermodynamic Relations 

The first and second laws of thermodynamics can be repre
sented by the equation: 

au 
dU=TdS-PdV+71A·dni + a;- de, (1) 

where U is the energy of a system,S is the entropy, T the 
thermodynamic temperature, P the pressure, V the volume, I-'i 
is the chemical potential of the ith component of the system 

I-'F(a u/a ni) s, v, nj U*i)' and ni the number of moles of the ith 
component. The last term, (a u/a e) de, is the electrical 
work in terms of the charge, e. The Gibbs energy, G, is 
defined by 

G=U-TS+PV. (2) 

Tt" iliffprpnti::tJ can then be written as 

dG=-SdT+ VdP+LlAidni+(O G/ae)de, 
i 

(3) 

and 

(4) 

The activity function used in solution thermodynamics is 
defined for a component of the solution in terms of the 
chemical potential of that component by 

(5) 

where ai is the activity of the ith component, 1-'; is the 
chemical potential of the ith component in an arbitrary 
standard state. 

The activity coefficient of a component of a solution is 

defined as the ratio of the activity of the component to the 
relative amount of the component in the solution. The three 
commonly used measures of the solution composition which 
will also be used here are: molality, m, in moles per kilogram 
of solvent; concentration .(molarity), c, moles per liter of solu
tion; mole fraction, x, moles per total moles of solution. The 
corresponding activity coefficients are then defined by 

(6) 

The numerical values of ai and lA;will depend on the choice 
of standard state and will differ witl~ the different units of 
composition. 

Equation (5) is a general definition of the activity function 
and applies to the solvent as well as the solutes in a solution. 
We will denote the properties of the solvent by subscript 1. 
Its activity is thus ale The subscript 2 will denote a solute. 
The solute activity is thus a2. 

The standard states of unit activity generally used in elec
trolytesolutions are chosen as follows. For the solvent the 
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standard state is the pure solvent with al = 1 and ai/xI = 1 
when Xl = 1. The standard state of a solute will depend on the 
composition units used. Two alternatives, mole fraction and 
molality are used. Unless otherwise noted we will use the 
standard state defined on the molality scale. For the molality 
scale the standard state is chosen so that a2/m = 1 as m -0. A 
hypothetical ideal solution is defined as one in which a2/m =1 
at all concentrations. The standard state is chosen as this 
hypothetical ideal solution at unit activity. Similarly on the 
mole fraction scale a2/x2 = 1 as X2-0 and the standard state 
is the hypothetical ideal solution in which a2/x2 = ~ at unit 
activity. 

For an electrolyte solute that dissociates completely into v+ . 
cations and v_ anions the activity can be expressed as 

(7) 

where a+ and a_ are Ctsingle ion" activities and v = (v+ + v_). 
So a:t: is called the mean activity and is related to the chemical 
potential of the electrolyte solute by 

(8) 

In a similar way is defined a mean ionic molality 

(9) 

and a mean activity coefficient 

(10) 

so that 

(11) 

For the remainder of this paper the term y will denote the 
mean activity coefficient, h. 

The activity coefficients for the different units of composi
tion are related by 

I± =Y± (d-O.OOI M2c +0.001 MICV)ldo• (14) 

where d = density of solution, do = density of solvent, 
M2 =molar mass of the solute and MI = molar mass of the sol
vent. The formula masses used in this' evaluation· were 
M'z = 110.986 g' mol-1 CaClz, andMl = 18.0154 g' mol-1 H2 0. 

A relation between the solute and solvent activities is given 
by the Gibbs-Duhem equation, which for a binary solution 
can be written in t~rms of activities by 

(IS) 

Because the activity coefficient of the solvent in dilute solu
tions is a very insensitive measure of solution non-ideality, 
Bjerrum [5] introduced a function called the practical 
osmotic coefficient? ~, defined by 
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(16) 

where mi is the molality of the ith ion. For a single electrolyte 

tmi=vm 

and (17) 

or (18) 

The osmotic coefficient, ~, and the solute mean activity 
coefficient, y, are related through eqs (18), (15), (11), and (7), 
to give 

din y=(~-I)dm/m rd~, (19) 

which can be integrated to give 
m 

In y=(~-I)+ J(~-l)dm/m, (20) 
o 

or alternatively 
I m 

~ = I + - f m dIn y. 
m.,_o 

(21) 

The Gibbs energy of a binary solution, at constant tem
perature and pressure, containing I kg of solvent and m 
moles of solute can be written as 

(22) 

and 

(23) 

From the definitions of activity, a, osmotic coefficient, ~, 
and mean activity coefficient. Y-t. for an electrolyte solution 
we obtain 

and 

G= IMOOO ~;- vm~RT MJ+mrJ.Li +vRTIn (m+ v±~. (25) 
1 r 1000 J ~ -

For an ideal solution defined by y± = 1, eq (21) gives ~ = 1, 
so that 

G 1000 (po vmRTM1) (po RTl ) (26) ideal=~ I--~ +m 2+ V nm±. 

Defining the non-ideality of a solution in terms of the excess 
Gibbs energy, 

(27) 

and subtracting eq (26) from eq (25) we obtain the relation 
between the excess Gibbs energy and the osmotic and mean 
activity coefficients 

!:J.Gex = vmRT (1-~ + In y). (28) 

2. 1. Expressions for Activity and Osmotic Coefficients 

In dilute solutions of electrolytes the main effect causing 
deviations from ideality is that of electrostatic attraction be
tween ions of opposite charge. Debye and Hucke} [6], assum
ing that ions are point charges, derived their limiting law 
equation for a salt dissociating into two kinds of ions 

(29) 

where z+ and z_ are the charges of the cation and anion, re
spectively. Ie is the ional concentration equal to 112 :4 ciz7; Ae, 
a constant at given temperature and solvent prop'erties, is 
given by 

(30) 

where 

N = Avogadro constant = 6.022045 X 1026 kmol- 1 

e = elementary charge = 1.6021892 X 10-19 C 

£0 = permittivity of free space = 8.854187818 X 10-12 C2 J'" Im-1 

k = Boltzmann constant = 1.380662 X 10-23 J. K-1 

T=temperature -=298.15 Kat 25°C 

E = dielectric constant of the solvent = 78.30 for water at 25 
DC. 

The values given above for the general physical constants 
are from Cohen and Taylor [7] and th~ dielectric constant 
from Malmberg and Maryott [8]. 

The subscriptc denotes that compositions are measured on 
the concentraiion basis. The unit of concentration is kmol· 
m-3 which is numerically equal to mol· 1-1 . 

The constant Am on the molality scale is given by 

(31) 

where do is the density of the solvent. 
For aqueous solutions at 25 °C: 

(32) 

(33) 

When the ions are considered as hard spheres of diameter 
s, the Debye-Huckel equation becomes . 

(34) 

where Be is given by 

(35) 
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In aqueous solutions at 25 °C 

(36) 

On the molality scale 

(37) 

The Debye-Huckellimiting law, eq (29), was derived to ap
ply only at very low concentrations. The limiting form of this 
theory can be derived in several ways which should also give 
correct results at moderate concentrations [9, 10, II, 12, 13]. 
The mathematics involved in proceeding beyond the limiting 
law stage are so formidable that the theories have been of 
very limited usefulness in the experimental range of concen
tratiuIl!;. 

Friedman, [13] has used the cluster theory of Mayer [12] to 
derive an apparently rigorous theory which gives the thermo
Cilynamic properties of electrolyte solutions as the sum of con
vergent series. The first term iri these series is identical to 
and thus confirms the Debye-Huckellimiting law. The second 
term is a fln / term whose coefficient is, like the coefficient in 
the Debye-Huckel limiting law equation, a function of the 
charge type of the salt and the properties of the solvent. 
Higher terms involve direct potentials corresponding to the 
forces between sets of ions and become mathematically very 
difficult. We do get from this theory, as well as from others 
referred to above, a higher order limiting law which can be 
written as 

~V;Z/)2 
In y= - Iz z_ I A 1112_ -'--A? fln I (38) 

+ m 3V~ViZl) m • 
i 

For symmetrical electrolytes the coefficient of the nnl term 
is zero. 

One report [14] has been published that claims experi
mental verification of the validity of the nn I term, for LaCb 
in the range 10-4 to I~3 mol, kg-I. 

A comparison of limiting law equations with experimental 
data at low concentrations is given in figure 1. Following 
Friedman (13), a plot of (log y-DHLL)I/ is given in figure 2; 
the abbreviation, DHLL, represents the Debye-Huckellimit
ing law. This plot shows little evidence of the experimellLal 
data for calcium chloride approaching the theoretical slope 
in the concentration range within which measurements are 
available. 

Equations selected for correlating the data should apply 
over the entire range of measurements. Not only should they 
reproduce the data well, but they should take into account 
the very dilute region because they are used to evaluate the 
integral in equations (20) and (21). Thus the Debye-Huckel 
limiting law was included -as the first term. What is appro
priate .at slightly higher concentrations is difficult to deter
mine. ,We have made a choice of the empirical form of an 
equation used previously by Hamer and Wu [4] and others, 
and have not included the nnl term indicated by theory. 
This is because inclusion of the flnl term does not appear to 
make a significant difference in the results but, at higher con
centration it makes the fitting much more difficult, requiring 
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more terms with larger coefficients in the polynomial exten
sion, than with the form of the equation selected. 

Several other correlating equations were. considered. Two 
of these are given in the appendix, and are compared with 
our equations (39,40). 

In this paper we have followed' Hamer and Wu [4] and 
others and have used the equation 

I - -lz+z_IAml m
I/2 

C D 2 E 3; (39) 
n y - 1+ B Iml/2 + m + m + m + ... 

to correlate the experimental data. The ionic strength 1m is 
given by 1m = V2~;z~, and B is used to denote Bm' s. The 
constants B, C, n: E, etc. are empirical. 

Through the use of eqs (21). (28). and (39) the osmotic co
efficient and excess Gibbs energy can be expressed in terms, 
of the same parameters by 

4>= 1 + { I z~~~;Am [-(1 +B [1/2)+ 21n (1 + B[1/2) 

+ 1/(1 + B JI/2] + IhCm + 2/sDm2 + %.Em3 + .... }, (40) 

and 

I1Gex =vmRT{1 z+~3~Am [(2-B [1/2)B [112-2 In (1 + B [1/2)] 

+ l;2Cm + V3Dm 2 + I,4Em 3 + '" }, (41) 

where I is used to represent 1m. 

Values for the parameters are determined by a least 
squares fit of experimental data using eq (39) for experiments. 
such as galvanic cell measurements that measure solute activ
ity and thus y values, and eq (40) for experiments such as 
vapor pressure measurements that measure solvent activity 
and thus + values. All the original data are used in a single fit
ting program to determine the best values for the parameters. 

3. Experimental Methods for the 
Determination of Mean Activity and 

Osmotic CoeHicients 

Mu:sl ueleuuillatium; of activity and oSlUotic coefficients of 

an electrolyte solution are based on these experimental tech
niques: 

(1) ~l~ctromotive force (emf$) of galvanic cells without 
liquid junction 

(2) emfs of galvanic cells with transference 
(3) diffusion 
(4) isopiestic or vapor pressure equilibration 
(5) vapor pressure lowering 
(6) freezing-point depression 
(7) boiling-point elevation 
The first three measure the activity of the solute and the 

last four measure the activity of the solvent. 
In the analysis of data for CaCh in aqueous solution at 

25°C we have considered data determined by methods I 
through 6. Due to the apparent lack of data, the boiling point 
method has not been considered. 
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4. Evaluation Procedure 

A discussiQn Qf the evaluatiQn prQcedure used with CaCb 
sQlutiQns will be given. AlthQugh the procedures are quite 
general the details will pertain to' CaCb SQlutiQns in water at 
25°C. 

4.1. Preliminary Procedure 

First an Qverview Qf all available data was necessary befQre 
a critical evaluatiQn eQuId be accQmplished. All available re
prints Qf Qriginal articles were assembled thrQugh a cQmbina
tiQn Qf the inhQuse files Qf the Chemical ThermQdynamics 

Data Center (up to' 1976), the files Qf Wu and Hamer (up to' 
1967) and a cQmputer search Qf Chemical Abstracts and Na
tiQnal Technical InfQrmatiQn Services thrQu~h July, 1976. 

The data selected fQr cQnsideratiQn in this cQrrelatiQn, are 

given in tables 1-24. It shQuld be nQted that, in general, 
experimentally Qbserved data are used as a starting PQint 
rather than smQQthed Qr recalculated data. Thus fQr emf data 
the Qbserved cQmpQsitiQns and cell vQltages are the primary 
data and fQr iSQpiestic vapQr pressure measurements the Qb
served isopiestic molalities of CaCI,z and the reference salt arc 

the primary data. 
All the data were made cQnsistent with the 12C scale Qf 

atQmic weights, and where necessary were cQrrectedtQ the 
mQst recent recQmmended values Qf the physical CQnstants 
[7]. 

4.2. Osmotic Coefficients 

OsmQtic cQefficients fQr CaCb sQlutiQns are derived frQm 
vapQr pressure measurements. The methQds used are all rela
tive in that they measure the vapQr pressure Qf water Qver the 
sQlutiQn relative to' that Qver pure water (in the dynamic 
vapQr pressure, bithermal equilibratiQn and dew PQint meth
Qds) Qr to' that Qver a reference sQlutiQn Qf a different electrQ
lyte (isQpiestic equilibratiQn methQd). 

a. Isopiestic Measurements 

Three references sQlutiQns have been used for the iso
piestic experiments. Robinson [15] used KCI, Stokes [16] 

NaCI and H2S04 • The osmotic coefficients of NaCI and KCI 
were calculated at the experimental mQlalities by use Qf the 
equatiQns and parameters given by Hamer and Wu [4]. Os
mQtic cQefficients Qf H2S04 sQlutiQns were calculated by use 
Qf the equatiQn 

~ = 0.802771-0.681325m 1/2 + 1.22418m 
-1. 12091m3/2+0.690683m2-0.236908ms/2 

+4.34707 X 1O-2m3-3.97733 X lQ-3m7/2 
+ 1.40099 X lQ-4m4 (42) 

which was Qbtained by fitting the available data Qn the activ
ity Qf H2S04 solutiQns. AbQut 150 experimental PQints were 
used to' Qbtain the equatiQn. The first term WQuld be unity if 

eq (42) fit the data to' infinite dilutiQn, but the equatiQn is 
Qnly valid frQm abQut 0.1 to' 20 mQI· kg-1 

A very recent evaluatiQn by Rard, Habenschuss, and Sped
ding [17] shQWS agreement with eq (42) to' within 0.25% in ~ 
Qver the wide range Qf mQlalities frQm 0.1 to' 20 mQI· kg-I. As 
this is within the experimental errQr it lends SQme degree Qf 
cQnfidence to' the use Qf this tentative equation. Rard [17a] 
has measured iSQpiestic ratiO's Qf 60 sQlutiQns using H2S04 as 
a reference and Spedding et al. [17b], 78 sQlutiQns, where 
KCI was the rdere,nce electrQlyte. 

OsmQtic cQefficients fQr the data Qf RQbinsQn [15] are pre
sented in table 1 and, thQse Qf Stokes [16], appear in tables 2 
and 3. Table 2 gives valu~s Qf ~ calculated frQm iSQpiestic 
mQlalities using NaCI as the reference salt and table 3 gives 
the values Qf ~ at high mQlalities, measured with H2 S04 as 
reference. 

The data Qf Rard et al. [17a,b] are shQwn in table 22, where 
the reference electrQlyte was H2S04 and in table 23, where 
the reference salt was KCl. 

PlatfQrd [65] tabulates 4 iSQpiestic mQlalities of NaCI and 
CaCb frQm 1 to' 3 mQI· kg-I, but these data were discQvered 
after the correlatiQn had been cQmpleted. Inclusion of Plat
fQrd's data does nQt alter the final ,results. They are listed as 
table 24. 

The vallle~ of o~motic COf'fficients at each experimental 

PQint were calculated by 

~ = (vm;t 
vm 

(43) 

PlatfQrd [18] has used H2S04 as an iSQpiestic standard fQr 
several salts at 0 °c. He used the ~ fQr H2S04 at 25°C and en
thalpy data to' Qbtain the QsmQtic cQefficient at 0 °c and then 
used the H2S04 as a reference to' obtain ~ fQr CaCb at 0 °c, 
SO' there is nO' advantage in reversing the calculatiQns to' rede
termine ~ at 25°C fQr CaCb frQm the 0 °c data. 

Jakli and van Hook (19] have determined ~ Qver a tempera
ture range Qf 0-90 °c but Qnly 3 points were determined near 
25°C. All PQints were Qmitted frQm the final fit Qf data. 

b. Dynamic Vapor Pressure Measurements 

FQr the data using water as reference, the water activity, aI, 
and the QsmQtic CO' efficient, ~, were calculated fQr each 'ex
perimental point hy 

and 

BT{P-P) 
In a =In (PIP)+ 0 

1 0 RT' 

1000 ' 
~=---lna1' 

vmM1 

(44) 

(45) 

where P is the pressure Qf the water vapQr over the sQlution 
and Po is that Qver pure water. At 25°C, we take Po = 3168.6 
Pa (23.766s TQrr) [20], and BT , the secQnd virial cO' efficient 
fQr water vapQr, -992 cm3

• mQI-1 from the Steam Tables 
[21]. CQrrectiQns fQr nQn-ideality Qf water vapQr are given by 
the secQnd term Qn the right Qf eq (44). These cQrrectiQns are 
abQut 0.1 % Qf ~ Qver the entire compQsitiQn range. This CQr
rectiQn was applied to' the direct vapQr pressure meas-

J. Phys. Chem. Ref. Data. Vol. 6. No.2. 1977 



392 B. R. STAPLES AND R. L. NUTTALL 

urements discussed here anu in section c. and d. below. The 
correction was not applied to the isopiestic measurements 
because the T values of the reference salts have effectively 
been corrected by referencing them to emf data in previous 
evaluations. 

A reputedly accurate set of dynamic vapor pressure meas
urements were reported in 1940 by Bechtold and Newton 
[22]. The activity of water and the osmotic coefficient 
calculated at each of 3 molalities is presented in table 4. Each 
value is the average of 4, 6, or 7 runs, respectively. 

c. Dew Point Measurements 

A paper by Hepburn [23] report~d vapor pressures from
dew point measurements for 14 molalities from 0.2 to 7.3 
(saturation) mol, kg-I. Table 5 gives these recalculated results 
but 9 of the points were given zero weight in the least squares 
fit because of gross deviations (about 0.1 in T) from smoothed 
values using data points from all sources. Hepburn and Gar
side [24] na.:akulaLed their data in 1941 but only the original 
data [23] were included in our evaluation. The complete 
reference to these data include references [23 a,b,c,]. 

Reasonah1y ar.r.nratp. vapor pressure measurements were 

reported by Petit [25] in 1965 for 13 molalities from 0.25 to 6 
mol, kg-I. The calculated results appear in table 6. All of our 
al values agree well with those reported. 

An equation for calculating log P over CaCl2 solutions in 
the range 225-270 K was reported by Klimenki. Mogil'nyi, 
and Krynkov [26] but no reasonable values of log P could be 
obtained by us using their equation. Thus, the data were not 
used but the reference is cited for completeness of the bibli
ography on aqueous CaCl2 solutions. 

d. Bithermal Equilibration Measurement 

, Stokes [27] reported measurements at one compqsition of 
vapor pressure from bithermal equilibration through the 
vapor phase. His results are shown in table 7. 

e. ,Freezing Point Depression Measurem~nts 

Some data derived form the' depreSSIon of the freezing 
point method, by extrapolation to 298.15 K w~ing heat of 

dilution data, have been presented in the Landolt-Bornstein 
tables [52]. References to the original freezing point data and 
the heats of dilution have been cited on page 2141 of 
reference [52]. The values of the activity coefficients are 
reported at rounded molalities over a range of 0.001 to 1 

, mol, kg-I. These data are presented in table 18 but have not 
been used in the evaluation due to the availability of original 
freezing point data. These data agree well with the activity 
coefficients calculated from eq [39], and are apparently 
based on the results of Loomis [53]. 

The freezing point compilation for CaClz given in the In
ternational Critical Tables [54] is also based on the 
measurements of Loomis [53], as well as Rodebush [55], and 
Ponsot [56]. 

Recent and careful freezing point measurements by Gib
bard and Fong [57] include 10 molalities from 0.02 to 0.7 
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mol, kg-I. These results are shown in table 19. Similarly 
reliable results were obtained by Loomis [53], and both of 
these sets of data were used in the evaluation. The data of 
Loomis are presented in table 20. 

Rodebush [55] measured freezing points of six solutions 
from about 1 to 4 mol, kg-I. All but the lowest molalities were 
given zero weight due to the apparent large errors at higher 
molalities. These data are illustrated in table 21. Ponsot's [56] 
data only included one molality and could not be used due to 
the very large deviation of T from eq [40]. 

The freezing point depressjon measurements were used to 
calculate osmotic coefficients, first at 0 °c, then thermo
chemical data was used to obtain a temperature correction 
and T at 25°C was calculated. The T at 0 °c was calculated 
from the freezing point depression according to Pitzer and 
Brewer [58]. 

The relative apparent molal enthalpy, TL data taken from 
thermodynamic properties evaluated by the National Bureau 
of Standards [59] was fitted as a function of m 1/2

• From the 
slope at experimental molalities, a value of the relative partial 
molal enthalpy, L, was obtained. The relative partial molal 
heat capacity, lx, was calculated from the fit of the apparent 
molal heat capacity, fe, as function- of m l12 taken from the 

combined data of Perron, Desnoyers, and Millero [60] and 
Pitzer and Brewer [58]. 

f. Boiling Point Elevation Measurements 

Plake [64] has measured the boiling point elevation of 9 
solutions from 0.001 to Q.3 mol, kg- l but these data were not 
considered due to the large and uncertain temperature cor
rection necessary. 

4.3. Activity Coefficients 

Activity coefficients, y±, considered in this correlation were 
derived from two types of measurements: galvanic cell elec
tromotive force (emf) measurements and diffusion measure
ments. 

a. Galvanic Cell Measurements 

Three types of cells were used for the emf mea~urell1ent~; 

1. single fluid cells without transference; 2. two fluids cells 
without transference; and 3. concentration cells with trans
ference. 

All electrical units were converted to those of 1969. Where 
necessary, the data were corrected to the presently accepted 
values for the physical constants [7] such that 
RTIF=0.0256926 and for CaClz 3RTI2F=0.0385389, 
where R = 8.31441 J. mol-I. K-t, and other constants are as 
previously noted. 

(1) Cells without Transference 

(a). Single Fluid Cell. Single fluid cells 

Pb(s), PbC20 4(s), CaC204(s); CaCb(m); AgCI(s), Ag(s); 

were used by Sahay [21] and cells of the type 
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Ca(HgM£)ICaClz(m); AgCI(s), Ag(s), 

were used by Mussini and Pagella [29]. 
The emf of these cells is given by 

3RT 
E=Eo- 2F In(m'Y'41/3

), (46) 

and EO was eliminated by selecting the most dilute ex
perimental point as a reference su that 

E-Er=- 3RT [my] --In --
2F (mY)r' 

(47) 

from which In Y and Y can be calculated. The subscript r 
refers to a reference value. This reference value was selected 
as described in section 5, Correlation of Results. The results 
are presente'd in table 8 (Sahay) and table 9 (Mussini and 
Pagella). 

(b). Two fluid cells. The two-fluid cell, used by Lucasse 
[30], Fosbinder [31], and Scatchard and Tefft [32, 33], was 

Ag(s), AgCI(s); CaCb(m)ICaxHg(i)ICaCh(mr); AgCI(s), Ag(s). 

The emf of this cell is 

(48) , 

Early measurements on calcium amalgam electrodes were 
investigated by Tamele (34] and Drucker and Luft (35]. 
Measurements of the calcium amalgam cell were made in 
1925 by Lucasse [30] where m r=O.OI mol, kg-I with the thir
teen molalities extending from 0.01 to 3.5 mol· kg-I. The 
original tabulated emfs corrected as described, were used in 
recalculating his data (see table 10 where Yr was taken as 
0.7295 instead of the value 0.716 that Lucasse originally 
used. 

In 1929, Fosbinder [31] performed similar emf meas
urements on CaCh solutions of eleven molalities from 
m = 0.0099 to 3.3 mol· kg-I. Here again, recalculations were 
based on corrected emf measurements and Yr= 0.7304. 
These data are shown in table 11. 

Scatchard and Tefft (33], reported smoothed values of y for 
nineteen molalities, 0.001 to 1 mol· kg-I. These were based on 
emf measurements reported in their preceding article· [32]. 
The original emf data were recalculated for the nine 
molalities from 0.01 to 1 mol, kg-I. The reference Yr values 
used are presented in table 12, for each reference molality. 

Harned [36] recalculated the data of Lucasse, but only the 
original data were used in the present evaluation. 

Data from these cells at the higher concentrations are 
quesLiunable. Rubinsun [3, 15] did nut include the al:LiviLy 

data obtained from methods employing calcium-amalgam 
electrodes in his data evaluation because of suspected rever
sibility problems with the calcium-amalgam electrode. 
However, more recent investigations by Butler (37], Mussini 
and Pagella [29] and Sahay [28] indicate that the activity 
data at the lower molalities of CaCh are acceptable. 

Butler, using data from Drucker and Luft [35], Tamele 
[36], Shibata [38], and Fosbinder[31]' has determined a 
standard EO for the calcium-amalgam electrode which is in 
agreement within 1 m V of the value reported by Mussini and 
Pagella [29] in 1971. This agreement combined with Butler's 
observation of a lack of trend of EO with amalgam composi
tion and, therefore, substantiation of the assumption YCa=l in 
the amalgam, lends more credence to activity measurements 
employing a calcium-amalgam electrode where the molality 
of CaClz does not exceed about 0.1 mol, kg-I. A very recent 
determination of standard potentials of the calcium amalgam 
electrode [61] may prove useful in explaining uncertainties in 
such activity measurements. 

Activities of CaClz solutions were also measured by means 
of a calcium ion-selective electrode by Huston and Butler 
[39]: 

Ag(s), AgCl(s); CaCh(m)\organic phase (1)\CaCh(m r); 

AgCI(s), Ag(s). 

Most data points fell on a line which had' a slope of 88.7 m V 
over a molality range of. about 0.01 to 5 mol· kg-I. Un
fonunately insuffident dala were available to allow calcula
tion of activity coefficients (i.e. no emfs were tabulated). 

Briggs and Lilley [40] also determined relative activities of 
CaClz solutions with the calcium ion-selective electrode, from 
0.001 to 0.1 mol, kg-to There results appear in table 15. 

(2) Cells with Transference 

Cells with transference were measured by Shedlovsky and 
Macinnes [41] and McLeod and Gordon [42]. Shedlovsky 
[43] recalculated his results thirteen y~ars later, but only the 
original data were used in our evaluation. Lucasse [30] also 
derived transference numbers from cell data, reporting 11 
data points which included 0.01 to 2.6 mol· kg-I. 

Eleven molalities were reported at 25°C by McLeod and 
Gordon, over the range of 0.003 to 0.08 mol· kg-I. Other 
measurements included 15 and 35°C. Shedlovsky reported 6 
molalities ranging from 0'.002 to 0.1 mol, kg-I. 

The cell with transference 

Ag(s), AgCI(s); CaClz(mr)ICaClz(m); AgCI(s), Ag(s) 

was used by Shedlovsky and Macinnes [41]and by McLeod 
:md Gordon[4.2] 

The emf is given by 

3RT m 

E=- -Jt+dlnmy, 
2F mr 

(49) 

where t+ is the cation transference number. Shedlovsky and 
Maclnnes used transference numbeni fwm LongsworLh [44] 

and McLeod and Gordon used transference numbers from 
Keenan, McLeod and Gordon [45]. 

The twO. sets of emf data seem to agree well but the two sets 
of transference numbers differ consistently by about 0.001. It 
was not possible to choose a preferred set of transference 
numbers based on deviations of each set of data from cal-
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culated activity coefficients, so the activity coefficients were 
calculated by using transference numbers calculated from 

, t+ =0.4392-0.4392 C1/2 + 0.1620 c-0.1660 C3/2
, (50) 

where c is in equiv. 1-1. This eq was obtained by smoothing 
the combined data from both sources of transference num
bers [44, 45]. The data of Shedlovsky and Macinnes [41] are 
listed in table 13, and those of McLeod and Gordon [42], in 
table 14. Data of Lucasse [30] are tabulated in table 16. 
These data were not included in the evaluation. 

Masaki [46] reported emf measurements for 5 molalities, 
0.001 to 0.01 mol· kg-I, at 30 °C on cells with liquid junction, 
but only a few activity coefficients could be calculated, all 
with an error too large in include in the least squares fit. 

Haa~ anr! Jell1nf~k [47] al~o reporter! emf melHmrements on 

the cell 

Ag(s); AgCI(s), CaCb(m)IKCl (sat'd)IKCI (O.lN), Hg2 Cb;Hg(1) 

for 7 molalities from 0.003 to 3.9 mol, kg- 1 but activity coeffi
cients cannot be calculated from the data, because of the 
unknown liquid-junction potentials. 

b. Diffusion Coefficient Measurements 

The theory of Onsager and Fu~ss [48] for the diffusion of a 
binary electrolyte may be represented by equations: 

- ( a Iny+) D=v(1000R1)(Mlc) 1 +c 8c ' (51) 

where D is the diffusion coefficient, and M Ic is given by: 

(lz_l~ o-lz+IL 0)2 (1 + XST 1 
)( 

1000Iz+z-l(v+ +v_)A~ (6rrNr,o) 
(52) 

-+ ( z~~ 0 + z;L 0 ) 2 )(4~(XS) ] 

(lz+z-Iv+ +v-)Ao 481f~rtc 

and where ~ (xs) is given by: 

(53) 

where Ei denotes the exponential integral functions, in which 
the distance of closest approach, s, is used. Here ~ and L are 
the limiting equivalent conductances, respectively, of the 
positive and negative ions, Ao the limiting equivalent con-
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ductance of the solution. Y'Jo is the viscosity of the solvent and 
)( is the Debye-Huckel quantity given by: 

)( _ ( __ 2N_e_
2
_) 1/2 p 12 

- . EOEkT C , 

(54) 

where N, E, £0, k, e, and T have the significance given earlier. 
Rearrangement of eq (51) yields 

:n' , cO Iny± 
v(lOOO R1)(Mlc) -1=:n = a c (55) 

Accordingly, 

c 2:Ddc1l2 
lny±= J --1/-2-' 

o C 

At the lower limit of concentration 

r [f])] a In y+ 
1m -;;m = 20 ell; 

c..,.o ~ 

(56) 

(57) 

By plotting ,:n'lc l12 versus C
l/2 to the limiting value, the in

tegral of eq (56) may be evaluated and thus log y±and y±, and 
hence y can, be obtained. This method is applicable only to 
very dilute solutlons. Harned [49, 2] had calculated activity 
coefficients for CaCh solutions from the diffusion data of 
Harned and Levy [50] and Harned and Parker [51]. We have 
used his values of y without recalculation, and these values 
are listed for rounded molalities in table 17. 

TABLE 1. OSMOTIC COEFFICIENTS FROM ISOPIESTIC MEASUREMENTS: 
ROBINSON, 1940 [15] REFERENCE SALT: KCl 

mrlmol'kg -1 q; q/rJ
r 

m/mol'kg 

.1234 .9224 .92747 .0667 .8555 

.2127 .9121 .93783 01512 .8554 

.2304 .9107 .94349 .1628 .8593 

.2780 .9076 .94413 .1963 .8569 

.4534 .9010 .9697.4 .3117 .8738 

.5453 .8993 .98465 .3692 .8855 

.7667 .6976 1.02043 .5009 .9160 

.7690 .6976 1.01956 .5159 .9152 

.6476 .6976 1.03096 .5461 .9254 
1.3610 .9015 1.10087 .8242 .9925 
1.4170 .9023 1010981 .6512 1.0013 
1.5540 .9042 1.12682 .9194 '.0189 
1.7B 10 .90BO I· 156'12 1.0270 1.0497 
1.9580 .9113 1.18130 1.1050 1.0765 
2.0100 .9123 \.18270 1.1330 1.0790 
2.1670 .9156 1020189 1.2020 101004 
2.5230 .9237 1.24133 1.3550 1.1466 
2.6160 .9260 1.25377 1.3910 1.1609 
2.8430 .9317 1.27632 1.4850 1.1891 
2.9340 .9341 1.28769 105190 1.2028 
3.0980 .9385 1.30470 1.5830 t. 2245 
3.2240 .9420 1.31780 1.6310 1.2413 
3.5320 .9508 1.34399 1.7520 1.2779 
3.5800 .9522 \.35222 1.7650 \.2876 
4.0140 .9653 1.39302 1.9210 1.3447 
4.0210 .9655 1.38679 1.9330 1.3390 
4.5340 .9617 1.43458 2.1070 1.4083 
4.7470 .9885 1.45301 2.1780 1.4364 
4.8100 .9906 1.45625 2.2020 1.4425 

a Reference qr calculated from equations and parameters for the reference 
salt taken from Hamer and Wu 14] 
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TABLE 2. OSMOTIC COEFFICIENTS FROM ISOPIESTIC MEASUREMENT!'): 
STOKES, 1945 [ 16] REFERENCE SALT: NaCl 

mr I~ol'kg-l (} 
a 

rJ/rJ r 
m/mol.\tg';l . rJ· 

r 

.1255 .9294 .92144 .0908 .8564 

.1586 .9263 .92102 .1148 .8532 

.3034 .9207 .93816 .2156 .8637 

.3901 .9202 .94846 .2742 .8728 

.5617 .9223 .96637 .3875 .8913 

.7366 .9266 .98846 .4968 .9159 

.9232 .9327 1.01062 .• 6090 .9426 
1.0460 .9374 1.02429 .• 6808 .9601 
1.3250 .9492 1.05385 .8382 1.0003 
1.3500 .9504 1.05845 .8503 1.0059 
1.6830 .9666 1.09144 1.0280 1.0550 
1.9630 .9816 1.11852 1.1700 1.0980 
2.2440 .9977 1.14461 1.3070 1.1420 
2.6110 1.0200 1.17454 1.4820 101981 
2.6120 1.0201 1.17420 1.4830 1.1976 
2.6220 1.0207 1017552 1.4870 1.1999 
2.7240 1.0272 1.18306 1.5350 1.2153 
2.9880 1.0444 1.20217 1.6570 1.2556 
3.2410 1.0615 1.21934 1.7720 1.2943 
3.3020 1.0657 1.22432 1.7980 1.3048 
3.9370 1.1109 t.26368 2.0710 1.4039 
4.0840 101218 1.27227 2.1400 1.4272 
4.8650 101810 1.31469 2.4670 1.5527 
5.3420 1.2182 1.33985 2.6580 1.6322 
5.3R40 1.9915 1.:141:11 9.;'7;.n 1.1;394 

6.0080 1.2706 1.37122 2.9210 1.7423 
6.0280 1.2722 1.37250 2.9280 107461 
6.1470 1.2815 1.37609 2.9780 1.7635 
6.1660 1.2830 1.37896 2.9810 1.7693 

a 
Reference rJ

r 
calculated from equations and parameters for the referenc.e 

salt taken from Hamer and Wu [4]. 

TABLE 3. OSMOTIC COEFFICIENTS FROM ISOPIESTIC MEASUREMENTS: 
STOKES, 1940 [16] REFERENCE: H2SO

4 

m/mol'kg-
l rJ~ rJ/rJ r 

m/mol'kg- l 

4.3290 1.1996 1.46696 2.9510 1.7597 
4.5200 1.2290 1.47135 3.0720 1.8082 
4.9850 1.2994 1.48275 3.3620 1.9268 
5.5610 1.3841 1.49690 3.7150 2.0719 
5.8990 1.4322 1·50140 3.9290 2.1502 
6.2370 1.4788 1.51163 4.1260 2.2354 
6.7420 1.5458 1.52465 4.4220 2.3567 
6.9160 1.5680 1.52840 4.5250 2.3966 
7.1160 1.5931 1.53528 4.6350 2.4458 
7.6110 1.6527 1.54444 4.9280 2.5525 
7.6870 1.6616 1.54761 4.9670 2.5715 
8.3810 1.7385 1.56187 ·5.3660 2.7153 
8.5570 1.7569 1.56349 5.4730 2.7469 
8.6220 1.7636 1.56451 5.5110 2.7592 
8.8010 1.7817 1.56853 5.6110 2.7947 
9.5470 1.8526 1.57437 6.0640 2.9166 

Hl.0910 1.8996 1.57820 6.3940 2.9979 
10.1360 1.9033 1.57759 6.4250 3.0026 
10.4560 1.9290 1.57470 6 •. 6400 3.0376 
10.7860 1.9543 1.57207 6.8610 3.0723 
10.7800 1.9538 1.57097 6.8620 3.0694 
10.8130 1.9563 1.57303 6.8740 3.0773 
11.1150 1.9783 1.56726 7.0920 3.1004 
11.3150 1·991212 1.5(,406 7.£330 3.1166 
11.3830 1.9969 1.56231 7.2860 3.1198 
11.4340 2.0004 1.56074 7.3260 3.1221 
11.4560 2.0019 1.56055 7.3410 3.1240 
11.4830 2.0037 1.56146 7.3540 3.1287 
11.5820 2.0103 1.55882 7.431313 3.1336 
11.5750 2.01398 1.55766 7.4:1101 ~.130\1; 

11 .7150 2.0190 1.55681 7.5250 3.1432 
12.0410 2.0396 1.54868 7.7750 3.1587 
12.19913 2.0492 1.54145 7.9140 3.1588 
12.3310 2.0571 1.53696 8.023'1' 301 617 
12.5520 2.07'1''1' 1.532'1'4 8.193'1' 301 713 
13.209'1' 2.1058 1.50977 8.749'1' 3.1793 
13.4580 2.1186 1.5'1'151 8.9630 3.1810 
14.3710 201618 1.46868 9.7850 3.1750 
14.7010 2.1763 1.45974 10.071'1' 3.1768 
14.8000 2.1805 1.45684 10.1590 3.1766 
15.4290 2.2063 1.43526 10.7500 3.1666 
15.4420 2·2068 1.43366 1"~7110 301638 

(a) Reference ~r calculated from eq (42). 

TABLE 4. OSMOTIC COEFFICIENTS FROM VAPOR PRESSURE MEASUREMENTS: 
BECHTOLD AND NEWTON, 1940 [22) 

m/mo1'kg -1 ~20 fI 

0.3043 0.98635 0.8359 

3.0335 .74607 1. 7867 

7.0310 .3099 3.0828 

TABLE 5. OSMOTIC COEFFICIENTS FROM VAPOR PRESSURE MEASUREMENTS: 
HEPBURN, 1932 [231 

m/mo1'kg -1 
~20 0 

.1990 (d) .98896 1.0323 

.2840 (d) .98602 .9175 

.3440 (d) .98602 .7574 

.4940 (d) .97971 .7677 

.6350 (d) .97299 .7979 

.7960 (d) .?6C?0 .Cl7ClCl 

1.0000 (d) .95155 .9189 
1.5040 (d) .913951 1.1668 
1.9850 .86159 1.3887 
2.4950 .81071 1.5562 
2.9900 .75183 1.7651 
4.0040 .62018 2.2eJ77 
5.8260 (d) .39925 2.9160 
7.2780 .29484 3.1049 

(d) given zero weight in Htting equa.t:ion. 

TABLE 6. OSIDTIC COEFFICIENTS FROM VAPOR PRESSURE MEASUREMENTS: 
PETIT, 1965 [25] 

IlI,/mo1.kg -1 
~20 fJ 

.2500 .98812 .8847 

.5000 (d) .97652 .8793 

.7500 (d) .95916 1.0287 
1.0000 (d) .94176 1.1103 
1.5000 (d) .1)0321 1.2558 
2.0000 .86062 1.3887 
2.5000 .80747 1.5827 
3.0000 .74994 1.7748 
3.-5000 .68525 1.9981 
4.0000 .62371 2.1836 -
4.5000 .55980 2.3855 
5';0000 .49841 2.5768 
6.0000 .39049 2.8998 

TABLE 7. OSIDTIC COEFFICIENTS FROM BITHERMAL EQUiLIBRATION: 
STOKES, 1947 [27] 

ui/mol'kg -1 
aHl (J 

0·024 0·7470 1.7620 
3.024 .7473 1.7823 
3.019 .7473 1.7853 
3.036 .7457 1.7884 

TABLE 8. ACTIVITY COEFFl CIENTS FROM EMF MEASlJRJi)ffiNTS: 
. SARAY, 1959 [28] -1 

REFERENCE MOLALITY :: 0.001 mo1'kg REFERENCE GAMMA = 0.88860 
Pb(s), PbC

2
0

4 
(s), Cac2

0
4 

(s); CaC1
2

(m); AgCl(s), Ag(s) 

mAnol.kg -1) Emf I(V) V/Vr V 

.002000- .02490 .95404 .8478 

.005000 - .05720 .88230 .7840 

.010000 .08080 .81383 .7232 

.020000 .10380 .73908 .6568 

.050000 .13350 .63891 .5677 

.0601300 (d) .·13740 .58912 .5235; 
~080000 (d) .21520 3.32655 2.9560 

(d) given zero weight in fitting equation. 

(1) 
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TABLE 9. ACTIVITY COEFFI CIENTS FROM EMF MEAS UREMENTS : 
MUSSINI AND 'PAGELLA, 1971 [29] 

REFERENCE MOLALITY = 0.005828 mo1.kg -1 REFERENCE GAMMA = 0.7752 
Ca(Hg)xl CaC1

2
(m); AgC1(s) ,Ag(s) 2 

m/mo1'kg~1 Emf /(V) y/y 
r 

y 

.009197 .01590 .95730 .7421 

.014720 .03110 .88731 .6879 

.e119320 .03920 .83417 .6467 

.024360 .0,4750 .82058 .6361 

.034030 .05910 .79370 .6153 

.038830 .06360 .78173 .6060 

.048300 .07050 .75168 .5827 

.058480 .07680 .73109 .5668 

.072360 .08320 .69759 .5408 

.096800 .09260 .66551 .5159 

IA:BLJ!; 10. ACTIVITY COEFFICIt;l'rx::> J!'l<UM. K[o'l¥ M.t;ASU~NTS: 

LUCASSE, 1925 [30] 
. -1 

REFERENCE MOLALITY = 0.0100 mo1'kg REFERENCE GAMMA = 0.72946 
Ag(s), AgC1(s); CaC1

2 
(m) I CaxHg(.t) I CaC1

2 
(m

r
) ;AgC1(s), Ag(s) 

m/mo1'kg-
1 

Emf/(V) v/v
r 

v 

.035040 .04107 .82851 .6044 

.062940 .06062 .76600 .5588 

.103200 .07720 .71819 .5239 

.206600 (d) .10139 .67217 .4903 

.371300 (d) .12351 .66394 .4843 

.465500 (d) .13354 .68689 .5011 

.662200 (d) .15431 .82785 .6039 

.960800 (d) .17505 .97722 .7128 
1.003000 (d) .17737 .99421 .7252 

.1.606000 (d) .21057 1.46953 1.0720 
1.960000 (d) .23138 2·06605 1.5071 
3.167000 (d) .28567 5.23026 3.8153 
3.502000 (d) .30057 6.96338 5.0795 

(d) given zero weight in fitting equation. 

TABLE 11. ACTIVITY COEFFI CIENTS FROM EMF MEASUREMENTS: 
FOSBINDER, 1929 [31] 

REFERENCE IDIALITY = 0.0099 mol'kg-1 REFERENCE GAMMA = 0.7303 5 
Ag(s), AgC1(s); CaC1

2
(m)lcaxHg(L)leaC1

2
{m

r
);AgCl(s), Ag{s) 

-1 
Emf I(V) y/Yr .",/mol'kg y 

.043500 .04872 .80562 .5884 

.062800 .06072 .76196 .5565 

.078100 .06887 .75704 .5529 

.089700 (d) .06687 .62579 .4570 
• I L,II t21Gl (..!) .OB?-40 .714:3:3 • ::1217 
.306900 (d) .11739 .67842 .4955 
.715800 (d) .15610 .79426 .5801" 

1.208100 (d) .18295 .94453 .6898 
I. 537800 ~d~ .20239 1.22870 .8974 
1.983300 d .21709 1.39530 1.0191 
3.502000 (d) .~0t:!"'7 6.89375 5.QJ348 

TABLE 12. ACTIVITY COEFFICIENTS FROM EMF MEASUREMENTS: 
SCATCHARD AND TEFFT, 1930 [32] 

Ag(s), AgCl(s); CaC1
2

(m)ICaxHg{L)lcaC1
2

(m
r
);AgCl(s), Ag(s) 

m
r

Jmol'kg -1 Yr 
lIi/mol.kg -1 Em£(meas.)/V y/Yr Y 

.099890 .52080 .009921 -.07613 1.39646 .7273 
,.099780 .52090 .010510 -.07423 1.38329 .7206 
.100410 .52040 .025940 -.04391 1.23871 .6446 
.099830 .52080 .027580 -.04121 1.24238 .6470 

.• 099890 .52080 .041130 -.02893 1.14641 .5971 
.099930 .52070 .126340 .00789 .97067 .5054 
.100290 .52050 .442000 (d) .05582 .96581 .5027 
.099680 .52090 .658900 (d) .07683 1.11075 .5786 
.1'00560 .52030 .930100 (d) .09618 1.31155 .6824 

(d) given zero weight in fitting equation. 
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TABLE 13. ACTIVITY COEFFICIENTS FROM EMF MEAsUREMENTS: 
SHEDLOVSKY AND MACINNES, 1937 [41] 

REFERENCE MOLALITY = 0.050196 mo1·kg -1 REFERENCE GAMMA = 0.5790 
8 

Ag(s), AgC1(s); CaC1
2

(m
r
)lcaC12 (m);AgCl(s),Ag(s) 

m/mo1.kg-1 
Emf/V 

t (a) 
+ Y/Yr y 

.0018207 :0475'6-1 .43147 1.4168'2 .i3552 

.0061101 .029273 .42577 1.33155 .7711 

.0095685 .022705 .42286 1.27059 .7358 
• 0242493 .0097 54 .41504 . 1.11820 .6475 
.0376638 .003820 .41028 1.04556 .6055 
~0970105 -.008610 039593 .90294 .5229 

TABLE 14. ACTIVITY COEFFICIENTS FROM EMF MEASUREMENTS: 
MCLEOD AND GORDON, 1946 [42] 

REFERENCE MOLALITY = 0.025270 mo1'kg -1 REFERENCE GAMMA = 0.6434
5 

Ag(s), AgC1(s); CaC1
2

(m
r

) I CaC1
2

(m) ;AgCl(s) ,Ag(s) 

m/mo1'kg -1 Emf/V t (a) 
+ ylY

r 
y 

.0033155 .029196 .• 42900 1.26998 .8172 

.0058595 .020703 .42602 1.20324 .7742 

.0063695 .019496 .42552 1.19139 .7666 

.0094820 .013715 .42293 1.13980 .7334 

.0113420 .011160 .42162 1.114.34 .7174 

.0148830 .007326 .41947 1.07636 .6926 

.0348040 -.004316 .41119 .95228 .6127 

.0479460 -.008577 .4072'3 .90571 .5828 

.0600840 -.011848 .40415 .89039 .5732 

.0645300 -.012479 .40308 .86333 .5558 

.0749290 -.014439 .40069 .84431 .5433 

(a) The activity coefficients were calculated from eq (49) using 
transference numbers calculated from eq (50). 

Table 15. ACTIVITY COEFFICIENTS FROM ION-SELECTIVE 
ELECTRODE DATA: BRIGGS AND LILLEY, 1974 [40] 

REFERENCE MOLALITY = 0.0010275 mo1'kg';'1 REFERENCE GAMMA = 0.8872
8 

Ag, AgC1; CaC1
2 

(mr ) II CaC12 (m); AgC1, Ag 

m/mo1'kg -1 Emf/(V) Y/Yr y 

0.0032519 -0.04109 0.91767 0.8142 
.010165 -0.08045 0.81520 0.7233 
.033081 -0.11950 0.69000 0.6122 
.099104 -0.15518 0.58131 0.5158 
.295890 -0.19215 0.50814 0.4509 
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TABLE 16. ACTIVITY COEFFICIENTS FROM EMF MEASUREMENTS: 
LUCASSE, 1925 {30} 

REFERENCE MOLALITY = 0.0100 mo1'kg- 1 REFERENCE GAMMA = 0.7293 

Ag(s), AgC1(s); CaC1
2

(m
r

)icaC1
2

(m)JAgC1(s),Ag(s) 

m/mo1'kg 
-1 (d) 

Emf/V t+ I j-y r 
/d) 

.01547 .00601 .41915 a .93648 .6830 

.02006 .00974 .41686 a .91045 .6640 

.03955 .01898 .40969 a .82509 .6017 

.04966 .02198 .40681, a .79521 .5800 

.08053 .02841 .39946 a .74191 .5411 

.16120 .03683 .367 b .64806 .4726 

.32080 .04600 .321 b .62514 .4559 

.61620 .05487 .277 b .70205 .5120 
1.01300 .06264 .259 b 1. 63402 1. 1917 
1.60000 .07164 .254 b 1. 74162 1. 2702 
2.58600 .08357 .251 b .41139 0.3000 

(a)'l'he activity coefficients were calculated from eq (49) 
using transference numbers calculated from eq (50). 

(b)'l'ransference numbers given by Lucasse {30}. 

(d) These va lues were not inc 1uded in the eva lua tion procedure 

TABLE 17. ACTIVITY COEFFICIENTS FROM DIFFUSION COEFFICIENT DATA: 
HARNED, 1959 [49, 2] 

m/mo1'kg- 1 

.0001 

.0002 
• 0003 
.0005 
.0007 
.001 
.002 
.003 
.005 
.007 
.01 
.03 
.05 
.07 
.1 

y 

.961 

.946 

.935 

.918 

.904 

.888 

.850 

.824 

.786 

.758 

.727 

.624 

.576 

.547 

.518 

TABLE 18. ACTIVITY COEFFICIENTS FE-OM fREEZING POINT DATA: 
LANDOLT-BORNSTEIN, 1936 l52 

(Extrapolation to 25°C) 

m/mo1.kg -1 

0.001 
.002 
.005 
.01 
.02 
.05 
.1 
.2 
.5 

1.0 

0.883 
.843 
.783 
.730 
.670 
.589 
.531 
.478 
.447 
.505 

(d) These values were not included in the evaluation procedure. 

Table 19. OSMOTIC COEFFICIENTS FROM FREEZING POINT MEASUREMENTS: 

Gibbard and Fong, 1975 [57] 

m/mo1'kg -1 F.P. Depression/K 9(273) a W (Z98) (}(298) 

.02755 .1362 .886111 .99869 .8816 

.04930 .2394 .8703 .99770 .8655 

.11290 .5406 .8583 .9.9481 .8533 

.14445 .6913 .8579 .99336 .8529 

.17385 .8342 .8602 .99200 .8552 

.29190 t .4272 .8767 .98635 .8712 

.36465 1.8i1J97 .8901 .98273 .8841 

.44830 2.2674 .9073 .97841 .9007 

.52900 2.7323 .9267 .97405 .9195 

.72735 3.9541 .9758 .96271 .9669 

Table 20. OSI-l>TIC COEFFICIENTS FROM FREEZING POINT MEASUREMENTS: 

LOOmiS, 1897 [54] 

m/mo1'kg-1 F.P. Depression/K 9(273) a"'(299) <'(299) 

.01000 .0513 .9193 .99951 .9159 
• 020 tel .1013 .9032 .99902 .8990 
.05020 .2437 .8700 .99766 .8653 
.10040 .4823 • 86 H'J .99537 .8561 
.aeGBG .Q719 .9676 -OOQl/f'8 _~A?'" 

.5111211?J" 2.611J5111 • 931?J8 .97524 .9238 

Table 21. OSMOTIC COEFFICIENTS FROM FREEZING POINT MEASUREMENTS: 

Rodebush, 1918 [55] 

F.P. Depression/K <'(273) a w(298) 

.76676 
1.33620 
1.98403 (d) 
3.14184 (d) 
3 '.24726 (d) 
4.32487 (d) 

4.2100 
8. 6311J11I 

15.2300 
29.83111111 
31.25e0 
51.0000 

.9857 
1.1605 
1.3768 
1.6589 
1.6737 
1.9141 

(d) given zero weight in fitting equation • 

.96035 

.92066 

.86538 

.76368 

.75550 

.65893 

<' (298) 

.9763 
1.1447 
1.3484 
1.5877 
1.5976 
1.7846 
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TABLE 22. OSmTIC COEFFICIENTS FROM ISOPIESTIC' MEASUREMENTS: 
Rard and Spedding, 1976 [17a] REFERENCE SALT: H2SO4 

m !molokg- l (Ja fJ!fJ r 
m!mol'kg-1 

r r 

3.8135 1.,,93 1.04047704 2.63<41 1.6205 
4.0329 1.1530lil I .. 0lil53..0 e.17 .. a 1.61&.4 

4.3210 1.1980 1. <46073 2.9581 1.7500 
<4.66<45 1.2507 1. <46932 3.1746 1.8376 
<4.9081 1.2816 1.41512 3.3263 1.9001 
5.2915 1 .34404 1 .. 48583 3.5613 1.9976 
5.5<427 1.3809 1 .. 49190 3.7152 2.0602 
5.8672 1.4270 1.50031 3.9105 2.10411 
6.1892 1 .4715 1.50875 4.1022 2·2202 
6. -4495 1.5065 1.51546 4.2558 2.283\ 
6.1945 1.5516 1.52435 4.4573 2.3651 
7.1360 1.5945 t. 53284 4.6554 2.4441 
7.4182 1.6281 1.54020 4.~H64 2.5085 
7.7500 1.6675 1.54740 5.0084 2.5803 
8.1238 1.7093 1.55554 5.2225 2.6589 
8.3817 1.1370 1.55971 5.3739 2.7091 
8.1002 1 .7698 1.56501 5.5592 2.7698 
8.1043 1.7702 1.56468 5.5630 2.7698 
8.7166 ).7715 1.56483 5.5703 2.7120 
8.7390 1.7737 1 .56540 5.5826 2.7766 
8.8855 1.7883 1.56774 5.6677 2.8035 
9.0406 1.8033 1.56930 5.1609 2.8300 
9.1765 1.8163 1.57073 5.6422 2.8529 
9.3449 1.8320 1.57221 5.9438 2.8803 
9·5049 1.8465 1.57324 6.0416 2.90S0 
9.6885 1.8628 1.57375 6.1563 2.9316 
9.8271 1.87~ 1.57420 6.2426 2.9513 

10.0300 1.8919 1.51482 6.3690 2.979<4 
10.2030 1.9061 1.57386 6.4828 2.9999 
10.3.690 1.9194 1.57282 6.5926 3.0188 
10.4820 1.9282 1.57241 6.6662 3.0319 
10.5880 1.9364 1.57150 6.7375 3.0430 
10.7140 1.9459 1.56991 6.8246 3.0549 
U,.8190 1.9537 1.56897 6.8956 3.0653 
10.9230 1.9613 1.56732 6.9692 3.0739 
11.0560 1.9706 1.56667 7.0510 3.0876 
11.0140 1.9721 1.56596 7.0717 3.0882 
1 1.1920 1.9803 1.56300 7 ~ 1 606 3.0953 
11.~3n' 1 • ~1S35 1 • ~b343 ,. J ts/4 3.1~H' 

11·3010 1.9878 1.56212 7.2344 3.1053 
11.3490 1.9911 1.56105 7.2701 3. t 082 
11.3460 1.9910 1.56051 7.2720 3.1070 
11.4800 1.9999 1.55913 7.3631 3.1181 
11.5560 2.0049 1.55620 7.4258 3.1200 
11.6380 2.0103 1.55430 7.4876 3.1246 
1 1.7630 2.0183 1.55228 7.5779 3.1329 
11.8440 2.0234 1.55053 7.6387 3.1373 
1 1.9390 2.0293 1.54817 7.7117 3.1 4\ 7 
12._0360 2.0353 1.54502 7.7902 3.1445 
12.1110 2.0398 1.54288 7.8496 3.1472 
12.1850 2.0443 1.54203 7.9019 3.1523 
12.2060 2.0455 1.54050 7.9234 3.1511 
12.3760 2.0555 1.53556 8.0596 3.1563 
12.4500 2.0597 1.53333 8.1196 3.1582 
12.5610 2.0663 1.53056 8.2107 3.1627 
12.7400 2.0759 1.52471 8.3557 3.1652 
12.8800 2.0835 1.521302 8 • .4736 3.1670 

12.9920 2.0895 1.51730 8.5626 3.1104 
13.0520 2.0926 1.51371 8.6225 3.1677 
13.2880 2.10-48 , .50565 8.8254 3.1690 

aReference G calculated from eq (42). r 
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TABLE 23. OSMOTIC COEFFICIENTS FROM ISOPIESTIC MEASUREMENTS: 
Spedding, et al 1976 [llb] REFERENCE SALT: KC1 

m /mol.kg-1 (ja fJ/fJ m/mol.kg -1 (j 
r r r 

.7292 .8971 1.01320 .4798 .9096 

.8245 .8976 1.02761 .5349 .9224 

.8521 .8976 1.03285 .5500 .9271 

.9252 .8978 1.04207 .5919 .9356 
101069 .8989 1.06838 .6907 .9603 
1.1279 .8990 ] .0711'83 .71322 .9627 
1.2691 .9004 1.139114 .7754 .9825 
1.3553 .9015 1.104711' .8179 .9958 
1.3733 .9017 1.113545 .8282 .9968 
1.4121 .91322 1 d 11367 .8476 1.01320 
1.4553 .9028 1.11581 .8695 1.0073 
1.5284 .9038 1.12751 .9037 1.0191 
1.5333 .9039 1.12801 .9062 1.0196 
1.5367 .90413 1.12789 .91383 1.0196 

1.55613 .9043 1.13073 .9174 1.0225 

1.5728 .91345 1.13233 .92613 1.0242 

1.6297 .9054 1014113 .9521 1.0332 

1.6321 .91355 1014161 .9531 1.0337 

1.7145 .9068 1.150132 .9939 1.0429 

1.8751 .9097 1017004 1.0684 1.0644 

1.8967 .91131 1.173313 1.0771 1.0679 

1.9239 .91137 1017637 1.09133 1.0713 

1.9589 .9113 1.180132 1.11367 1.0754 

1.9835 • 9J 18 1.18330 1.1175 1.137913 
2.2513 .9174 1.21469 1.2356 1.1144 

2.3347 .9193 1.22489 1.27137 1.1261 
2.5585 .9246 1.2L!893 1.3657 1.1547 
3.1969 .9413 1.31130 1.6179 1.2399 
3.2179 .9419 1.31992 1.6253 1.2432 
3.2655 .9432 1.32348 1.6449 1.2483 
3.2955 .9440 1.32629 1.6565 1.2521 
3.3345 .9452 1.32986 1.6716 1.2569 
3.3405 .9453 1.33027 1.6741 1.2575 
3.3450 .9454 1.33079 1.6757 1·2582 
3.3559 .9458 1.33171 1.6800 1.2595 
3.4950 .9498 1.34129 1.7294 1.2796 
3.5388 .9511 1.351135 1.7462 1.2849 
3.5927 .9526 1.35479 1.7679 1.2906 
3.6111 .9534 1.35B76 1.7747 1.2954 
3.6264 .9536 1.35782 1.7805 1.2949 
3.6401 .9540 1.361305 1.1843 1.2976 
3.6532 .9544 1.361382 1.7697 1.2988 
3.6851 .9554 1.36387 1.8013 1.30313 
3.7661 .<i576 1.37066 1.6315 1.31,J\? 
3.7829 .• 9583 1.37336 1.8363 1.3161 
3.9116 .9622 1.38451 1.8835 J .3322 
3.9483 .9634 1.36134 1.8973 1.3365 
4.01366 .9652 1.39467 1.9152 1.3461 
·h003S .9676 1.40247 1 .~411 1.;)570 
4.15133 .9696 1.40636 1.9674 1.3637 
4.1512 .9697 1.40659 1.9675 1.3639 
4.2051 .9114 1.41137 1.9863 1.31139 
4.24613 .9726 t.41456 2.01311 1.3759 
.. 4.3007 .?744 1.41930 2.0201 1.3629 
2.62133 .9261 1.25773 1.388.9 1. t 648 
2.71364 .9282 1.26597 1.4252 1.1751 
2.1249 .9281 1.26875 1.4318 1.1183 
2.1361 .92913 1.26953 1.4368 1.1194 
2.B209 .9312 I ~C76£6 1.473S 1.18'8'4 
2.8393 .9316 1.27819 1.4809 1.1908 
2.8724 .9325 1.28312 1.4924 1.1965 
2.9017 .9333 1.28587 1.5044 1.2001 
2.9195 .9337 1.28777 ) .511 4 J .2024 
2.9.1\43 • 93.1j.q 1.09085 1.5£06 1.2062 
3.0206 .9364 1.29876 1.5505 1.2162 
3.1406 .9391 1.31203 1.5958 1.2329 
4.3152 .9148 1.42261 2.0222 1.3868 
4.3211 .9750 1.42251 2.0251 1.3870 
"'·3637 .9764 1.42591 0.0"'10C 1 • 3922 
4.3193 .9169 1 • 42785 2.0447 1.3948 
4.5782 .9832 1.44370 2.1141 1.4195 
4.61372 .9842 J.44669 2.1231 J .4238 
4.6202 .9846 1.44852 2.1264 1.4262 
A.666C1! .9861 1.45162 2.t .1\29 1.4314 
4.6789 .9865 1.45265 2.1473 1.43313 
4.6893 .9868 1.45303 2.1515 1.4339 
4.7195 .9876 1.45556 2.1616 1.4378 
4.7520 .9889 1.46031 2.1694 1.44413 

aReference ~ calcu1a~ed from equatio:-,s and paramete,:s for t-ne reference salt 
taken from liamer and Wu [4]. 
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tABLE 24. OSMOl'IC COEFFICIENTS FROM ISOPIESl'IC MEASUREMENTS: 
P1atford, 1975 [65J REFERENCE SALT: KC1 

m/mol.kg -1 rJa 
r rJ/<1r m/mol.kg -1 

1.918 0.9791 1.11673 1.145 
2.476 1.0116 1.16080 1.422 
4.404 1.1457 1.29168 2.273 
6.085 1.2767 1.37654 2.947 

aReference rJr calculated from equations and parameters for the 
reference salt taken from Hamer and WU [4]. 

5. Correlation of Results 

<1 

1.0934 
1.1743 
1.4799 
1. 7574 

In order to obtain values of In y and y from the cell 
measurement it is necessary to know a value for Yr at a CaCb 
composition of mr for each experiment. We have arrived at 
the values of Yr by an iteration technique. Initial values for Yr 
were calculated by eq (39) using parameters given by Wu and 
Hamer [l]. Using these reference values a pair of values of m, 
y was obtained at each experimental point. These data were 
then combined with the pairs of m, y values from the diffu
sion data, m, ~ values from the freezing point data, and the 
vapor pressure methods and a npw set of p:lramptp.r." for f'!CI 

(39) was calculated by a non-linear .least-squares fit to 
minimize 2wi(fi-/(Calc);F where the function,/=ln y, or/=~, 
and/ca1c was obtained from eq (39) or (40), respectively. The 
summation is over the number of experimental points. Using 
the new parameters a new set of y r was calculated and the fit
ting procedure repeated. This process continued until the 
parameters remained essentially unchanged. The procedure 

is outlined in figure 3. All computer programs have been 
documented in a Nat. Bur. Stand. Technical Note [62). 

Initially all the experimental data were weighted equally 
and included in the fitting procedure. The data were divided 
into sets according to source and an estimate of the standard 
deviation of each set was made by equating it to the root
mean-square deviation of the points in the set from the curve 
obtained in the initial fit. Using weights corresponding to 
these estimates of standard deviations a second fit of the data 
was made. The results of these calculations together with sub
jective evaluation of experimental procedures were used to 
weight the experimental points. Zero weight was given to emf 
data at concentrations greater than 0.1 mol· kg- 1 measured 
with cells using a calcium amalgam electrode. 

After the first iteration, experimental points with devia
tions from calculated values of greater than 0.1 in ~ or y, were 
given zero weight, these points have been marked in the 
tables of data. 

The selected weighting factors used for each set of experi
mental data are shown in table 25. Of the· vapor pressure 

data, Robinson [15] was weighted the highest and Stokes (vs 
NaCl) [16] slightly less, based on the internal consistency of 
their experimental data. The data based on H2S04, Stokes 
[16] and Rard [17a] , were weighted lower because of the ten
tative nature of the evaluated osmotic coefficients of H2S04, 
as well as a larger scatter of data point~. Spedding; s [17b] 
data based on KCI was given high weight. Hepburn [23], in 
view of the apparent unreliability of the experimental results, 
was given the lowest weight. Bechtold [22] and Stokes [27] 
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were weighted equally at 0.5. Although Bechtold's measure
mentsare considered to be quite reliable, the lowestmolatily 
has a much larger uncertainty than the more concentrated 

points, as is expected from these vapor pressure measure
ments. They were given a lower than anticipated weight in 
order to include all of the 3 data points. 

Petit [25] was assigned a weight intermediate between 
Bechtold and Hepburn; again the higher molalities are more 
reliable. 

Freezing point results of Loomis [53], Rodebush [55], and 
Gibbard [57] were given a weight of 0.5, due to the necessary. 
correction to 25°C. 

The emf data of Mussini [29], McLeod [42), Shedlovsky 
[41], Briggs [40], and the data from Harned [49, 2] were 
weighted equally high. Fosbim;ler [31] and Lucasse [30J were 
assigned lowest weights because of the uncertainty in the 
behavior of calcium amalgam electrodes above 0.1 mol, kg-I. 
Scatchard [32] and Sahay (28] were weighted equally at 0.5 
since some data points in each experiment had to be assigned 
zero weights. 

With all the experimental values weighted as discussed, an 
analysis of variance indicated. that 8 parameters were needed 
to fit the data. 

The estimates of standard deviation of ~ and In yare 
shown in the last column of table 25. 

By repeating the fitting process with the weight~d data a 
fmal set ot parameters for egs (3Y, 40, and 41) was obtained. 
The values for eqs (39, 40, and 41) ar~ 

a X !()3 

B 1.60002 (kg' mol-1)1 fl 8.7 

c= 0.256690 (kg. mol-I) 10.8 

D= 0.151052 (kg' mol-1)2 10.7 

E = -3.77055 X 10-2 (kg' mol-If 5.3 

F= 9.90578 X 10-3 (kg'mol-1
)" 1.4 

G = -1.69480x 10-3 (kg. mol-1 'f 0.2 

H= 1. 34960x 10-4 (kg'mol-1)6 0.01 

I =-3.94208><10-6 (kg'mol-tf 0.0003 

It should be noted that the form of the Hamer-Wu [4] 
equation has been modified for eq (39), to calculate In y 

rather than log y. The constants A, C, D, E, F, G, H, and 1 
differ by a factor of In (10) from those used in Hamer and 
Wu's equation. . 

There were 290 experimental data points considered which 
were based on vapor pressure methods, of which, 277 were 
assigned non-zero weights. Of the 101 experimental points 
considered which yielded y values, 64 were given non-zero 
weights. Thus 341 data points were used in the final calcula
tion. 



ACTIVITY COEFFICIENTS OF CALCIUM CHLORIDE 

FLOW DIAGRAM OF EVALUATION PROCEDURE 

F. P. DEPRESSION 

VAPOR 
PRESSURE ISOPIESTIC 

LITERATURE SEARCH 

EXTRACT DATA 

TYPE 
OF 

DATA 

LEAST SQUARES 
TO MINIMIZE 

LWj (f j-f CAlcy2 

CHANGE 
IN 

PARAMETERS? 

y 

EMF 

YES 

FIGURE 3. Flow diagram of evaluation procedures. 

DIFFUSION 

401 

J. Phvs. Chem. Ref. Data, Vol. 6, No.2, 1977 



402 B. R. STAPLES AND R. L. NUTTALL 

Table 25. Weighting Factors Used for Experimental Data Table 26. RECOMMENDED VALUES FOR MEAN ACTIVITY COEFFICIENT AND 
OSMOTIC COEFFICIENT OF CaC1

2 
IN H

2
0 AT 298.15 K. 

TYEe of Measurement Reference No. of Points {Weigh t m{lllOl'kg -1 y rJ a L'Gex /J 'kg -1, 
w 

Isopiestic 

Robinson vs KCl [15] 29 1.0 .0046 .IHill .8885 • 9623 .999948 -1 • 
Stokes vs NaCI [ 16J 29 0.9 .0048 .11102 .8508 • 9493 .999897 -2 • 

~::~~~n;s '1~2i~t t i;~ 1 
42 0.5 .0065 .003 ~8245 • 9403 .999848 -3 • 
78 1..0 .0046 .004 • SQl39 .9::)32 .?Si97SiB -':) . 

Rard vs H2SO4 [ 17a) 60 0.5 .0065 • '1105 • 7869 .9274 .999149 -6 • 

Vapor Pressure .33.6 • 77Q4 ."004 .OOI)7IZt -s . 
.007 • 1596 .9181 .999653 -10 • 

Bechtold (22 J 0.5 .0065 • 0138 .7483 .9142 .999605 -12 • 
Hepburn (23 J 0.05 .0205 .009 .7380 • 9107 .999551 -14 • 
Petit (25] .0.1 .0144 

.010 • 7287 .9076 .999510 -\ 7 • 
Bi thermal equi libration .021:l • 6644 .8866 .999342 -44 • 

Stokes [271 0.5 .0065 .030 • 6256 .8748 .998583 -77 • 
.040 .5982 .8671 • 998127 - I D • 

Freezing Point .050 • 5773 .8619 .997674 -153 • 
• 11160 .5607 .8582 .997221 -195 • 

Loomis [53 J 6 0.5 .0065 .073 • 5470 .8555 .996769 -239 • 
Gibbard [57] 10 0.5 .0065 .083 .5355 .8536 • 996316 -285 • 
Rodebush [55] 2 0.5 .0065 

.219'11 .5256 .8524 • 995363 -332 • 

.100 .5171 .8516 • 995408 -380 • 
Emf • 200 .4692 .8568 .990782 -912 • 

Sahay (28] 5 0.5 .0065 • 300 .4508 .8721 .985960 - 1492 • 
Mussini (29 J 10 1.0 .0046 .400 .4442 .8915 .980912 -n91. 
Scatchard [32] 6 0.5 .0065 • 530 .4442 .9134 .975621 -2695 • 
b'oQbintf""T'" [~11 :; f)_liS .0205 .600 .44B6 .9JI'" • 'JHtNJ"f"G -32:90 • 
Lucasse [30 J .3 0.05 .0205 
Shedlovsky [41J 6 1.0 .0046 .700 .4564 • 9621 .964~S6 -3886 • 
McLeod (42] 11 1.0 .0046 .80e: .4670 .91384 • 958163 -4461 • 
Briggs [40] 5 1.0 .0046 .900 .4801 1.0159 • 951785 -5et7 • 

1.030 • 4956 1.'11444 .945117 -5551 • 
DLffusion t .50e: .607'11 1.2004 .9137271 -7805. 

Harned [49, 2J 15 1.0 .0046 2.000 .7842 1.3754 .8611351 -9199. 

2.500 1.0529 1.5660 • 839293 -9565 • 
3.1300 1.4550 1.7685 • 750Hl2 -87813 • 
3.51313 2.052 1.9781 • 6879 -6752 • 
4.0130 2.926 201835 • 6231 .-3422 • 
4.500 4.176 2.3926 .5588 1233. 
5.000 5.907 2.5826 • 4976 7197 • 
5.5013 8.199 2.7515 • 4/n4 14419 • 
6.0130 It.372 2.8932 • 3913 22810 • 
6.50iil 14.461 3.0341 • 34tH 32258 • 
7.000 18.215 3.0633 • 3115 42632 • 
7.500 22.149 3.1332 • 2303 53 79~ • 
8.1300 26.112 3.1592 • 2551 65631 • 
8.500 30.07 3.169 • 2332 18031 • 
9.'1100 34.11 30171 • 2138 90924 • 
9.500 36.43 3.173 • 1961 104272 • 

10.000 43.12 3.176 • 1796 118kl'55 • 

TABLE 27. STANDARD DEVIATION OF CALCULATED VALUES AT SELECTED 
MOLALITIES 

m Y O'(y) ~ 0'(<;4) Iny O'(lnY) 

.001 .889 0.000 .962 0.;'l1l0 -.118 0.000 

.010 .129 3.000 .908 0.0130 -.'316 0.1300 
• leo:! .517 .0al .SSg ;;'.131212 -.6"" .ee'l 

1.000 .496 .002 1.044 .0el1 -.702 .0"4 
3.000 1.435 .008 1.769 .. eel 0.375 .005 
5.000 5.907 .ei36 2.583 .~02 1.776 .006 
7.000 18.21 .11218 3.-183 .001 2.9<'J2 .12106 
9.0210 34.11 .228 3.17\ .002 3.530 .0Z,7 

10.0fHl 43.12 .290 3.177 .003 3.764 .007 
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MOLALITY 

FIGURE 6. Osmotic coefficient vs molality. 
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FIGURE 7. Mean activity coefficient vs molality. 
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FIGURE 8. Excess Gibbs energy vs molality. 
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6. Final Recommended Values for the Mean 
Activity and Osmotic Coefficients of CaCb 

'in Water at 298.15 K 

Table 26 presents recommended values for ~, y, and AGex 
at rounded molalities up to 10 mol· kg-l. It should be noted 
that saturation occurs at 7.28 mol- kg- 1 [23]. 

Figures 4 and 5 show a plot of the deviations of the 
observed values of + and y, respectively, from the values 
calculated for the observed concentrations (experimental
calculated). 

The osmotic and mean activity coefficients as a function of 
molality, are illustrated in figs 6 and 7, respectively, and the 
excess Gibbs energy as a function of molality is shown in fig 
8. 

The set of mean activity and osmotic coefficients as well as 
the activities of water given in table 26, together with the 
equation from which they were calculated; were derived from 
this present correlation and are recommended for use as a 
reference source up to a molality of 10 mol- kg-I _ The values 
of the mean activity coefficient, osmotic coefficient, activity 
of water, and the excess Gibbs energy may be calculated at 

any molality (0-10 mol· kg-I) from eqs (39, 40, 41) and the 
parameters B, C, D, E, F, G, H, I given in section 5. 

Estimates of the standard deviations of the values of the 
osmotic coefficient calculated from eq (40) and of the mean 
activity coefficients calculated from eq (39) are illustrated in 
table 27. 

Previously published tabulations of Robinson and Stokes 
(31, Harned and Owen [2], Pitzer and Brewer [58], Conway 
[63], and others are in reasonable agreement with table 26, 
but do not give correlating equations for use in interpolation. 
Such an equation is especially useful where computer calcula
tions are possible. A data base larger than any of the prevjolls 
tabulations was used, including available literature through 
July, 1976. 

Such a set of standard values can serve to place all future 
experimental determin'ations of activity or osmotic coelii
cients for polyvalent electrolytes on a single, consistent 
reference base. Also most theoretical treatments of polyvalent 
electrolyte data can be tested using this single data source. 

Appendix 

Several forms of correlating equations, other than that oE 
eqs (39 and 40), give comparable fits to the experimental 
data. Two of these are given here. The first uses the higher 
order limiting law, eq (38), followed by an empirical poly
nomial in the square-root of molality. Here, Al and Az are 
calculated coefficients from eq (38) and Bi are adjustable 
parameters: 

and 

J. Phys. Chem. Ref. Dota, Vol. 6, No.2, 1977 
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The parameters for eqs (59,60) are listed below: 

Term Parameters Standard deviation 
Bl -1.398192476 0.08 
B2 21.29097223 0.50 
B3 -33.10951856 1.2 
B4 36.59996012 1.6 
B5 -25.67758601 1.3 
B6 11.33499774 0.58 
B8 -3.0486152 0.16 
B8 0.4550893192 0.025 
B9 -2.883352369 X 10-2 0.002 

The second uses the Debye-Huckellimiting law followed by 

an empiricaJ polynomial in square-root of molality: 

In y=-Alrf2 +t.B·m(t"'1)f2 
i=1 I 

(61) 

and 

~=1 
A r 12 

8 (. 1) 
_1_ + 2B.~m(i+l)/2 

3 1=1 I (i+3) 
(62) 

Parameters for eqs (61.62) are: 

Term Parameters Standard deviation 
B1 10.26430765 0.047 
B2 -18.05044031 0.23 
B3 21.8426561 0.45 
B4 -16.79968441 0.46 
B5 8.13967344 0.27 
B6 -2.377190479 0.09 
B7 0.3783336173 0.02 
B8 -2.506441862><10-2 0.001 

In eqs (59, 60) nine parameters were necessary to fit the ex

perimental data. Eight were needed witheqs (61, 62) and eqs 
(39, 40). The standard deviation for an observation of unit 

weight for Y (~ or In y) in each set of fitting equations is 

0';':'- 0.0045 for eqs (39, 40),0= 0.0054 for eqs (59, 60), and 
0= 0.0048 for eq5 (61, 62). 

Agreement with Pitzer's equations for predicting ~ and y 
was good. 

We thank .T. Rard and F. Spedding for making their data 
available to us prior to publication. 
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