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Evaluation of Pitzer Ion Interaction Parameters of Aqueous 
Electrolytes at 25 'C. 1. Single Salt Parameters 

Hee-Talk Klm and William J. Frederick, Jr." 

Department of Chemical Engineering, Oregon State University, Corvallk, Oregon 9733 1 

Ion Interaction parameters for 304 slngle salts In aqueous 
solutlon have been obtalned for Pltzer's equatlons. For 
most of the cases we evaluated, the range of molallty 
extended up to Saturation when data were available. The 
calculated actlvlty coefflclents of HCI, LIBr, CaBr,, 
Pr(NO&, and YgSO, from our results and Pltzer's were 
compared to available smoothed experimental data. The 
comparisons show better agreement with experimental 
data when we use values of our parameters whlch were 
evaluated at higher concentrations than those used by 
Pltzer. 

I ntroductlon 

The principal thermodynamic properties of interest for pre- 
dicting soiubllities are activity and osmotic coefficients. The lack 
of accurate activity Coefficients can result in large errors when 
predicting the solubility in aqueous multicomponent ionic solu- 
tions of high ionic strength even when few chemical species 
are present. 

Ionic interaction models provide the simplest and most co- 
herent procedures for calculating the properties of electrolyte 
compponents. They use a single set of equations to describe 
the osmotic and activity coefficients of the components of single 
salts and mixtures with common ions. An ion interaction model 
for electrolyte activiity coefficients was developed by Pltzer and 
co-workers (7-4) In the early 1970s. The Pitzer model ex- 
tended the Debye-Htickel method, using a virial expansion to 
account for the ionic strength dependence of the short-range 
forces in binary and ternary ion interactions. The model is 
applicable to solutions of high ionic strength. Moreover, these 
equations can be used in iterative calculations since the ion 
interaction parameters are expressed as explicit functions of 
ionic strength and need very few parameters to estimate 
properties of both single and mixed electrolytes. Many pubii- 
cations (5-77) have shown that the Pitzer model results in 
excellent solubility predictions. 

The purpose of this work is to obtain Pitzer ion interaction 
parameters from osmotic coefficient data on single electrolytes 
at high concentration, up to nearly saturation. We used a form 
of the Pltzer ionic interaction model which was developed by 
Harvie and Weare (5) to predict the solubility of minerals In 
concentrated mixed salt solutions. The ionic interaction model 
was fit to published osmotic coefficient data at 25 OC to obtain 
ion interaction parameters for solution of single salts. The ion 
interaction parameters from our results are stored on file in a 
computer as a database, and activity and osmotic coefficients 
can be calculated simply by identifying the salt and defining the 
appropriate ionic strength. 

General Equations 

Recently, Harvie and Weare (5) developed a chemical 
equilibrium model for calculating mineral solubilities in the Na- 
K-Mg-Ca-CI-S04-H20 system at 25 OC. This model was 
based on the Pitzer equations ( 7 ,  2) for aqueous electrolyte 
solutions. Their equations for calculating the osmotic and mean 
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ionic acthri coefficients for single electrolyte solutions can be 
written as follows: 

In eq 1 and 2, mM is the molality (mollkg of solvent) of a cation 
with charge zM corresponding to stoichiometric coefficient vY. 
Similarly, the subscript X refers to an anion. Also v = vM + 
vx and Z = 1/2Cim,z,2 is the ionic strength. The function Z is 
defined by Z = C,milziI = 2(&m#z,) = 2 ( C x m x l z x l )  and 
A4 is the Debye-Huckel coefficient for the osmotic coefficient 
and is given by 

(3)  

where N o  is Avogadro's number, d,  is the density of water, and 
D is the static dielectric constant of water at temperature T. 
Also, k is Boltzmann's constant and e is the electronic charge. 
The value of Ab at 25 OC is 0.392 and the term 6 in eq 1 and 
2 is an empirical parameter equal to 1.2 at 25 OC (2). The 
parameters gX, B,, and BtMx which describe the Interaction 
of pairs of oppositely charged Ions represent measurable 
combinations of the second virial coefficients. They are defined 
as explicit functions of ionic strength by using the following 
equations 

(4) - flii + @de -U , I  ' I 2  + &ie -apI ' I 2  4 x  - 
6, = fl& + @#f(alZ1'2) + @&f(a2Z1'2) 

BfW = @'if'(a,Z '")/Z + @$if'(a2Z '")/Z 

(5) 

(6) 

where 

f ( x )  = 2[1  - (1 + x ) e - " ] / x 2  (7)  

P ( X )  = -2[1 - (1 + x + 0.5x2)e-X]/x2 (8) 

For one or both ions in univalent type electrolytes the first two 
terms of eq 4 and 5 and only the first term of eq 6 are con- 
sidered where a, = 2 (2). For higher valence type electrolytes, 
such as 2-2 electrolytes, the full eq 4, 5, atid 6 are used and 
a,  = 1.4 and a2 = 12 (3) .  

The slngle electrolyte third virlal coefficients, C,, account 
for short-range interaction of ion triplets and are important only 
at high concentration. They are independent of lonlc strength. 
The parameters C M x  and Gx, the Corresponding coefficients 
for calculating the osmotic Coefficient, are related by (2) 

c, = qiX/(21zdX1112) (9)  
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Table I. Ion Interaction Parameters for 1-1 Electrolytes at 25 "C 
compd pC0, pC1, C* max m SD R ref 

HF 0.022 12 
HCl 
HBr 
HI 
HC104 
HN03 
LiCl 
LiBr 
LiI 
LiOH 
LiClO, 
LiN0, 
LiNOZ 
LiClO, 
LiBr03 
LiAc" 
NaF 
NaCl 
NaBr 
NaI 
NaOH 
NaC10, 
NaC10, 
NaBr03 
NaN03 
NaNOz 
NaH2P04 

NaCNS 

NaBF, 
NaAc" 
KF 
KCl 
KBr 
KI 
KOH 
KC103 
KBr0, 

NdzASO, 

NaB02 

KNOa 
KNOz 
KHzPO4 
KHZASO~ 

KPFB 
KCNS 

KAc" 
RbF 
RbCl 
RbBr 
RbI 

RbNOz 
RbAc" 
CsF 
CSCl 
CsBr 
CSI 
CSN03 
CsN02 

RbN03 

CsOH 
CsAc" 
'4gNO3 
TlCl 
T~CIO, 
TlNO, 

TlAc" 

NH41 
NH,ClO, 

TlNOz 

NH4C1 

NHdNO, 
NH4SCN 
EtlNNOs 
Me4NN03 
MeNH3C10, 
MezNH2C104 
Me3NHC104 

0.203 32 
0.241 53 
0.239 93 
0.216 17 
0.088 30 
0.209 72 
0.245 54 
0.146 61 
0.050 85 
0.204 00 
0.13008 
0.121 47 
0.17049 
0.089 28 
0.112 15 
0.031 83 
0.077 22 
0.11077 
0.13463 
0.17067 
0.019 08 
0.254 46 

-0.021 54 
0.003 88 
0.047 93 

-0.047 46 
-0.079 97 
0.123 73 

-0.052 89 
-0.026 03 
0.137 23 
0.100 13 
0.046 61 
0.055 92 
0.072 53 
0.17501 

-0.091 93 
-0.11426 
-0.085 11 

0.003 49 
-0.114 11 
-0.126 14 
0.038 91 

-0.137 10 
0.152 83 
0.108 72 
0.046 60 
0.038 68 
0.039 02 

-0.003 03 
0.16296 
0.13644 
0.036 43 
0.023 11 
0.021 21 

-0.13004 
0.009 26 
0.147 68 
0.171 44 

-0.071 02 
-3.164 06 
-0.111 11 
-0.125 18 
-0.650 41 
0.008 78 
0.051 91 
0.057 01 

-0.006 97 
-0.014 76 
0.005 28 

-0.040 22 
0.012 24 

-0.033 71 
-0.043 95 
-0.114 47 

-0.081 74 

0.401 56 
-0.01668 

0.283 51 
-0.227 69 
0.483 38 

-0.343 80 
-0.442 44 
0.753 94 

-0.072 47 
0.322 51 
0.049 57 
0.457 34 
0.229 44 
0.215 73 
0.202 43 
0.186 97 
0.251 83 
0.137 60 
0.194 79 

-0.084 11 
0.279 32 
0.275 69 
0.182 07 
0.211 51 
0.224 65 

-0.075 86 
0.358 66 
0.083 85 

-0.108 88 
-0.100 84 
0.341 95 

-0.021 75 
0.22341 
0.220 94 
0.277 10 

-0.016 34 
0.233 43 
0.204 14 
0.105 18 
0.157 08 
0.068 98 
0.254 57 
0.253 61 

-0.427 85 
0.355 13 
0.398 04 
0.12983 
0.167 23 
0.152 24 

-0.031 75 
0.051 30 
0.329 18 
0.141 66 

0.045 87 
0.073 07 
0.081 69 
0.320 52 
0.345 72 
0.32896 

-0.161 19 

-0.011 69 

-0.167 93 
-2.43821 

-0.301 45 
-0.110 38 
-0.041 05 

0.17937 
0.315 66 

-0.056 18 
0.138 26 

-0.340 80 
-0.871 08 
-0.329 33 
0.005 73 

-0.171 91 
-0.171 29 

0.075 53 

-0.000 18 
-0.003 72 
-0.001 01 

0.001 38 
0.001 92 

-0.002 33 
-0.004 33 
-0.002 93 

0.021 26 
-0.003 37 
-0.001 18 
-0.003 82 
-0.003 83 

-0.000 05 
-0.005 19 
-0.008 40 

0.001 06 
-0.001 53 
-0.001 17 
-0.003 42 

0.001 81 
-0.001 02 

0.006 33 
-0.000 06 
-0.002 26 

-0.005 24 

0.006 59 
0.022 67 

-0.003 82 
0.01497 
0.001 71 

-0.004 74 
-0.001 59 
-0.000 44 
-0.001 62 
-0.003 81 
-0.002 67 

0.007 73 

0.020 69 
0.040 02 

-0.001 92 

-0.004 32 

-0.000 25 

-0.008 74 
-0.001 63 
-0.001 23 
-0.000 95 
0.006 24 

-0.000 14 
-0.005 61 
-0.006 74 
-0.000 96 
0.000 92 

0.030 18 
-0.003 07 

-0.000 36 
-0.008 19 
-0.007 93 

0.003 22 

0.377 82 
-0.001 53 
-0.003 01 
-0.003 08 
-0.000 71  

0.000 29 
-0.000 36 

0.005 65 
0.000 90 
0.003 45 
0.002 40 
0.013 48 

20.000 
16.000 
11.000 
10.000 
16.000 
28.000 
19.219 
20.000 

3.000 
5.000 
4.500 

20.000 
19.900 
4.200 
5.000 
4.000 
1.000 
6.144 
9.000 

12.000 
29.000 
3.000 
6.000 
2.167 

10.830 
12.340 
6.500 
1.300 

18.000 
4.000 
9.000 
3.500 

17.500 
4.803 
5.500 
4.500 

20.000 
0.700 
0.500 
3.500 

34.120 
1.800 
1.300 
5.000 
0.500 
3.500 
3.500 
7.800 
5.000 
5.000 
4.500 

62.300 
3.500 
3.500 

11.000 
5.000 
3.000 
1.500 

36.000 
1.200 
3.500 

13.000 
0.010 
0.500 
0.400 
1.400 
6.000 
7.405 
7.500 
2.100 

25.954 
23.431 
8.000 
7.000 
4.000 
7.500 
1.800 

0.003 05 
0.014 43 
0.029 20 
0.015 93 
0.036 18 
0.027 64 
0.053 39 
0.093 91 
0.001 55 
0.004 94 
0.001 57 
0.006 39 
0.010 91 
0.001 85 
0.000 96 
0.001 17 
0.000 29 
0.000 64 
0.004 48 
0.009 24 
0.085 91 
0.000 32 
0.001 01 
0.000 85 
0.000 73 
0.006 39 
0.004 07 
0.000 29 
0.028 57 
0.002 18 
0.003 55 
0.000 96 
0.020 93 
0.000 36 
0.000 36 
0.000 60 
0.026 50 
0.000 23 
0.000 21 
0.000 42 
0.011 96 
0.000 24 
0.000 27 
0.000 62 
0.001 43 
0.000 87 
0.001 91 
0.001 29 
0.000 48 
0.000 35 
0.002 26 
0.01944 
0.000 62 
0.001 69 
0.003 65 
0.001 41 
0.000 38 
0.000 57 
0.017 96 
0.000 37 
0.000 63 
0.008 23 
0.000 24 
0.000 39 
0.000 37 
0.000 26 
0.002 15 
0.000 93 
0.001 74 
0.000 24 
0.005 38 
0.004 90 
0.007 58 
0.002 12 
0.001 68 
0.001 12 
0.002 35 

0.9996 
0.9999 
0.9994 
0.9998 
0.9996 
0.9960 
0.9982 
0.9974 
0.9999 
0.9959 
1.0000 
0.9999 
0.9997 
0.999 
1.0000 
0.9999 
0.9999 
1.0000 
0.9999 
0.9998 
0.9950 
0.9999 
0.9999 
0.9973 
0.9985 
0.9980 
0.9910 
0.9998 
0.9973 
0.9998 
0.9948 
1.0000 
0.9989 
1.0000 
1.0000 
0.9999 
0.9995 
0.9999 
0.9999 
1.0000 
0.9776 
1.0000 
0.9999 
0.9999 
0.9996 
1.0000 
0.9998 
0.9999 
0.9999 
1.0000 
0.9996 
0.9736 
1.0000 
0.9999 
0.9993 
0.9995 
0.9997 
0.9999 
0.9330 
1.0000 
1.0000 
0.9984 
0.9996 
0.9999 
0.9999 
1.0000 
0.8848 
0.9999 
0.9998 
0.9995 
0.9977 
0.9822 
0.9893 
0.9991 
0.9980 
0.9999 
0.9992 

12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
25 
26 
26 
12 
12 
12 
12 
12 
12 
12 
12 
12 
41 
25 
12 
12 
12 
27 
27 
12 
12 
12 
12 
12 
12 
12 
12 
12 
25 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
25 
12 
12 
12 
12 
12 
12 
25 
12 
12 
12 
12 
12 
12 
12 
12 
12 
28 
12 
12 
29 
28 
28 
30 
30 
30 
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Table I (Continued) 
comud 6'0) b(1) C* max m SD R ref 

GuCl 
Li p-tolb 
Na p-tolb 
Na formC 
Na propiond 
Na butyre 
Na valerf 
Na caprylg 
Na pelafgonh 
Na capr' 
NaH malonj 
NaH succ' 
NaH adip' 

KH malon 
KH succ 
KH adip 

K p-tolb 

-0.028 55 
0.012 23 

-0.039 58 
0.071 87 
0.188 13 
0.260 81 
0.334 73 

-0.451 20 
0.037 28 
0.079 92 
0.021 66 
0.034 63 
0.043 25 

-0.098 42 
-0.004 74 

0.013 09 
-0.039 98 

-0.109 97 
0.466 53 
0.478 46 
0.322 47 
0.267 72 
0.163 68 

-0.11324 
-7.736 38 

-7.401 38 
-10.3798 

0.176 11 
0.140 36 
0.339 88 
0.471 88 
0.061 28 
0.10978 
0.475 95 

0.001 77 
0.006 33 
0.005 71 

-0.002 36 
-0.012 88 
-0.033 58 

0.059 02 
-0.071 64 
-0.060 28 
-0.000 89 
0.000 61 

0.011 82 
0.000 48 
0.002 15 
0.055 23 

-0.073 94 

12.000 
4.500 
4.000 
3.500 
3.000 
3.500 
2.000 
3.000 
2.500 
1.800 
5.000 
5.000 
0.700 
3.500 
5.000 
4.500 
1.000 

0.006 77 
0.003 02 
0.002 52 
0.000 59 
0.000 46 
0.003 73 
0.002 95 
0.016 95 
0.016 85 
0.003 30 
0.000 53 
0.002 04 
0.000 30 
0.002 04 
0.002 74 
0.002 35 
0.000 70 

0.9845 
0.9986 
0.9951 
0.9999 
1 .oooo 
0.9998 
0.9998 
0.9963 
0.9933 
0.9987 
0.9998 
0.9994 
0.9999 
0.9995 
0.8707 
0.9972 
0.9997 

31 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

Acetate. bp-Toluenesulfonate. Formate. Propionate. e Butyrate. f Valerate. #Caprylate. Pelargonate. Caprate. 'Malonate. 
Succinate. ' Adipate. 

Table 11. Ion Interaction Parameters for 1-2 Electrolytes at 25 O C  
compd 8'0' p(1) CQ max m SD R ref 

0.140 98 
0.144 73 
0.408 62 
0.121 89 
0.046 04 
0.080 15 
0.053 06 

-0.021 69 
0.065 26 
0.063 47 
0.085 26 
0.280 75 
0.287 82 
0.252 77 
0.008 08 

-0.368 38 
0.516 66 
0.203 18 
0.13607 
0.235 06 
0.140 05 
0.075 48 
0.053 07 

0.106 70 
0.077 02 

-0.011 11 
0.059 55 
0.091 23 
0.204 64 
0.141 74 
0.1 32 83 
0.048 41 

-0.042 5. 
0.158 24 

-0.074 20 
0.428 97 
0.413 81 

-0.005 85 

a Sodium fumarate. Sodium maleate. 

Evaluation of Ion Interaction Parameters 

-0.568 43 
1.299 52 
1.924 82 
1.48771 
0.933 50 
1.18500 
1.292 62 
1.244 72 
1.632 56 
1.321 15 
1.18961 
1.017 50 
1.314 51 
2.022 65 
1.601 99 
0.169 58 
1.765 89 
0.876 16 
1.701 25 
0.873 29 
0.452 88 
0.443 71 
1.102 71 
1.251 98 
1.717 14 
1.22681 
2.333 06 
2.255 39 
0.778 63 

-0.263 40 
0.694 56 

-0.764 29 
1.132 40 

-0.698 71 
1.462 02 
0.228 09 
2.006 94 
2.018 36 

-0.002 37 
-0.006 16 
-0.032 40 
0.034 15 

-0.004 36 
0.00094 
0.007 26 
0.008 84 
0.004 75 

-0.004 83 

-0.048 35 
-0.021 32 

-0.018 34 
-0.019 41 
0.012 02 

-0.021 55 
-0.009 11 

0.005 24 

-0.000 95 

-0.012 82 

-0.026 86 

-0.001 55 
0.005 27 

-0.017 10 
0.013 80 

-0.019 84 
-0.02071 

27.500 
3.000 
2.500 
1.000 
1.750 
2.000 
2.750 
2.000 
4.250 
4.000 
0.800 
0.090 
1.750 
3.000 
0.400 
0.400 
1.500 
2.500 
1.000 
2.000 
2.750 
0.692 
0.800 
3.000 
0.800 
3.250 
0.507 
0.948 
1.500 
0.070 
1.831 
0.109 
5.500 
3.000 
3.750 
2.500 
5.500 
1.750 

0.048 74 
0.004 48 
0.003 11 
0.003 95 
0.001 12 
0.001 87 
0.002 57 
0.000 52 
0.005 12 
0.003 35 
0.002 71 
0.000 45 
0.005 18 
0.002 40 
0.004 27 
0.009 83 
0.000 91 
0.002 83 
0.000 58 
0.003 90 
0.002 54 
0.001 36 
0.000 49 
0.000 84 
0.001 43 
0.002 74 
0.015 52 
0.004 20 
O.Oo0 97 
0.000 05 
0.001 13 
0.000 06 
0.001 85 
0.001 55 
0.006 75 
0.002 11 
0.007 82 
0.002 08 

0.9984 
0.9996 
0.9999 
0.9992 
0.9996 
0.9996 
0.9993 
0.9997 
0.9997 
0.9997 
0.9986 
0.9999 
0.9994 
0.9999 
0.9926 
0.9817 
1.0000 
0.9999 
0.9999 
0.9997 
0.9998 
0.9990 
0.9999 
0.9995 
0.9998 
0.9997 
0.9144 
0.9984 
0.9999 
0.9999 
0.9999 
0.9999 
0.9996 
0.9990 
0.9988 
0.9983 
0.9999 
0.9999 

32 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
22 
13 
13 
13 
13 
13 

parameters are given in Tables I-VI. Tables I-VI also con- 
tain the maximum molality for which data are available, fre- 
quently up to saturation. Thus the maximum molalities for most 

The ion interaction parameters for single electrolytes were 
evaluated from recently published osmotic coefficient data by 
using muttlpie regression analysis to fit eq 1 to the data at 25 
'C. We used the computer program SIPS (Statistical Interactive 
Programming System), which was developed at Oregon State 
University, for this purpose. The best values of these fitting 

cases in our evaluation go beyond that of Pitzer's evaluatlon (2). 
The standard deviation of fit (SD) for the osmotic coefficient 

data and the multiple correlation coefficient, R ,  which is a 
measure of the closeness of ft to a linear relationship, are also 
listed in Tables I-VI. The source of the osmotic coefficient 
data is listed in the last column in the tables. 
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Table 111. Ion Interaction Parameters for 2-1 Electrolytes at 25 "C 
compd B(0) @(I) C* max m SD R ref 

0.355 73 1.617 38 0.004 74 5.750 0.003 60 1.0000 
0.434 6 
0.491 61 
0.497 53 
0.342 84 
0.229 30 
0.325 79 

0.432 25 
0.47924 
0.17030 

0.324 10 
0.393 94 

0.11832 
0.290 73 
0.315 52 
0.402 27 
0.326 73 

0.287 25 
0.294 86 
0.446 55 
0.509 57 
0.393 04 
0.443 05 
0.492 85 

0.373 51 
0.471 72 
0.519 53 
0.306 54 
0.504 09 
0.230 52 
0.412 47 
0.489 84 
0.281 24 
0.084 73 
0.350 11 
0.001 44 

0.338 99 

0.281 70 

0.441 3a 

-0.043 71 

0.309 7a 

0.088 a7 
0.187 2a 
0.285 96 

0.325 a7 
o.i ia40 

0.020 a7 

0.523 65 

0.016 24 

0.149 16 
0.389 86 
0.002 65 

0.071 61 
0.080 10 
0.335 00 
0.015 06 
0.040951 
0.665 63 

0.103 90 

0.287 64 

0.47803 

-0.071 60 
-2.711 03 

1.444 07 
0.039 45 
0.035 50 

0.023 42 
0.052 40 
0.111 94 
0.389 56 
0.407 28 
0.046 21 
0.071 97 

-0.018 31 
0.002 03 

-0.012 9a 

0.051 oa 

1.731 a4 
1.782 73 
1.79492 
2.682 44 
2.041 67 
1.384 12 
2.045 51 
1.848 79 
2.162 a7 
2.021 06 
1.61666 
1.782 23 
1.925 36 
2.002 36 
2.415 03 
1.249 98 
1.57056 

2.538 59 
1.908 62 

i . i i 77a  
2.875 07 
2.012 51 
1.344 77 
2.162 09 
0.997 73 
1.483 23 

2.106 44 
1.259 99 
0.984 25 
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1.966 64 

1.662 70 
1.90361 
1.729 06 
1.795 23 
1.400 92 

-0.087 46 
2.948 69 
4.346 74 
5.080 37 
1.465 69 
1.907 81 
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1.985 17 
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-0.311 06 
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Table I11 (Continued) 
compd C+ 

[CO(NH~),(CH~)~CHCOO]C~~ 0.109 66 0.351 57 -0.012 93 2.500 
C~S-[CO(C~H~N~)NH,NO~I  (NO,), -0.075 13 0.395 44 0.600 
c~s-[CO(C~H~N~)NH,NO~JI~ -0.138 44 0.645 45 0.600 

cis-[ C O ( C ~ H ~ N ~ ) N H ~ N O ~ ~ C ~ ~  -0.012 70 0.571 58 0.007 24 2.800 
~~U~~-[CO(C~H~N~)NH~NO~](NO~)~ -0.06465 0.317 15 0.800 
trans-[Co(CzH~Nz)NH~NO~JIz -0.17604 1.09689 0.300 
trans-[Co(C2HaN2)NH3N0z]Brz -0.058 42 0.393 91 0.013 33 2.400 
trans-[Co(C2HsN2)NH3NO~]Clz 0.014 21 0.590 51 0.004 82 2.400 

cis- [ Co(CzH8NZ)NH3NO2JBrz -0.11489 0.36841 0.034 49 1.000 

Table IV. Ion Interaction Parameters for 3-1, 1-3 Electrolytes at 25 "C 

max m SD R 
0.002 01 0.9997 
0.000 70 0.9983 
0.002 49 0.9941 
0.002 11 0.9970 
0.001 57 0.9957 
0.001 12 0.9978 
0.001 77 0.9852 
0.00083 0.9993 
0.00084 0.9997 

compd $0) p(1) CQ max m SD R ref 
LaCl, 0.59602 5.6000 

0.838 15 
0.30507 
0.805 06 
0.588 04 
0.824 54 
0.326 15 
0.809 96 
0.586 74 
0.814 68 
0.339 27 
0.791 01 
0.593 61 
0.826 73 
0.35802 
0.844 86 
0.601 35 
0.801 48 
0.785 35 
0.611 42 
0.84832 
0.378 41 
0.851 52 
0.622 31 
0.883 29 
0.368 50 
0.849 99 
0.628 26 
0.880 21 
0.851 38 
0.623 46 
0.871 29 
0.843 17 
0.621 58 
0.875 06 
0.431 14 
0.853 45 
0.626 40 
0.875 13 
0.453 94 
0.845 89 
0.625 80 
0.881 16 
0.467 44 
0.859 15 
0.621 06 
0.868 83 
0.862 56 
0.686 27 
0.720 87 
0.690 81 
0.724 90 
0.625 70 
0.851 87 
0.635 09 
0.236 17 
0.135 14 
0.201 93 
0.316 68 
0.422 91 
0.349 15 
0.365 92 
0.185 92 
0.103 40 
0.148 54 

6.5333 
5.1333 
5.2315 
5.6000 
6.5333 
5.1333 
5.3111 
5.6000 
6.5333 
5.1333 
5.4928 
5.6000 
6.5333 
5.1333 
5.8016 
5.6000 
5.6723 
5.2055 
5.6000 
6.5333 
5.1333 
5.4619 
5.6000 
6.5333 
5.1333 
5.6688 
5.6000 
6.5333 
5.9023 
5.6000 
6.5333 
5.4972 
5.6000 
6.5333 
5.1333 
5.6291 
5.6000 
6.5333 
5.1333 
5.6167 
5.6000 
6.5333 
5.1333 
5.6640 
5.6000 
6.5333 
5.7210 
6.0203 
6.5317 
2.7849 
6.3169 
5.6000 
5.6577 
7.4991 

-5.3975 
5.4136 
5.5366 
7.4659 
9.9809 
5.5849 
1.6190 
3.8000 
3.5513 
2.9504 

-0.024 64 
-0.012 88 
-0.017 50 
-0.103 89 
-0.020 60 
-0.009 14 
-0.01851 
-0.099 72 
-0.018 82 
-0.006 77 
-0.019 45 
-0.091 35 
-0.019 14 
-0.004 87 
-0.018 84 
-0.100 39 
-0.019 26 
-0.086 13 

0.042 02 
-0.019 24 
-0.007 92 
-0.019 60 
-0.102 24 
-0.019 23 
-0.011 12 
-0.017 94 
-0.096 76 
-0.01895 
-0.009 47 
-0.092 48 
-0.016 75 

-0.093 96 
-0.006 99 

-0.015 24 
-0.006 71 

-0.093 71 
-0.025 87 

-0.015 13 
-0.006 17 
-0.027 76 
-0.092 79 
-0.014 53 
-0.006 64 
-0.028 12 
-0.090 78 
-0.013 56 
-0.001 88 
-0.091 67 
0.008 10 
0.033 67 

-0.043 90 
-0.059 93 
-0.015 71 
-0.093 22 
-0.030 01 
-0.007 96 

-0.045 08 

-0.027 83 
-0.069 46 
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4.000 
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0.800 
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4.200 
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3.400 
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0.800 
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4.600 
4.400 
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3.600 
4.500 
1.100 
3.600 
4.500 
1.100 
3.600 
4.500 
4.000 
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3.800 
4.500 
4.000 
1.100 
4.000 
4.500 
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4.000 
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1.800 
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1.400 
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2.000 

10.000 
0.700 
0.700 
0.700 
0.011 
1.400 
1.311 
1.000 
0.275 
0.261 

0.0083 
0.0269 
0.0314 
0.0003 
0.0108 
0.0240 
0.0290 
0.0003 
0.0102 
0.0209 
0.0277 
0.0003 
0.0095 
0.0211 
0.0235 
0.0002 
0.0089 
0.0003 
0.0072 
0.0084 
0.0197 
0.0283 
0.0004 
0.0088 
0.0290 
0.0291 
0.0004 
0.0108 
0.0297 
0.0003 
0.0111 
0.0346 
0.0003 
0.0109 
0.0348 
0.0289 
0.0004 
0.0120 
0.0342 
0.0277 
0.0003 
0.0120 
0.0315 
0.0242 
0.0002 
0.0113 
0.0291 
0.0003 
0.0088 
0.0044 
0.0033 
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0.0117 
0.0003 
0.0127 
0.0087 
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0.0048 
0.0079 
0.0111 
0.0034 
0.0247 
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0.0013 
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1.0000 
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1 .oooo 
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1 .oooo 
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0.9986 
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0.9999 
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1.0000 
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0.9999 
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0.9999 
1 .oooo 
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0.9401 
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0.9973 
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Table V. Ion Interaction Parameters for 4-1, 1-4 Electrolytes at 25 OC 
compd pC0) p‘” C@ max m SD R ref 

K,Mo(CN)s 0.005 75 -7.4744 0.010 15 1.400 0.0132 0.9878 22 
K4Fe(CNh -0.006 38 -10.6019 0.900 0.0155 0.9799 22 
K4P207 0.059 39 -9.2939 0.01591 2.300 0.0099 0.9989 37 

K4ATPa 0.086 19 -4.8045 0.014 94 2.400 0.0080 0.9994 39 
Na4ATPn -0.041 54 -6.0631 0.030 44 2.000 0.0093 0.9974 39 
Na4P207 0.062 50 -1 1.1364 0.230 0.0038 0.9929 37 
ThC1, 0.471 46 -9.4843 -0.000 78 1.800 0.0179 0.9994 22 
Th(NW4 0.353 92 -7.6453 -0.018 69 5.000 0.0126 0.9997 22 

K,W(CN)s 0.382 99 6.1624 -0.058 10 1.500 0.0192 0.9948 38 

Pt(pn),Cl, 0.287 56 10.7131 0.100 0.0063 0.9983 38 
[N(Me)414Mo(CN)s 0.534 95 9.6607 0.086 20 1.440 0.0120 0.9988 38 

ATP = adenosine 5’-triphosphate. 

Table VI. Ion Interaction Parameters for 2-2 Electrolytes at 25 “C 
compd p‘0) p‘” pC2) C@ max m SD R ref 

CuSOr 0.204 58 2.7490 -42.038 0.01886 1.400 0.001 75 0.9999 22.23 
ZnSO,. 
CdS04 
NiSO, 
MgSO, 
MnSO, 
BeS0, 
UOzS04 
CaSO, 

0.184 04 3.0310 
0.209 48 2.6474 
0.15471 3.0769 
0.224 38 3.3067 
0.205 63 2.9362 
0.319 82 3.0540 
0.331 90 2.4208 
0.200 00 3.7762 

-27.709 
-44.473 
-37.593 
-40.493 
-38.931 
-77.689 

-58.388 
98.958 

coso ;  0.200 00 2.9709 -28.752 
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Flgure 1. Comparison of experimental smoothed T~ wlth values 
calculated from Pitzer and Dresent work for HCI at 25 O C .  

In most cases where one or both ions are univalent, we used 
the experimental osmotic coefficient data evaluated by Hamer 
and Wu (72) for 1-1 electrolytes, Goidberg (73) for 1-2 elec- 
trolytes, Goidberg and Nuttall (74- 77) for 2-1 electrolytes, and 
Spedding et al. (78-27) for 3-1 electrolytes. 

For 2-2 type electrolytes, we used osmotic coefficient data 
from Robinson and Stokes (22) and Pitzer (23) who provided 
the data below 0.1 m, except for U02S04. Data for U02S0, 
are available only over concentration range of 0.1-0.6 m. 

The positive value of the coefficients & from eq 4 indicates 
the net predomhance of repulsive Short-range Interaction forces 
according to Pitzer and Mayorga (2). 

F O ~  pure electrmes, the two ion interaction parameters, p’ik 
and p’&, define the second vlrial coefficlents WMCh describe the 
interaction of pairs of oppositely charged ions. However, for 
2-2 and higher valence electrolytes, one additional term, @:&, 
which reproduces the Irregular behavior In the range below 0.1 
m, is added (3). From eq 5 and 6, one finds that the $2 term 
is equal to 0.000 05 p’& at 0.1 m and negligible above 0.1 m 
because of the large value of a2 = 12.0. For the case of 

0.032 86 3.500 
0.010 21  3.500 
0.043 01 2.500 
0.025 12 3.000 
0.016 50 4.000 
0.005 98 4.000 

-0.017 89 6.000 
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Flgure 2. Comparison of experimental smoothed T~ wlth values 
calculated from Pitzer and present work for LlBr at 25 O C .  

U02S0,, there are no osmotic coefficient data below 0.1 m ; 
hence the p’& value does not affect the relative values of os- 
motic and activity coefficients in the given concentration range 
and has no meaningful value. In  the cases of CaS0, and 
CoSO,, where available data are limited to dilute solutions 
(below 0.1 m ), we omitted the coefficients CiX and chose the 
value of p’& = 2.0 which was proposed by Pber and Mayorga 

The third virial Coefficients, GX, which account for ion triplet 
interactions, are usually very small and sometimes negligible. 
Therefore GX is omltted In cases where the experimental data 
exist only in the range below 1 .O m . 

In  some cases these coefficients, e#, are negative, sug- 
gesting some tendency toward ion-pair formation (2). This trend 
appeared in most aqueous rare earth electrolyte solutions at 
25 ‘C. 

For the cases of aqueous solutions of rare earth chlorides, 
nitrates, and perchlorates, the importance of differences in the 
parameters p’f& was already considered by Pitzer and col- 
leagues (24). Thus, In this calculations, we used the values of 

(3). 
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Flgure 3. Comparison of experimental smoothed yM with values 
calculated from Pitzer and present work for CaBr, at 25 OC. 
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Flgure 4. Comparlson of experlmental smoothed yux with values 
calculated from Pitzer and present work for Pr(NO& at 25 OC. 

7.7, 8.4, and 9.8 for (3/2)p’d? for nitrates, chlorides, and per- 
chlorates, respectively, following Pitzer et al. (24). 

Comparlson wHh Prevlously Publlshed Ion Interacilon 
Parameters 

The ion interaction parameters for various single electrolytes 
were evaluated bya multiple regession method. The maximum 
molality filted by our evaluation was the saturation concentration 
when data for saturated solutions were available. The standard 
deviations in fitting the osmotic coefficient for many salts, for 
instance, HCI, LiBr, CaBr,, and PT(NO~)~, seem larger than 
Pker’s result (2). I t  is important to recognize, however, that 
the maximum molalities for these salts are beyond those of 
Pker’s evaluation. 

The calculated mean activity coefficlents for various single 
electrolytes from our results are shown in Figures 1-5 to give 
good agreement with available smoothed experimental data at 
high concentration. For example, the activity coefflcient of HCI 
can be predicted with a standard deviation of 0.0285 in In (ym) 
over the entire concentration range up to 16.0 m in the ex- 
perimental smoothed data by using our evaluation parameters 
in Table I .  However, using Pitzer’s values (2) for this salt, we 
obtain a standard deviation of 0.220 when the maximum mo- 
lality is 16.0. These results are given in Table VII .  Also Figure 
1 shows the comparison of experimental smoothed mean ac- 
tivity coefficients of HCI as In (yW) wlth values calculated from 

- Rard and Miller (40) - I  t! I 
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Flgure 5. Comparison of experimental smoothed yux with values 
calculated from Pitzer and present work for MgSO, at 25 OC. 

Table VII. Comparison of Standard Deviations for 
Estimated versus Experimental Activity Coefficients in 
Figures 1-5 

salt max molality stand d e 9  
HCl 16.00 0.02854 

(0.22031) 
6.00 0.02956 

(0.00311) 
LiBr 20.00 0.07224 

(0.060991) 
2.50 0.06780 

(0.00286) 
C a r z  7.66 0.08760 

(0.46557) 
2.00 0.00732 

(0.00773) 
W N O &  6.20 0.17827 

(1.78436) 
1.10 0.07117 

(0.00623) 
M&O4 3.62 0.00574 

(0.00794) 
3.00 0.00385 

(0.00317) 

Standard deviations in parentheses are for salts using Pitzer’s 
ion interaction parameter values (2) which were obtained from 
data up to the lower concentration given in the table for each 
compound. The other standard deviations are based on our eval- 
uation of ion interaction parameters from data up to the higher 
concentrations reported here. 

Pitzer and our work. I t  should be noted that the fit at lower 
concentrations is better using the ion interaction parameters 
reported by Pker. His parameters were obtained over a more 
limited range of concentration (0-6 m) than ours were. 

Similar results are observed in all of the cases for which the 
maximum molalities go beyond that of Pitzer’s evaluation. That 
is, Pitzer’s fit gives accurate results at low concentration but 
poor agreements with experimental data at high concentration. 

Figures 2-5 are the same kind of comparison plots of In 
(ym) as a function of the molalii for LiBr, CaBr,, Pr(N03)3, and 
MgSO,. In  all of these comparisons, the parameters we 
evaluated using data at higher concentrations give us good or 
better fit to the experimental data over the entire concentration 
range than do Pitzer’s parameters. Pitzer’s parameters give 
a better fit over the more limited range of concentrations for 
which parameter values were obtained, however. Standard 
deviations for the estimated versus experimental activity 
coefficients in Figures 1-5 (as In yux) and the maximum con- 
centrations corresponding to Pitzer’s and our ion interaction 
parameter evaluations are given in Table V I I .  
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Ternary ion interaction parameters for various mixture with (20) Rard, J. A.; Shiers, L. E.; Heiser, D. J.; Spedding, F. H. J. Chem. Eng. 
Data 1977, 22,  337. 

(21) Rard, J. A.; Miller. D. G. J. Chem. €ne. Data 1979, 24, 348. 
common ion will be evaluated in a subsequent paper. 
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Denshies and Viscosltties of Binary Liquid 
Bromoform at 45 OC 

Lata S. ManJeshwar and Tejraj M. Amlnabhavl" 
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Densb8 and vlsw8Mes of eight binary liquid mlxtures of 
bromoform with carbon tetrachloride, dimethyl sulfoxide, 
cyclohexane, bromobenzene, dimethyWormamlde, methyl 
ethyl ketone, othyl acetate, and methanol are presented 
at 45 OC as a functlon of composltlon of the mixtures. A 
theoretical correlatkn Is attempted with McAIHster, Herlc, 
and Amlander viscosity models. 

Introduction 

In  the course of our skldles on the thermodynamic properties 
of binary mlxtwes, we have reported at 25 O C  excess volumes 
( 7 )  and viscoslties (2) for binary mixtures of bromoform with 
carbon tetrachloride, dimethyl sulfoxide, Cyclohexane, bromo- 
benzene, dimethylformamide, methyl ethyl ketone, ethyl acetate, 
and methanol. As an extension of that work, we have now 
measured the densities and viscosities for the same eight 
systems at 45 O C .  

Experhntal Sectlon 

All the chemicals used were of reagent grade. They were 
distilled by fractionating through a 2 4  column. Only bromoform 

Containing 

Table I. Some Physical Properties of the Liquids Studied 
boiling point, viscosity, refractive 

"C kg/(m/d index' 
component measd lit. (4) measd lit. ( 4 )  measd lit. (4 )  

bromoform 
carbon tetrachloride 
dimethyl sulfoxide 
cyclohexane 
bromobenzene 
dimethylformamide 
methyl ethyl ketone 
ethyl acetate 
methanol 

149.00 
76.20 
190.00 
80.10 
155.90 
152.80 
79.00 
77.10 
64.20 

149.50 
76.75 
189.85 
80.74 
156.05 
153.00 
79.60 
77.26 
65.15 

0.1873 
0.0892 
0.2024 
0.0883 
0.1081 
0.0805 
0.0475 
0.0439 
0.0590 

0.1890 
0.0902 
0.2021 
0.0886 
0.1040 
0.0800 
0.0480 
0.0424 
0.0547 

1.5950 
1.4571 
1.4777 
1.4229 
1.5580 
1.4278 
1.3759 
1.3702 
1.3258 

1.5956 
1.4574 
1.4773 
1.4235 
1.5571 
1.4282 
1.3764 
1.3698 
1.3265 

a Refractive index was measured with a Abbe refractometer. 

(Merck) was used directly without further purification since it 
was available in the highest commercial purity. Purlty of the 
solvents was ascertained by the constancy of their boiling points 
during final distillations. Due to the nonavallabili of direct 
experimental data at 45 O C  for most of the solvents used here, 
the boiling points, viscoslties, and refractive indices of the pure 
components at 25 O C  were checked against the literature 
values (see Table I)  to ascertain their purities (4). 
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