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A Thermodynamic Model on a Linear Rule between the Molal
Concentration Exponential and the Osmotic Coefficients on Mole
Fraction Base in Electrolyte Solutions and its Application
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Abstract: A linear rule is discovered. That is the osmotic coefficients on mole fraction base (w) are linearly related to

the molal concentration exponential (m") in single electrolyte solutions. Based on this rule, a thermodynamic model is

developed and successfully used to the single electrolytes with various valent types, such as uniunivalent, biunivalent,
triunivalent, tetraunivalent, bibivalent, and tribivalent to predict their conventional osmotic coefficients on molal base (@),

and also other properties, such as the relative molal vapor pressure lowering, the equivalent conductivity. Besides m* ,
the x (the concentration exponential of mole fraction of solute), m*in(m*) and x"in(x*) are also linearly related to
w , respectively. They are all capable to be used to reproduce some properties of single electrolyte solutions. The

examples with satisfied results have been given.

Keywords: Linear rule, single electrolyte solution, mixed electrolyte solution, osmotic coefficient, conductivity,

solubility, Shannon information entropy.

1. INTRODUCTION

The electrolyte solutions widely exist in natural
world, such as molten lava erupted from the volcano,
sea water, and salt lake. In industry and in daily life, a
large number of electrolytes are applied. Inside all
organisms exists a variety of the electrolytes. Recently,
we research the Peltier heats of the single electrode
reaction [1, 2]. It also involves some thermodynamic
properties of electrolytes and ions. So the close
attention to the electrolyte solutions is still of high
interest. Many equilibrium and transport properties, like
osmotic  coefficient, activity, surface tension,
conductivity, ion transport number, etc., have been
measured and identified by experiments. Some of
rules, such as Faraday's laws of electrolysis,
Kohlrausch’s law of independent migration of ions,
transport number law, etc., have been presented. A
variety of theoretic models are continually proposed. It
includes the Debye—Hickel interionic-attraction theory
[3], ionic pairing [4], short-range force [5], ionic
hydration [6], semi-empirical Pitzer equation [7] for
single electrolytic system, some models for multi-
component system [8-11], MSA [12], MMSA [13] for
certain particular systems, such as those of miscibility
gap, liquid-liquid equilibria, even computer simulation
[14] etc. Harned and Owen [15], Robinson and Stokes
[16], and Bassett and Melchior [17] have excellently
summarized and reviewed the developments. The
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progress in the theoretic respect of statistical physics
has been also reviewed by Garcia and Mosquera [18].
But the well known and the often used are the Pitzer or
the extended Pitzer model on the molality scale and the
Clegg-Pitzer-Brimblecombe model on the mole fraction
scale [7, 19]. This paper will present a new discovery
that the osmotic coefficients on mole fraction base are
linearly related to the molal concentration exponential
in aqueous electrolytes. And apply this rule to construct
a thermodynamic model predicting some properties of
electrolyte solutions.

2. A LINEAR RULE

The mole fraction of water in single electrolytic
solution on a fully ionized basis, x, is known as

x, =n,/(n, +vm) 1)
The conventional osmotic coefficient, @ is defined

as [16]

@& =-n,ln(a 1a°)/ (vm) (2)

where n, is the number of moles of water, v, the
number of ions into which a molecule of solute
dissociates, m, the molal concentration of solute, a
and a° refer to the activity of water at x, <1 and
x, =1, respectively. This is a dimensional quantity and
it is on molal scale.

Now newly define the osmotic coefficient on mole
fraction scale to be

w=vin(a/a’)/x" 3)

© 2015 Lifescience Global
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Figure 1: The linear relation between w and m*2for the electrolytes with various valent type; (a) uniunivalent, (b) biunivalent, (c)

triunivalent, (d) unibivalent, (e) unitrivalent, (f) tribivalent, (g) unitetravalent and (h) bibivalent;

presented straight-line of @ against m*2; N, number of datum points and r, linear correlation coefficient.

o, experimental point; —
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where x is the mole fraction of solute, being (1-x,),
and k, is a parameter to be determined. It has been
proved that the function @ is similar to @ [20], but the
former is dimensionless, and the latter is just opposite,
being of dimension.

The w is very good linearly related to a probability-
distribution function for solvent around the central ion
hydrated, (x,)" /In(x,) [20].

However, the function o is also linearly related to
the molal concentration exponential, m", for various
valent types of single electrolytes, such as uniunivalent,
biunivalent (or unibivalent), triunivalent (or unitrivalent),
tetraunivalent, bibivalent, and tribivalent ones. The
certain examples are given in Figure 1, where it can be
seen that the correlation coefficients for different valent
types of single electrolytic solutions are marvelous.

3. APPLICATION

3.1. The Osmotic Coefficients for Single
Electrolytes

Let

hy=m" (4)

For single electrolytic system, as stated above,
=0, +0oh, (5)
where ¢, is slope and o, , intercept.

Combination of Eq. (2), Eq. (3), and Eq. (5) gives
@ =—(a, +a,h)x"n, | (Vim) (6)

This is an equation (called as the h function model)
for obtaining the osmotic coefficients for single
electrolytes.

Now, we give some examples for different valent
types of single electrolytes. The source data are taken
from Ref. [16] under no special statement and others
from Refs. [21-30]. The k, and k, are obtained and
optimized by a gradual iteration with “Mathcad 14.0"
software, and the o3 and the o, are automatically
identified subsequently. All parameters
(k,, k;, o, and o,) and errors are listed in Tables 1-6,
respectively. In order to evaluate the errors, one gives
the variance, ¢ as follows,

" @-a,,)
o= 2,‘:1( N (‘al) (7)

where N is the number of datum points, @ and @_,
are, respectively, the osmotic coefficients determined
experimentally and calculated by the models such as

Pitzer or Eq. (6).
3.2. Reproduction of another Properties

Eq. (6) can be also related to some other properties
which are dependent on the concentration, such as the
relative molal vapor pressure lowering, &, equivalent
conductivity, p and solubility.

Take 6 and p of KCI for example. Replace @ in
Eq. (6) by 6 or p. All the original data are taken from
Ref. [16]. The parameters and errors are in Table 7.
The average relative deviations (ARD) of them are all
much less than 107 showing the excellent
reproduction. The thermodynamic properties of
electrolyte, like the boiling point elevation, lowering of
freezing point, etc., are related to the change in the
vapor pressure, so these could be reproduced well
based on this linear rule.

The present model can also be used to reproduce
the solubility accurately. Take the solubility of MgCl, in
the HCI-LICI-MgCl,-H,O mixture at 273K for an
example [31]. The chemical potential of MgCl, in the
quaternary system changes no longer owing to its
saturation, not disturbing the ion distribution. The
concentration of the mixture is simply considered as
m,..=Q2my,+2m,) and x,,=n/(n,+m,). The
results by the present model and a BET equation
improved by Ref. [32] are listed in Table 8, where it can
be seen that the present results are better than the
improved BET.

4. DISCUSSIONS

In this paper, the functions @ and m" are
introduced. Similar to the conventional @ that is
considered as a potential energy, the @ can also be
thought as a dimensionless-thermodynamic potential
[20]. The h,=m" can be seen a comprehensive effects
of a variety of forces. These effects, such as the long-
range, the short-range and the higher-order forces, in
general, are simply summarized together to describe
the total interionic interactions. Actually, they do not
include all effects, e.g. the interactions between
different forces. Suppose that all forces and their
interactions are taken into account to be related to the
ionic strength exponential, 7. It could represent a
whole outcome of the density and the intensity of all the
ions. Therefore, we can say that the I* integrates a
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Table 1: Parameters and the Errors for Prediction of the Osmotic Coefficients of Uniunivalent Electrolytes by the h
Function Model

Electrolyte Model kq ko o o, 6/10°? Molality /mol.kg™

h; 0.9769 1.45 -0.0452 -1.627 0.2
h, 0.9769 1.4937 -6.808 -1.627 0.2

NaF hs 0.9828 0.7632 -0.072 -1.7055 0.1 0.1-1.0
h, 0.977 1.794 3.05 -1.6283 0.1
P’ 04
h; 0.988 1.3285 -0.1188 -1.7414 0.5
h, 0.9962 1.603 -19.826 -1.821 1.6

NaCl hs 1.009 0.911 -0.1364 -1.995 1.4 0.1-6.0
h, 1.0022 2.158 13.498 -1.881 2.8
p 0.9
h; 0.988 1.2498 -0.1643 -1.741 11
h, 0.993 1.429 -17.446 -1.7932 15

NaBr hs 1.0123 0.8099 -0.2144 -2.066 1.6 0.1-4.0
h, 0.998 1.9 11.405 -1.8454 21
p 0.9
h; 0.9971 1.266 -0.1928 -1.837 1.8
h, 1.0021 1.4321 -21.089 -1.8916 2.2

Nal hs 1.0231 0.8008 -0.265 -2.214 2.4 0.1-3.5
h, 1.0067 1.8821 13.324 -1.943 2.7
p 1.6
h; 0.9837 1.01 -0.272 -1.6936 0.8
h, 0.9911 1.155 -11.606 -1.7746 1.0

Na-acetate hs 1.016 0.6321 -0.378 -2.1901 11 0.1-3.5
h, 0.9999 1.628 8.695 -1.873 15
p 1.0
h; 0.9712 3.821 -0.00124 -1.5667 0.7
h, 0.9712 4.09 -0.0011 -1.5667 0.7

NaBrO; hs 0.9715 2.577 -0.0016 -1.5692 0.7 0.1-2.5
h, 0.9712 4.47 -1.5667 255.06 0.7
p 0.9
h; 0.9767 1.252 -0.0555 -1.6302 0.7
h, 0.978 1.4054 -5.613 -1.643 0.6

NaClOs hs 0.9856 0.8121 -0.07 -1.7366 0.6 0.1-3.5
h, 0.9798 1.874 3.666 -1.6602 0.6
p 1.0
h; 0.9829 1.1788 -0.0982 -1.6878 0.9
h, 0.9885 1.4223 -9.081 -1.743 15

NaClO, hs 0.9984 0.7942 -0.116 -1.881 1.3 0.1-6.0
h, 0.9937 1.98 6.675 -1.7935 2.4
p 0.9
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(Table 1). Continued.

Electrolyte Model kq ko o o, 6/10°? Molality /mol.kg™

h; 0.991 1.11 -0.1735 -1.7718 0.9
h, 0.996 1.271 -10.842 -1.826 1.3

NaCNS hs 1.0135 0.7134 -0.2274 -2.0971 1.3 0.1-4.0
h, 1.0018 1.7621 7.851 -1.8904 1.9
p 1.0
h; 0.982 0.98 -0.1584 -1.6709 0.6
h, 0.9861 1.121 -5.999 -1.7154 0.8

Na formate hs 1.001 0.6197 -0.2105 -1.9495 0.8 0.1-3.5
h, 0.9912 1.594 4.5437 -1.7706 11
p 12
hy 1.0121 1.5987 -0.0907 -1.9752 2.3
h, 1.0176 1.908 -42.175 -2.035 2.9

NaOH hs 1.0285 1.1258 -0.0978 -2.1814 3.2 0.1-6.0
h, 1.022 2.453 25.118 -2.0812 3.8
p 8.8
h; 0.9798 1.2344 -0.1454 -1.656 1.2
h, 0.9844 1.4107 -14.5290 -1.7015 1.7

KF hs 1.002 0.7966 -0.1905 -1.9396 1.7 0.1-3.5
h, 0.9856 1.8 8.415 -1.7154 1.4
p 1.0
h; 0.9771 1.1878 -0.0918 -1.6293 0.3
h, 0.9809 1.3848 -8.0535 -1.666 0.5

KCI hs 0.9915 0.7805 -0.1139 -1.8057 0.5 0.1-4.5
h, 0.9842 1.878 5.5347 -1.6978 0.9
p 0.9
h; 0.9759 1.0948 -0.115 -1.6175 0.5
h, 0.9816 1.31 -7.496 -1.6733 0.7

KBr hs 0.9932 0.727 -0.1398 -1.8354 0.6 0.1-5.5
h, 0.9872 1.8525 5.687 -1.7277 1.4
p 0.6
h; 0.972 0.948 -0.167 -1.5803 0.9
h, 0.9787 1.122 -5.976 -1.6484 0.6

Kl hs 0.9935 0.6126 -0.2138 -1.8774 0.8 0.1-4.5
h, 0.9855 1.633 4.762 -1.718 0.6
p 0.7
h; 0.9772 0.594 0.1989 -1.649 11
h, 0.977 0.6534 1.702 -1.6385 1.0

KNO; hs 0.96 0.396 0.2249 -1.3686 11 0.1-3.5
h, 0.966 1.207 -1.6426 -1.5124 0.9
p 2.7
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(Table 1). Continued.

Electrolyte Model kq ko o o, 6/10°? Molality /mol.kg™
h; 1.076 0.038 9.9456 -11.965 2.4
h, 1.128 0.001 592.09 -592.51 2.0
KNO3[29] hs 1.07 0.027 13.28 -1.979 2.4 0.5-6.0
h, 0.996 0.9899 -2.077 -1.798 0.6
p 26°
h; 0.9809 1.006 -0.3077 -1.67 0.8
h, 0.9887 1.1457 -12.85 -1.7554 0.6
KAc hs 1.0175 0.627 -0.4341 -2.2355 0.7 0.1-3.5
h, 0.9994 1.6208 9.716 -1.8736 0.9
p 0.8
hy 0.984 0.9674 0.2745 -1.6985 0.3
h, 0.9836 0.998 7.7146 -1.6931 0.4
KBroOs; hs 0.96 3.6542 -0.2265 -1.4592 0.3 0.1-0.5
h, 0.9789 1.39 -5.4712 -1.6388 0.3
p 0.7
h; 0.9764 1.009 -0.0914 -1.6167 0.9
h, 0.9806 1.208 -4.2323 -1.6588 1.0
KCNS hs 0.989 0.6643 -0.1116 -1.7815 1.0 0.1-5.0
h, 0.9848 1.7387 3.298 -1.6999 1.3
p 1.7
h; 0.9831 0.90 0.204 -1.6919 0.3
h, 0.9833 0.9159 4.4220 -1.6936 0.3
KCIOs hs 0.9659 0.488 0.2904 -1.4062 0.3 0.1-0.7
h, 0.9769 1.396 -3.8256 -1.6207 0.3
p 0.5
h; 0.9752 0.9323 -0.2581 -1.613 0.3
h, 0.9896 1.1456 -9.355 -1.763 11
HNO;[21] hs 1.0082 0.609 -0.329 -2.089 0.6 0.1-6.0
h, 1.0032 1.7131 7.904 -1.908 2.6
p 1.3
h; 0.9495 1.233 -0.2436 -1.015 3.0
h, 0.9719 1.4721 -27.977 -1.155 1.8
H,SO,[21] hs 1.0101 0.8054 -0.335 -1.539 2.3 0.1-6.0
h, 0.9907 2.0139 20.258 -1.282 3.1
p
h; 1.081 0.03 12.738 -14.744 14
h, 1.08 0.05 9.272 -9.838 1.2
KH,PO,4 hs 1.05 0.0526 5.512 -1.808 1.4 0.1-1.8
h, 1.0543 0.052 8.685 -0.56 1.2
p 3.1
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(Table 1). Continued.

Electrolyte Model kq ko o o, 6/10°? Molality /mol.kg™

h; 0.9926 1.2107 -0.253 -1.772 2.3
h, 1.007 1.4552 -26.638 -1.923 3.8

KOH hs 1.03 0.8043 -0.321 -2.293 3.5 0.1-6.0
h, 1.0188 2.004 19.345 -2.053 5.8
p 9.5
h; 1.0051 1.3476 -0.2212 -1.919 2.3
h, 1.0174 1.6095 -39.102 -2.0544 4.1

LiCl hs 1.0395 0.9112 -0.2699 -2.4 4.0 0.1-6.0
h, 1.0283 2.1585 26.551 -2.176 6.1
p 1.9
hy 0.9817 1.1777 -0.3323 -1.687 1.0
h, 0.987 1.295 -24.142 -1.7436 0.7

LiBr hs 1.0242 0.7151 -0.5017 -2.328 0.6 0.1-2.5
h, 1.208 0.3056 -29.775 -15.265 1.2
p 2.0
h; 1.0238 1.48 -0.2477 -2.171 1.8
h, 1.028 1.6418 -56.6 -2.224 2.2

Lil hs 1.0555 0.9315 -0.3516 -2.688 2.8 0.1-3.0
h, 1.0324 2.072 31.377 -2.28 2.7
p 6.0
h; 0.974 0.9867 -0.23 -1.5977 0.5
h, 0.9815 1.1427 -9.213 -1.6752 0.4

LiAc hs 1.0034 0.6277 -0.3081 -2.0166 0.5 0.1-4.0
h, 0.9905 1.6377 7.1429 -1.7693 0.9

p

h; 0.9995 1.196 -0.3377 -1.881 1.6
h, 1.0091 1.367 -29.43 -1.9913 1.6

LiClO,4 hs 1.0414 0.755 -0.4794 -2.551 1.9 0.1-4.0
h, 1.0194 1.8443 20.148 -2.113 2.2
p 2.2
h; 0.9746 0.9863 -0.2927 -1.603 1.8
h, 0.9903 1.1973 -12.952 -1.7644 1.2

LINO; hs 1.0137 0.6413 -0.3819 -2.16 15 0.1-6.0
h, 1.0058 1.757 10.6617 -1.929 24
p 11
h; 0.9905 4.4322 -0.0159 -1.704 1.0
h, 0.9907 5.5431 -1.9x10° -1.7059 1.0

LIOH(L) hs 0.995 2.133 -0.0348 -1.7474 0.8 0.1-1.0
h, 0.9906 5.4321 7.3x10* -1.705 1.0
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(Table 1). Continued.

Electrolyte Model kq ko o o, 6/10°? Molality /mol.kg™
h, 0.8495 0.4637 -0.4672 -0.6038 0.3
h, 0.8497 0.575 -2.6463 -0.6887 0.3
LIOH(R) hs 0.85 0.2521 -0.8486 -1.0731 0.3 1.0-4.0
hs 0.9439 1.203 2532 -1.2914 0.5
p
h, 0.9679 1.0953 -0.1006 -1.5441 0.8
h, 0.9759 1.374 -7.274 -1.6171 0.5
RbCI [22] hs 0.9849 0.749 -0.1144 -1.741 0.5 0.1-7.5
hs 0.9829 1.9821 5.786 -1.6798 15
p 0.9
hy 0.9735 1.129 -0.0828 -1.587 0.5
h, 0.9764 1.3137 5.8 -1.6153 0.6
RbBr hs 0.9859 0.7364 -0.1043 -1.7402 0.6 0.1-5.0
hs 0.9802 1.8349 4.27 -1.6511 1.0
p 0.6
h, 0.9712 1.1391 -0.086 -1.5664 0.7
h, 0.9751 1.343 -6.4323 -1.603 0.5
Rbl hs 0.9848 0.7549 -0.1047 -1.729 0.5 0.1-5.0
hs 0.979 1.8631 4.6667 -1.6391 0.6
p 0.7
h, 0.9967 0.3885 0.4276 -1.9539 11
h, 0.9861 0.52 1.674 -1.7649 11
RbNO; hs 0.9729 0.2778 0.4356 -1.409 11 0.1-4.5
hs 0.9729 0.172 3.2523 -0.354 2.0
p 1.0
h, 0.9856 1.045 -0.3034 -1.7176 0.4
h, 0.9937 1.191 -14.709 -1.8067 0.7
RbAc hs 1.0221 0.6531 -0.4271 -2.2836 0.8 0.1-3.5
hs 1.0032 1.66 10.787 -1.914 1.4
p
hy 0.999 0.9967 -0.287 -1.8075 0.5
h, 0.9933 0.995 -8.548 -1.7526 0.4
CsOH hs 0.993 0.423 -0.6772 -2.0524 0.4 0.4-1.0
hs 0.869 0.9934 4.34 -0.8384 0.3
p
hy 0.9612 1.131 -0.0895 -1.4776 1.4
h, 0.9686 1.415 -7.4427 -1.5418 0.4
CsCl [23] hs 0.9778 0.7794 01 -1.6565 0.9 0.1-7.5
hs 0.9752 2.023 5.8219 -1.5977 0.8
p 1.4
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(Table 1). Continued.

Electrolyte Model kq ko o o, 6/10°? Molality /mol.kg™

h; 0.9869 1.045 -0.3035 -1.7339 1.0
h, 0.9945 1.1864 -14.585 -1.818 1.2

CsAc hs 1.0229 0.6499 -0.4304 -2.2985 1.2 0.1-3.5
h, 1.0044 1.6574 10.7416 -1.93 1.6

p

h; 0.9757 0.5511 0.2406 -1.6466 0.6
h, 0.9774 0.5585 1.636 -1.6644 0.6

CsNOs hs 0.9553 0.3778 0.2601 -1.3128 0.6 0.1-1.4
h, 0.9653 1.059 -1.531 -1.5127 0.7
p 14
hy 0.9646 0.909 -0.1398 -1.5105 1.4
h, 0.9731 1.1238 -4.61 -1.5918 0.9

NH.CI hs 0.9837 0.5976 -0.1718 -1.759 11 0.1-6.0
h, 0.98 1.6796 3.87 -1.6587 0.6
p 0.9
h; 0.824 0.1073 -1.2067 0.2639 0.9
h, 0.824 0.1489 -1.5132 -0.0255 1.4

NH4NO3 hs 0.7339 0.0946 -1.645 -0.6966 0.8 0.1-6.0
h, 0.9861 0.583 -0.4216 -1.7419 0.8
p 14
h; 0.9914 1.1992 -0.3078 -1.782 0.9
h, 1.0082 1.4363 -30.846 -1.961 2.7

HCI hs 1.0362 0.7914 -0.4002 -2.426 2.3 0.1-6.0
h, 1.0235 1.9857 22.681 -2.132 53
p 49
h; 0.9961 1.25 -0.3534 -1.8396 1.4
h, 1.0028 1.39 -34.802 -1.9155 1.8

HBr hs 1.0407 0.7697 -0.5281 -2.5455 21 0.1-3.0
h, 1.0114 1.831 22.2157 -2.0146 24
p 1.6
h; 1.0075 1.2084 -0.3948 -1.969 1.1
h, 1.0143 1.3463 -33.507 -2.0533 1.6

HI hs 1.0532 0.7465 -0.585 -2.754 1.9 0.1-3.0
h, 1.0235 1.787 21.838 -2.1676 2.3
p 2.2
h; 1.0019 1.39 -0.2665 -1.905 24
h, 1.015 1.635 -53.284 -2.048 4.7

HCIO, hs 1.0432 0.9275 -0.341 -2.49 45 0.1-5.5
h, 1.0265 2.161 34.82 -2.178 6.9
p 25
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(Table 1). Continued.

Electrolyte Model kq ko o o, 6/10°? Molality /mol.kg™
hy 1.1069 0.015 32.8344 -35.03 2.6
ha 1.1067 0.0581 10.8368 -11.11 1.9
AgNO, hs 1.0495 0.0798 3.832 -1.811 2.6 0.1-6.0
h, 0.9777 1.0445 -1.939 -1.629 0.9
p 15
hy 0.952 0.8119 -0.0735 -1.392 1.8
h 0.954 0.97 -1.589 -1.4136 1.6
TlAc hs 0.9621 0.5426 -0.0859 -1.5159 17 0.1-6.0
hs 0.9602 1.581 1.468 -1.467 1.2
p
hy 1.0195 0.256 0.8698 -2.4987 0.3
ha 1.02 0.2667 21 -2.4897 0.3
TIClO, hs 0.999 0.169 -1.5209 1.045 0.3 0.1-0.5
hs 0.999 0.71 -1.8537 -1.9324 0.2
p 0.4
hy 0.9963 0.2364 0.8197 -2.2076 0.2
h, 0.997 0.246 1.852 -2.2023 0.2
TINO; hs 0.9439 0.300 0.373 -1.1603 0.2 0.1-0.4
hs 0.9551 0.8834 -1.404 -1.4217 0.2
p 11

%o is variance calculated on Eq. (7).

bp represents Pitzer model (the same below).

“This datum is according to Extended Pitzer equation.

Table 2: Parameters and the Errors for Prediction of the Osmotic Coefficients of Biunivalent Electrolytes by the h
Function Model
Electrolyte Model Ky ko o, o, 6/10° /'\r/ln(())lﬁliigl
h; 0.6587 0.4941 -0.8786 -0.1234 1.4
h, 0.66 0.5272 -4.117 -0.1463 1.0
BaAc. hs 0.6982 0.2048 -2.1348 -1.1265 1.0 0.1-1.2
h, 0.8692 0.8241 4.265 -0.9706 0.8
p
h; 0.9635 1.1267 -0.5969 -2.056 11
h, 0.9701 1.253 -23.414 -2.1402 1.0
BaCl, hs 1.017 0.643 -0.989 -3.1108 11 0.1-1.8
h, 0.9788 1.699 16.064 -2.256 11
p 11
h; 0.9781 1.20 -0.7623 -2.241 1.3
h, 0.9842 1.325 -37.577 -2.3264 1.2
BaBr, hs 1.0429 0.6797 -1.319 -3.642 1.2 0.1-2.0
h, 0.9964 1.7791 25.28 -2.495 1.3
p 14
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(Table 2). Continued.
Electrolyte Model Ky ks o, o, c/10° /'\r/ln(())lﬁliigl

hy 0.9909 1.1899 -1.1411 -2.4256 18
h, 1.011 1.3621 -60.803 -2.721 2.0

Bal, hs 1.0814 0.6827 -2.03 -4.665 2.2 0.1-2.0
hs 1.0227 1.7922 38.78 -2.912 25
p 25
hy 1.08 0.101 6.5925 -8.758 0.5
h, 1.08 0.12 8.226 -7.926 0.5

Ba(NO3). hs 1.04 0.1011 5.114 -1.9233 0.5 0.1-0.4
hs 0.97 0.9698 -3.342 -2.0947 0.6
p 13
hy 0.992 1.38 -0.7923 -2.4358 1.2
h, 1.0059 1.5787 -79.77 -2.629 2.0

CaCl; hs 1.0686 0.82 -1.328 -4.049 24 0.1-2.5
hs 1.017 2.0456 48.79 -2.79 29
p 3.7
hy 0.9891 13 -1.055 -2.405 1.2
h, 0.9993 1.4438 -74.0 -2.552 18

CaBr, hs 1.0769 0.732 -1.946 -4.492 21 0.1-2.0
hs 1.016 1.903 47.807 -2.799 24
p 14
hy 0.997 1.2914 -1.263 -2.55 11
h, 1.0104 1.4395 -87.421 -2.754 13

Cal hs 1.0936 0.721 -2.399 -5.081 15 0.1-2.0
hs 1.0252 1.8797 54.936 -2.993 1.9
p 15
hy 1.011 1.3323 -1.2174 -2.763 0.8
h, 1.0225 1.4838 -95.939 -2.9507 13

Ca(ClOy), hs 11 0.7457 -2.279 -5.1862 1.8 0.1-2.0
hs 1.0353 1.923 58.744 -3.169 2.0
p 5.6
hy 0.84 0.6579 -0.977 -0.891 1.6
h, 0.8827 0.7549 -8.514 -1.218 14

CuCl, hs 0.9455 0.3545 -1.764 -2.556 14 0.1-2.0
hs 0.9323 1.237 8.056 -1.709 1.2
p 4.3
hy 0.9571 1.100 -0.849 -1.996 2.3
h, 0.969 1.2353 -31.497 -2.146 2.0

MnCl; hs 1.0338 0.6313 -1.457 -3.573 2.0 0.1-2.0
hs 0.9822 1.6777 21.86 -2.321 1.6
p 3.6
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(Table 2). Continued.

Electrolyte Model Ky ks o, o, c/10° /'\r/ln(())lﬁliigl

h, 0.9824 1.3543 -0.713 -2.302 3.3
h, 1.0052 1.6157 -75.253 2.6 25

SrClz[24] hs 1.0596 0.8434 -1.1026 -3.7826 3.1 0.1-3.8
hs 1.0225 2.1554 50.724 -2.844 3.3
p 3.4
h, 0.9722 1.2344 -0.892 -2.179 16
h, 0.9834 1.381 -51.365 -2.326 1.2

FeCl, hs 1.0513 0.6973 -1.599 -3.885 11 0.1-2.0
hs 0.9956 1.822 33.06 -2.4943 0.9
p 1.7
h, 0.9894 1.26 -1.31 -2.422 1.0
h, 1.0034 1.402 -81.38 -2.628 1.2

MgBr, hs 1.089 0.695 -2.544 -5.018 1.6 0.1-2.0
hs 1.02 1.845 52.48 -2.889 1.9
p 3.9
h, 0.998 1.402 -0.949 -2.533 1.0
h, 1.007 1.558 -93.202 -2.666 0.9

MgCl, hs 1.0794 0.7946 -1.728 -4.435 1.3 0.1-2.0
hs 1.0169 1.9929 54.521 -2.816 13
p 1.7
h, 0.9878 1.286 -1.529 -2.447 13
h, 1.0043 1.4303 -103.975 -2.692 1.4

Mgl, hs 1.1037 0.7056 -3.097 -5.611 1.6 0.1-2.0
hs 1.0228 1.8667 65.727 -2.988 2.0
p 2.9
h, 1.0142 1.3461 -1.508 -2.85 1.0
h, 1.0278 1.4968 -124.41 -3.080 1.2

Mg(ClO,). hs 1.1196 0.7476 -2.957 -5.961 1.7 0.1-0.2
hs 1.043 1.933 75.732 -3.352 2.0
p 1.9
h, 0.9849 1.1643 -0.927 -2.323 11
h, 0.9966 1.3079 -42.667 -2.489 1.4

Mg(NOs), hs 1.0582 0.6573 -1.632 -4.042 16 0.1-2.0
hs 1.0095 1.7555 28.735 -2.683 1.8
p 2.2
hy 0.946 1.01 -0.5577 -1.766 25
h, 0.9667 1.225 -18.031 -1.994 1.4

MgAc, hs 1.005 0.6129 -0.8487 -2.7667 1.9 0.1-4.0
hs 0.9853 1.783 14.678 -2.214 0.9

p }
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(Table 2). Continued.
Electrolyte Model Ky ks o, o, c/10° /hr/r:(z)lﬁliigl
hy 0.9808 1.2833 --0.941 -2.291 11
h, 0.9966 1.461 -67.608 -2.504 1.0
NiCl, hs 1.067 0.7456 -1.653 -4.172 12 0.1-5.0
hs 1.0119 1.9326 44.189 -2.725 18
p
hy 0.9455 2.6776 -0.0268 -1.8203 0.8
h, 0.9463 3.04 -199.99 -1.827 0.6
Na,CO;[25] hs 0.9517 1.799 -0.033 -1.879 0.3 0.1-2.7
hs 0.9464 3.497 71.0 -1.828 0.6
p 5.7
hy 0.9184 2.495 -0.0246 -1.572 21
h, 0.9212 2.9897 -135.1 -1.591 1.6
Na;SO,4 hs 0.9262 1.795 -0.025 -1.633 1.2 0.1-4.0
hs 0.9229 3.543 57.0 -1.603 14
p 24
hy 0.9206 1.533 -0.066 -1.535 24
h, 0.9265 1.94 -15.166 -1.581 15
(NH4)2S04 hs 0.9356 1.065 -0.0728 -1.673 17 0.1-5.5
hs 0.9295 2.543 9.634 -1.605 0.9
p 3.2
hy 0.9434 2.4229 -0.02943 -1.775 0.1
h, 0.9437 2.6532 -75.238 -1.7776 0.1
K:HPO,[29] hs 0.9503 1.5034 -0.0413 -1.8413 0.1 0.17-2.0
hs 0.944 3.081 28.1552 -1.7802 0.04
p 4.1%
hy 0.9779 0.062 3.215 -4.8 3.2
h, 1.011 0.017 17.986 -18.848 3.0
Pb(NO3), hs 0.9567 0.0625 2,515 -1.488 3.2 0.1-2.0
hs 1.0238 0.5592 -4.672 -3.279 1.6
p 1.6
hy 1.0308 1.3521 -2.045 -3.166 25
h, 1.0483 1.5025 -172.96 -3.496 35
UO,(CIO4), hs 1.153 0.724 -4.356 -7.505 2.2 0.1-2.5
hs 1.0666 1.935 105.04 -3.869 4.7
p 2.2

*This datum is according to Extended Pitzer equation.

various effects, such as the Coulomb’s force between
ions, the action of ions with solvent particles, the
higher-order interactions, even the deformation and
polarization of ions, hydrogen bond, etc., giving a
comprehensive upshot that could govern the
thermodynamic behavior of electrolytes. It could be

considered to be a dominant factor that represents the
whole effects influencing electrolyte behavior.

Certainly, the term, I could be also seen to be a
distribution of all ions in the ion atmosphere. In Debye-
Huckel theory, a binomial is taken into account as the
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Table 3: Parameters and the Errors for Prediction of the Osmotic Coefficients of Triunivalent Electrolytes by the h
Function Model

Electrolyte Model Ky ks o, o, c/10° /,\rﬂ(())llélii;%

hy 1.0043 1.5037 -2.737 -3.262 4.0
h 1.03 1.706 -269.9 -3.733 5.4

AICl; hs 1.166 0.7921 -6.373 -9.287 6.5 0.1-1.8
hs 1.0471 2.1593 154.802 -4.083 6.7
P 8.6
hy 0.9462 1.1764 -2.244 -2.305 27
h 0.9712 1.3203 -78.10 -2.660 2.8

Cr(NO3)s hs 1.089 0.6 -4.991 -6.695 2.9 0.1-1.4
hs 1.303 0.295 -117.79 -54.25 35
p 4.4
hy 0.8907 1.167 -2.451 -1.74 35
h 0.915 1.2815 -78.55 -2.01 3.1

CrCls hs 1.067 0.563 -6.188 -6.75 2.9 0.1-1.2
h, 0.9474 1.702 53.20 -2.422 2.6
p 4.6
hy 0.93 1.5495 -0.437 -2.06 1.2
h 0.935 1.743 -46.18 -2.115 1.2

KsFe(CN)s hs 0.98 0.855 -0.757 -2.86 13 0.1-1.4
h, 1.191 0.358 -37.14 -18.718 17
p 3.4
hy 0.9725 1.345 -1.919 -2.681 17
h 0.9956 1.537 -117.98 -3.037 22

LaCls hs 1.106 0.727 -4.018 -6.599 27 0.1-2.0
h, 1.0185 2.0221 76.77 -3.424 3.2
p 8.9
hy 0.9645 1.296 -2.448 -2.574 1.4
h 0.9917 1.466 -126.55 -2.992 1.3

ScCls hs 1.1217 0.676 -5.572 -7.682 1.3 0.1-1.8
hs 1.0175 1.929 82.881 -3.438 21
p 4.7
hy 0.9898 1.403 -2.169 -2.932 22
h 1.0177 1.6125 -163.48 -3.396 33

YCl5[26] hs 1.1341 0.7632 -4.621 -7.528 3.9 0.1-2.0
hs 1.043 2.102 103.875 -3.861 4.6

p

hy 1.008 1.4343 -3.2 -1.867 3.4
h 1.0268 1.64 -3.534 -150.48 4.4

CeCls hs 1.1272 0.786 -3.77 -6.99 4.9 0.1-2.0
hs 1.0433 2121 92.262 -3.850 55

p
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(Table 3). Continued.

Electrolyte Model Ky k2 o o c/10° /Molalit)_/l
mol.kg
h, 0.9662 1.3509 -1.927 -2.501 1.9
h, 0.9921 1.5495 -122.44 -2.9785 15
PrCls hs 1.104 0.729 -4.082 -6.555 16 0.1-2.0
hs 1.012 2.023 77.76 -3.309 2.0
p
h, 0.9822 1.389 -2.0287 -2.841 2.6
h, 1.0051 1.5861 -142.62 -3.211 3.7
EuCls hs 1.1186 0.7504 -4.299 -7.039 4.1 0.1-2.0
hs 1.0266 2.0678 90.302 -3.501 5.0
p

Table 4: Parameters and the Errors for Prediction of the Osmotic Coefficients

Function Model

of Tetraunivalent Electrolytes by the h

Electrolyte Model Ky ko o, o, 6/10° /,\rﬂ(())llélii;%
hy 0.9163 4.6 -0.256 -2.022 0.4
h, 0.9163 4.921 -54300 -2.022 0.4

KsFe(CN)s hs 0.92 10.67 0.393 -2.054 11 0.1-0.9
hs 1.2243 0.4102 -43.531 -20.801 1.9
p 9.9
h, 0.7826 1.0221 -2.031 -1.037 6.1
h, 0.8754 1.1996 -41.969 -1.757 3.9

Th(NOs), hs 1.0012 0.5029 -5.065 -5.29 4.8 0.1-2.0

hs 0.9499 1.7495 36.532 -2.616 15
p

Table 5: Parameters and the Errors for Prediction of the Osmotic Coefficients of Bibivalent Electrolytes by the h
Function Model

Electrolyte Model Ky ko o, o, 6/10° /hr/r:(z)lﬁliigl

hy 0.909 1.657 -0.183 -0.7 2.6
h, 0.9225 1.8581 -86.059 -0.754 25

BeSO, hs 0.986 1.0537 -0.287 -1.138 29 0.1-4.0
h, 0.9342 2.3073 45.88 -0.804 3.1
p 3.4
hy 0.8581 1.9634 -0.0742 -0.511 3.0
h, 0.8641 2.174 -101.406 -0.528 2.4

CdsO, hs 0.907 1.2731 -0.1074 -0.6867 1.9 0.1-3.5
h, 0.8684 2.599 44,13 -0.5406 1.9
p 2.7
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(Table 5). Continued.

Electrolyte Model Ky ks o, o, c/10° /hr/r:(z)lﬁliigl

hy 0.8835 2.4321 -0.062 -0.584 0.6
h 0.8851 2.566 -336.48 -0.589 0.6

CusO, hs 0.9179 1.2732 -0.117 -0.726 1.1 0.1-1.4
h, 0.8855 2.897 104.11 -0.5903 0.6
p 2.9
hy 0.8922 2.0374 -0.099 -0.662 1.3
h 0.8969 2.2304 -166.67 -0.679 1.3

MgSO, hs 0.9425 1.2924 -0.151 -0.897 2.4 0.1-3.0
hs 0.9009 2.6396 70.243 -0.694 1.6
p 49
hy 0.8716 1.988 -0.0824 -0.57 27
h 0.8822 2.2504 -138.63 -0.603 1.9

MnSO, hs 0.9247 1.3484 -0.108 -0.777 2.7 0.1-4.5
h, 0.886 2.6805 60.778 -0.616 3.2
p 3.4
hy 0.8634 2.409 -0.0614 -0.543 27
h, 0.8653 2.5956 -360.581 -0.549 2.4

NiSO, hs 0.9039 1.504 -0.096 -0.69 1.0 0.1-25
hs 0.8671 2.98 126.356 -0.555 21
p 39
hy 0.8668 2.203 -0.0748 -0.5568 1.4
h 0.8738 2.4429 -249.78 -0.578 1.8

ZnS0, hs 0.9164 1.4584 -0.1048 -0.742 3.7 0.1-35
hs 0.8775 2.865 100.383 -0.589 2.3
p 51
hy 0.7897 1.2432 -0.1916 -0.3174 6.3
h 0.8314 1.4272 -21.52 -0.405 41

U0,S0, hs 0.9153 0.746 -0.357 -0.773 47 0.1-5.5
h, 0.8645 1.917 15.336 -0.4912 2.6
p 5.0

Table 6: Parameters and the Errors for Prediction of the Osmotic Coefficients of Tribivalent Electrolytes by the h
Function Model

3 Molality
Electrolyte Model kq ko o, ol c/10 /mol.kg'l
hy 0.7426 2.0243 -2.033 -0.612 3.6
h, 0.765 2.1932 -501.023 -0.686 3.3
Aly(SOy)s 0.1-1.0
hs 1.1386 0.7929 -10.21 -7.086 24
h, 0.7827 2.5826 211.388 -0.749 3.0
hy 0.8899 2.0538 -2.204 -1.225 1.9
h, 0.9084 2.2632 -637.094 -1.342 14
Crz(SO4)3 0.1-1.2
hs 1.1905 0.9026 -8.336 -7.281 1.8
h, 0.9223 2.6843 276.32 -1.436 11
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Table 7: Parameters and Errors for Reproduction of the Relative Molal Vapor Pressure Lowering, § and the Equivalent
Conductivity, p of KCI Solution at 298K by the h Function Model
. c Molality
Properties Model ks k> o o, c ARD /mol kg™
h; 0.9732 1.0674 -2.938x107° -0.05731 1.8x10° 0.0004
5 h, 0.9770 1.2699 -0.16883 -0.05863 1.2x10° 0.0002 0.1.48
hs 0.98554 0.71065 -3.508x107° -0.06278 1.3x10° 0.0003 o
hy 0.9807 1.7972 0.1273 -0.05991 1.6x10° 0.0004
h; 1.0329 0.0911 361.013 -604.075 0.6 0.0003
h, 1.0299 0.1033 440.081 -552.145 0.6 0.0003
P 0.0005- 0.1
hs 1.0066 0.089 278.081 -222.073 0.6 0.0003
hy 1.0074 0.4229 -290.17 -333.681 0.3 0.0002

 ARD ZI\V\Q—Nle\ /0

where N is the number of data points, Q and Q.. are, respectively, § or p determined experimentally and calculated by the h function model.

Table 8: Parameters and the Errors for Reproduction of the Solubility of MgCl; in HCI-LiClI-MgCl,—H,0 System at 293K
by the h Function Model

Model ki ko o o, o ARD

h, 1.0 1.121 1.313 -91.216 0.064 0.016

h, 0.978 1.7165 303.721 -82.967 0.065 0.016

hs 0.9977 0.834 1.168 -88.841 0.064 0.016

h, 1.041 1.8 -215.101 -104.122 0.075 0.019

BET [32] 0.091 0.024
radial distribution function of ionic atmosphere interval. For a certain electrolyte from the high-dilute to
surrounding a centre ion. Pitzer extended it to a the saturated solution, the entire concentration range is
trinomial, constructing a quadratic equation of the molal too wide to expect one linear equation of @ against
concentration of solute. According to the statistic m" to resolve all problems. Here, it needs to section
physics, the properties of system are dependent on the whole range into two or three concentration
distribution of particles. The characteristics of subintervals. In every subinterval, there is a

electrolytes could be indentified with the aid of 7. In
this paper, the term, m" is used instead of I, this is
because the ionic strength is directly proportional to
m" for each kind of the single electrolyte. Therefore,
m" is used to replace I* for all single electrolytes.

In the w function, k, is a constant to be confirmed.
In most cases, k, is close to one. As the valence of
electrolyte or the ion strength increases, k, deviates
from one further. For the high-dilute uniunivalent
electrolytes, k, is more close to one. The deviation of
k, from one could be used to judge the ideality of
electrolyte solution. Due to the total effects of all forces
concerning a lot of factors, the regularity of the change
in k, is not followed.

It should be pointed out that the linear rule of w
against m"“ exists only in a given concentration

corresponding linear relation of @w against m". This
just means that the increase in concentration would
alter the total interionic interactions, and makes the
electrolyte deviate ideality more far. As the
concentration increases, k, would be gradually far from
one. Take HNO; for example. The concentration range
is from 0.001 to 28 molal, and the osmotic coefficients
are taken form Ref. [21]. The entire concentration
range is divided into three subintervals, i.e. 0.001 to
0.1, 0.1 to 12 and 12 to 28 in molality. And construct
three linear equations of @ against m"“ in these
subintervals, respectively. The parameters are listed in
Table 9, and the reproduced results are in Figure 2.
Obviously, the narrower the subintervals are taken, the
more accurate the reproduced results will be.

Many properties of electrolyte solution, as shown
above, can be reproduced by Eq. (6) as long as @ is
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Table 9: Parameters and the Errors for Prediction of the Osmotic Coefficients of HNOz by the h;. Function Model
Subinterval/m ki ko o o, o ARD
0.001-0.1 1.021 0.01 7.5173 -9.469 0.001 0.0008
0.1-12.0 0.9633 0.8763 -0.294 -1.503 0.003 0.002
12.0-28.0 0.46 0.01 -206.879 209.863 0.004 0.002

replaced by corresponding properties, such as 6, p,
etc., showing the these properties are also linearly
related to the ionic strength or the molal concentration
exponential for single electrolytes.

1.6 T T

0.8 ' .

mU.S

Figure 2: Prediction of the osmotic coefficients for HNO3; by
section of whole concentration interval into three subintervals
(0.001-0.1, 0.1-12 and 12-28 molality).

o, experimental point; ——, model.

Because of the equivalence of m and x, construct
h,=x". We discover that the potential ® is also
linearly related to h, for a various valent type of
electrolytes. If taking ‘the Shannon information entropy’
of h or h, [33] i.e. hy=h1In(h) or h,=h,In(h,). The
function ® is also linearly related to h, and h,,
respectively. The calculation parameters and errors are
listed in Tables 1-8, respectively. According to the
errors, we can see that the results by the present
model are better than those by Pitzer for most of
uniunivalent, biunivalent, triunivalent, tetraunivalent and
bibivalent electrolytes, indicating that the linear rule is
feasible to predict some properties for electrolytic
solutions.

It should be pointed out that, at first glance, it seems
that there are four parameters k,, k,, «, and o, to
describe the properties of system, but «, and «, are

not dependent. They are automatically determined as
k, and k, are optimized and attained.

5. SUMMARY

As is well-known, all thermodynamic properties of
an electrolyte solution must be a comprehensive effect
of the interactions of various particles in the solution. It
relates to all kinds of potentials of these particles, such
as those between ions, between solvent and ions,
between solvent particles, and their interactions. This
could be represented by a dimensionless potential .
It, substantially, is an osmotic coefficient on mole
fraction base. The potential can integrate the effects of
various particles, and describe the macroscopic
properties of the electrolyte solution well.

The h functions such as m®, x® and their

respective 'Shannon information entropies' m" In(m"),
and x“1In(x*) are all related to the micro-distribution of
solute and solvent molecules. This never was taken
into account before.

It is found that the dimensionless potential @ for
expressing the integral interactions is linearly related to
these h functions, respectively. Based on this
pertinence, the models are established for analytical
expression of some thermodynamic and transferring
properties of electrolytes, such as osmotic coefficient,
activity of solvent, and relative molal vapor pressure
lowering, equivalent conductivity and solubility of a salt
in electrolytic mixture. The models are suitable for the
electrolyte solutions with different valence.
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