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Abstract: A universal thermodynamic model of calculating mass action concentrations for structural units or ion couples in ternary
and binary strong electrolyte aqueous solution was developed based on the ion and molecule coexistence theory and verified in four
kinds of binary aqueous solutions and two kinds of ternary aqueous solutions. The calculated mass action concentrations of structural
units or ion couples in four binary aqueous solutions and two ternary solutions at 298.15 K have good agreement with the reported
activity data from literatures after shifting the standard state and concentration unit. Therefore, the calculated mass action
concentrations of structural units or ion couples from the developed universal thermodynamic model for ternary and binary aqueous
solutions can be applied to predict reaction ability of components in ternary and binary strong electrolyte aqueous solutions. It is also
proved that the assumptions applied in the developed thermodynamic model are correct and reasonable, i.e., strong electrolyte
aqueous solution is composed of cations and anions as simple ions, H,O as simple molecule and other hydrous salt compounds as
complex molecules. The calculated mass action concentrations of structural units or ion couples in ternary and binary strong
electrolyte aqueous solutions strictly follow the mass action law.
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electrolyte aqueous solutions by using traditional activity
calculation methods. To accurately predicate activities of
components with limited data, it is of importance to

1 Introduction

The thermodynamic properties of strong electrolyte
aqueous solutions, such as activity of component, have
been widely applied to biological and industrial
processes[1], hydrometallurgy, environmental
chemistry[2—5], geochemistry and so on[6]. However,
with respect to abundant kinds of electrolyte aqueous
solutions, the activity data are not enough to fulfill
practical application, or the correlations between activity
coefficient and concentration for various solutions have
several formulas. In addition, not only ions, but also
molecules, such as hydrous salt molecules, can exist in
strong electrolyte aqueous solutions. Therefore, it is not
very easy to determine activities of components in strong

develop a universal method to calculate activity of
components in strong electrolyte aqueous solutions.
According to the fact that not only ions but also
molecules can be found in metallurgical slags or melts at
high temperature, the ion and molecule coexistence
theory (IMCT) proposed by ZHANG[7-9] has been
successfully applied to calculate mass action
concentrations of structural units or ion couples to
describe reaction ability, like classical concept of activity,
for various metallurgical slags and metal melts. The
essential cores of IMCT[7—9] are summarized as follows:
1) ions, simple and complex molecules exist in a solution
simultaneously as structural units; 2) there are dynamic
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equilibriums of chemical reactions between ion couples
and simple molecules to form complex molecules in a
solution; 3) simple ions take part in chemical reactions of
forming complex molecules with simple molecules as
ion couples, which are composed of cations and anions
based on electrovalence balance principle; 4) the
calculated equilibrium mole fractions of structural units
or ion couples are defined as mass action concentration,
which are similar to activities of corresponding
components.

The mass action concentrations of structural units or
ion couples in binary aqueous solutions of KCI-H,O,
CsCl-H,0, NaCl-H,0 and BaCl,—H,0[10]; NaBr—H,O0,
LiNO;—H,0, HNOs;—H,0 and KF-H,O[11]; KBr—H,0,
NH,Br—H,O and ZnBr,—H,O[11]; and ternary aqueous
solutions of NaCl-KCI-H,O[13]; RbCI-RbNO;—
H,0[14]; NaClO,—NaF—H,0[15] at 298.15 K have been
successfully calculated by wusing the developed
thermodynamic model of calculating mass action
concentrations for structural units or ion couples from
IMCT[7-9]. The results[10—15] show that the calculated
mass action concentrations of structural units or ion
couples in above-mentioned binary and ternary aqueous
solutions have good agreement with the reported
activities of corresponding components in literatures.
Therefore, it is verified that the application scope of
IMCT[7-9] can be expanded from metallurgical slag and
metal melts at high temperature to electrolyte aqueous
solutions at low or ambient temperature. However, a
universal thermodynamic model for binary and ternary
aqueous solutions has not been reported and summarized
in previous publications[10—15].

In this work, a universal thermodynamic model of
calculating mass action concentrations for structural
units or ion couples in ternary electrolyte aqueous
solutions with hydrous salt compounds as complex
developed based on IMCT[7-9].
Meanwhile, a universal thermodynamic model for binary
aqueous solutions with hydrous salt compounds as
complex molecules was also developed by simplifying
the universal thermodynamic model for ternary solutions,
and four kinds of binary aqueous solutions were chosen
to verify the developed thermodynamic model as: 1)
binary aqueous solutions without any hydrous salt
compound formed; 2) binary solutions with ECI-2H,0 as
formed hydrous salt compound with unknown standard
molar Gibbs free energy ArGg,,-; 3) binary aqueous
solutions with ECI-2H,O as formed hydrous salt
compound with known Aan(?,l-; 4) binary aqueous
solutions with ECI‘-H,O and ECI-3H,O as formed
hydrous salt compounds with known ArGﬁi . All
universal thermodynamic models were verified from the
previous published data of calculating mass action
concentrations for structural units or ion couples in

molecules was

binary and ternary solutions[10—15] as examples. The
ultimate aims of this work are to develop a universal
thermodynamic model of calculating mass action
concentrations for structural units or ion couples in
binary and ternary electrolyte aqueous solutions and
verify it in various special cases.

2 Establishment of universal thermodynamic
model

2.1 Hypotheses

According to the facts that there are ions and
molecules simultaneously in strong electrolyte aqueous
solutions, the assumptions applied in the developed
universal thermodynamic model of calculating mass
action concentrations for structural units or ion couples
in ternary strong electrolyte aqueous solutions can be
proposed based on IMCT[7-9] by taking ECI-FCI-H,O
as an example aqueous solution as follows.

1) The structural units in ECI-FCI-H,O ternary
solutions are composed of E, F" and CI” as simple ions,
H,O as simple molecule, ECI'H,O, ECI2H,0O, ---,
ECl'nH,0 or FCI'H,O, FCI2H,0, ---, FCl'mH,0O as
complex molecules. Each cation or anion of the simple
ions in ECI-FCI-H,O ternary solutions occupies only one
position of structural units, but will take part in reaction
of forming hydrous salt molecules in the form of ion
couple as (E'+Cl), and (F'+Cl"). For example, ECI in
ECI-FCI-H,O ternary solutions can be electrolyzed or
separated into two simple ions as E* and CI” as two
structural units, respectively; but ions of E” and CI™ will
take part in reaction of forming hydrous salt molecules as an
ion couple (E™+CI") in ECI-FCI-H,0 ternary solutions.

2) Formation of complex hydrous salt molecules by
ion couples and simple molecule of H,O is under
dynamic equilibrium as

(E"+CI")+H,0=ECI-H,O (1.1)
(E"+CI")+2H,0=ECI-2H,0 (1.2)
(E'+CI")+nH,0=ECl-nH,0 (1.n)
(E*+C1)+H,0=FCI-H,0 2.1)
(E'+C1")+2H,0=FCI-2H,0 (2.2)
(F*+CI")+mH,0=FCl-mH,0 (2.m)

3) The structural units in ECI-FCI-H,O strong
solutions bear continuity in the investigated
concentration range of solutes.

4) All chemical reactions of forming complex
hydrous salt molecules in ECI-FCI-H,O strong
electrolyte ternary aqueous solutions as shown in Eq.(1)
and Eq.(2) follow the mass action law.
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2.2 Universal thermodynamic model for ternary
systems
2.2.1. Model for ternary systems with all hydrous salt
molecules formed

Based on the above-mentioned hypotheses, the
structural units in a chloride ternary aqueous solution
with all hydrous salt molecules formed as an example,
i.e., ECI-FCI-H,0 ternary solution, are composed of E',
F" and Cl as simple ions, H,O as simple molecule,
ECl H,O, ECI 2H,O, --- , EClI nH,O, and
FCl H,O, FCl 2H,0O, ---, FCl mH,0O as complex
molecules or hydrous salt molecules.

The morality m; (mol/kg (H,O)) is usually applied
to represent concentration of components in strong
electrolyte aqueous solution, i.e., mole number of solutes
in 1 kg solvent of H,O. Therefore, mole number of ECI,
FCl and H,0 in ECI-FCI-H,O ternary solution based on
1 kg H)O before equilibrium is defined as
b] = ngCI = MEgCl, bz = n(F)Cl = Mg and b3 = n%zo =
mu,0 =1000 g/ My,0 =55.6 mol, respectively. The
mole fractions of ECl, FCI and H,O in ECI-FCI-H,0O
ternary solution before equilibrium can be easily
determined asx; =n? /Y n? =n? (nlq +nle +55.6) =
m; /(mECl + mygcy + 556)

The mole numbers of structural units in
ECI-FCI-H,0 ternary solution under dynamic reaction
equilibrium condition based on 1 kg H,O are defined
according to IMCT[7-9] as follows:

Ny =ng+ gc1 = Ncl-, gl = NECI

Ry =Ng+ gc1 = Nci-,re1 = NFCLs

n3 =NH,0, N41 = NECIH,0, 142 = NECI2H,0»

o

N4p = NECInH,0» N51 = HECIH,0, 152 = HECI-2H,0 5
s

N5y, = NECl-mH,0 (3)

Hence, the total mole number of all structural units Zn ;
in ECI-FCI-H,O ternary solution under equilibrium
condition based on 1 kg H,O can be calculated according to
the mass balance principle as
Zni:2n1+2n2+n3+n41+n42+---+n4,,+ @)
nsy+nsy +-t sy

The mass action concentration of structural unit is
defined as a ratio of equilibrium mole number of
structural unit i to the total equilibrium mole number of
all structural units in a system with a fixed amount
according to IMCT[7-9], and can be calculated by

N, = i ) )

i zni
It should be emphasized that mass action
concentrations of all structural units in forms of ions,
simple and complex molecules can be calculated from
Eq.(5) directly[7-9]; however, mass action concentration

of an ion couple from cation and anion, such as (E'+CI"),
should be calculated as follows[7-9]:

Mge T 2
2 2

Therefore, the mass action concentrations of structural
units or ion couples in ECI-FCI-H,O ternary solution
under equilibrium condition can be expressed as follows:

NEC] :]\715+ +Ncr = (_) (6)

27’11 21’12

=zni = Neci, N2 =§

nj3 N4y
N3 = = Nu,0, Vo1 =<=—= NEeciH,0>
i 2

Ny

= Nrc1,

n4
Ny ZZ = NECl2H,05 **»
n;

N4p ns|
Ny = z = Ngclan,0, Ns1 = = N¥clH,0,
n; Zni

nsy
Nsp = z = Nkcl21,0,
n;

Nsy = om_ NEClmi,0
2
The possible dynamic reactions of forming various
hydrous salt molecules and their corresponding equilibrium
constants and mass action concentrations can be describled
as follows:

) )

(E+CIN+H,0=ECI'-H,0,
Ny
K9 = , Nyy =KQN|N 8.1
41 N1N3 41 414V14V3 ( )

(E'+CIN)+2H,0=ECI-2H,0,

=2 Ny =KONNZ, (8.2)

(E"+CI+nH,O0=ECI-nH,0,

Ny
K@ = " Ni, =K@ NN 8.n
4n N N3” 4n 4ptV14V3 (8.n)
(F++C1’)+H20:FC1-H20,
NS]
K8=—2_ N=K@N,N 9.1
51 N2N3 51 514V24V3 ( )
(F++C1’)+2H20:FC1-2H20,
N
o) 52 [C] 2
= , Ny =Ko NN 9.2
2 =y,ne e Ve =Kalals 92)

(F+CI)y+tmH,0=FCl-mH,0,

N
KO =M N KO NN 9.m
Sm NZNén 5 sm*V24V3 ( )

The mass balance of three components as ECI, FCl
and H,O in ECI-FCI-H,0 ternary solution based on 1 kg
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H,0 according to IMCT[7-9] can be represented as
follows:

_ 0 _ B
by =nge =mpct =0y + N4y + g+ + Ny

Z(%Nl +N41+N42 +~~+N4,,j2n,-

1
:(ENI +K2N1N3 +K%N1N32+'“+K4(31N1N3n)zni

(10a)
by =n§c1 =mMpc] =Ny + N5+ N5y +++-+ sy,

=[%N2 +Nsi+Ns, +--~+N5mj2n,-

:[%Nz +KEN, N3+ KENHNT +

o+ KO NN )Y g (10b)
bs =n%20 =n3+n4)+2n4 +---+nng, +

nsy+2nsy +--+mnsy, = (N3 +Nap +
2Ny +--+nNyy, + Ns; +2Nsy +---+
mNsu)Y n;=(N3+ KNN3 +2KQN|N? +
o4 nKQ NINF + KONyN3 +2KE Ny NG+ +
mK9 NaNY)> n; =55.6
(10c)

Combining Eq.(10a)-Eq.(10b) to eliminate Zn,- R
the following formulations can be obtained as

1
5b3N1 —b1N3 +K4®1(b3 —bl)N1N3 +

K?z([h —2[71)]\/1]\/32 +-o+
K?n(b3 —nbl)NlN; —blKgN2N3 —

2b1K5®2N2N§—~--—mb1K5®mN2N’” =0 (113)
1
5b3N2—b2N3—b2K?1N1N3—

szKf?leN% —"'—I’lsz?anN; +

K?l(b3 —bz)N2N3 +K5%(b3 —2b2)N2N32 +

o+ K@ (by —mby)N\NT" =0 (11b)

According to the fact that the total equilibrium mole
fraction of all structural units in a system with a fixed
amount is 1.0, the following equation can be obtained as

D Ni=N{+Ny+N3+Ny+Nip+
o+ Ngy+Ns;+Nsy+---4+ Nsp,
=N+ N2+ N3+ KNN3+ KON INZ +
e+ KQ NN+ KEN,N3 +
KQNyN2+--+KO NaNI' =1

Sm

) (12)

The equilibrium constant K° of all dynamic
chemical reactions describled in Eq.(1) and Eq.(2) can be

calculated as follows:

K =exp[-A,Gy ; [(RT)] ) (13)

Therefore, the equation groups of Eq.(10) and
Eq.(12) or Eq.(11) and Eq.(12) are composed of the
universal thermodynamic model of calculation mass
action concentrations for structural units or ion couples
N; in ECI-FCI-H,0O ternary aqueous solution,
respectively. There are four unknown parameters as N,
N,, N5 and Zn,- with four independent equations
in the universal thermodynamic model composing of
Eq.(10) and Eq.(12), or three unknown parameters as NV,
N, and N; with three independent equations in the
universal thermodynamic model composing of Eq.(11)
and Eq.(12). It is clear that the real solutions of
above-mentioned mass action concentrations of
structural units or ion couples N; and total mole fraction
of all structural units Z”i in ECI-FCI-H,O ternary
aqueous solution can be solely solved by combining
Eq.(10) and Eq.(12) or Eq.(11) and Eq.(12) under
condition of knowing equilibrium constant K©. The
equilibrium mole number of each structural unit ; can be
also determined by Eq.(5) or Eq.(6) after knowing N; and
Zl’li .

The calculated mass action concentration N; is
based on pure mater as standard state and mole fraction
X; as concentration unit; however, the reported activity
data of strong electrolyte aqueous solutions in literatures
usually choose infinite dilute solution as standard state
and molality m; (mol/’kg (H,0)) as concentration unit. To
compare the calculated mass action concentrations N;
and reported activity data a,, a transformation coefficient
L; for solvent or L/ for solutes should be introduced to
shift standard state and concentration unit[10—15], and
the transformed mass action concentration of

components N/ can be calculated as follows[10—15]:
a . f! —
Lyo =0 po_ 4 M oy ) (14)
" Nyyo N, N;

It should be specially pointed out that mass action
concentration of all ion couples, simple and complex
(hydrous salts) molecules, such as ECIl, FCI, H,O,
ECI'H,O, ECI2H,0, ---, ECl'nH,0, and FCI-H,O,
FCI-2H,0, ---, FCI'mH,O in ECI-FCI-H,O ternary
solution under equilibrium condition can be calculated
from the developed universal thermodynamic model
based on IMCT[7-9]. However, only activity data of
three components in ECI-FCI-H,O ternary solution as
ECI, FCI and H,O can be determined from viewpoints of
classical experimental tests and traditional
thermodynamics. Although concept of mass action
concentration of components N, taking ECl as an
example, has been applied in previous publications[7—15]
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and this study, the real meaning of mass action
concentration for ECl Ngc is the sum of mass action
concentration of two contained structural units in ECI as
E' and CI". From absolute viewpoint of IMCT[10—15],
there is no mass action concentration of ECI as an
independent component, because no independent ECI
molecules can exist in ECI-FCI-H,O ternary solution.
Adopting concept of mass action concentration for ECI is
just for convenient comparison of the reported ECI
activity data with calculated mass action concentration of
the same components.
2.2.2 Model for ternary systems without any hydrous salt
molecule formed

As an extreme example, a universal thermodynamic
model of calculating mass action concentrations for
structural units or ion couples in ECI-FCI-H,O ternary
solution without any complex hydrous salt molecule
formed can be also obtained by considering n, m and
K? as zero simultaneously in the equation groups of
Eq.(10) and Eq.(12) or Eq.(11) and Eq.(12) choosing
ECI-FCI-H,O0 ternary solution as a representative.

The mole numbers of ECI, FCl and H,O in
ECI-FCI-H,O ternary solution before reaction
equilibrium based on 1 kg H,O are represented as
by =ndo =mgcr, by =nde =mpc1, by = ’110{20 =mMy,0
=55.6 mol, respectively. The structural units in
ECI-FCI-H,O ternary solution without any hydrous salt
molecule formed are composed of E*, F* and Cl as
simple ions, H,O as simple molecules. The mole
numbers of structural units in ECI-FCI-H,O ternary
solution without any hydrous salt molecule formed under
dynamic reaction equilibrium condition based on 1 kg
H,O can be expressed as nj=ng+ poy =nc- gy =
NnEgCl1 = MECH, Ny =Ng+ rc1 = Nc1-,Fel = BFC1 = MECI,
n3 = ny,o0 =55.6. Hence, the total mole number of all
structural  units Zn,» based on 1 kg H,O in
ECI-FCI-H,O0 ternary solution without any hydrous salt
molecule formed under equilibrium condition can be
calculated according to the mass balance principle as

D np=2ny+2n; +n3 =2my +2m; +55.6 (15)

The mass balance of ECl, FCl and H,O in
ECI-FCI-H,O ternary solution can be described by
considering definition of mass action concentrations of
structural units or ion couples in ECI-FCI-H,O ternary
solution shown in Eq.(10) as

1
by =ndy =mgc = ny :Eleni (16a)
1
by =nde =mpci =ny :ENZZni (16b)
b3 :nl(—)IZO =my,o0 = N3 :N3Zn,- =556 (160)

The following equations can be obtained by

combining Eq.(16a)—Eq.(16c) to eliminate Zn,- as
1

BNy —biN; =0 (17a)

The following expression can be obtained according
to the principle that the sum of all mole fraction of
structural units in ECI-FCI-H,O ternary solution with a
fixed amount under equilibrium condition is equal to 1.0,
as

N, +Ny+N; =1 (18)

Therefore, the thermodynamic model of calculating
mass action concentrations for structural units or ion
couples in ECI-FCI-H,O ternary solution without any
hydrous salt molecule formed can be described by
equation groups of Eq.(16) and Eq.(18) or Eq.(17) and
Eq.(18). Substituting the known parameters as
b1 = n}%Cl = MEgCl, b2 = ”gc1 = MEgC1 and b3: nl(—)IZO =55.6
mol into Eq.(17)—Eq.(18), the thermodynamic model of
calculating mass action concentrations for structural
units or ion couples in ECI-FCI-H,0 ternary solution
without any hydrous salt molecule formed can be
simplified as

N - 2n 2mige
! z n, o 2mgep + 2 +55.6°
N = 2ny 2Mpe
2 Zni 2oy + 2mpey +55.67
N 55.6 (19)
’ Zni 2mpey +2mpe +55.6
The transformation coefficient L; or L/ and

transformed mass action concentration of components
N, can be obtained by Eq.(14) as described in Section

1

2.2.1.

2.3 Universal thermodynamic model for binary
systems
2.3.1 Model for binary systems with all hydrous salt
molecules formed
The structural units in ECI-H,O binary strong
electrolyte aqueous solution with all hydrous salt
molecules formed are composed of E" and CI as simple
ions, H,O as simple molecule and ECI-H,O, ECI-2H,0,
-+, and ECl'nH,0 as complex hydrous salt molecules.
Therefore, the mole numbers of ECl and H,O in
ECI-H,O binary solution based on 1 kg H,O before
equilibrium is defined as by =nl =mpc and bs=
ngzo =mu,0 = 1 000 g/ M y,o = 55.6 mol, respectively.
The mole fractions of ECl and H,O in ECI-H,0 binary
solution before equilibrium can be easily determined by
x; =n? /Znio =n) /(”ga +55.6) = m; /[(mgcy +55.6).
The mole number of structural units in ECI-H,O
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binary solution under dynamic reaction equilibrium
condition based on 1 kg H,O is defined according to
IMCT[7-9] as follows:

Ny =ng+ gc1 = Ncl-, gl = PECI> N3 = NH,0,

141 = NECIH,05 M42 = NECI2H,05 **» M4n = NECIaH,0
(20)

Hence, the total mole number of all structural units

Zni based on 1 kg H,O in ECI-H,O binary solution

under equilibrium condition can be calculated according

to the mass balance principle as

271,-=2n1+n3+n41+n42+-~+n4n (21)

Therefore, Eq.(10) can be rewritten to present the
mass balance of ECl and H,O in ECI-H,O binary
solution with all hydrous salt molecules formed under
equilibrium condition based on 1 kg H,O by ignoring
parameters b,, m and KS as

— 50 —
bl =Nge) =MEC) =N R4 thgy +

1
cect+Nyy =[5N1+N41 + Ny +"'+N4n]'

1
Do =(5Nl + KNN3 +

KQNIN? +-+ K9 NN )Y n (22a)
bs = I’l%zo =my,0 = N3 +N41 +2n4

=(N3+ Ny +2Ng +"'+nN4n)zni =

(N3 +K4®1N1N3 +2K4®2N1N32 +

o+ nK9 N\NI)Y n; =55.6 (22b)

The following equation can be obtained by
combining Eq.(22a) and Eq.(22b) to eliminate Zni as

1
Eble —b Ny +K?1(b3 —b)N,N; +Kf?2(b3 _Zbl)N1N32 +

<+ KD (by —nb)N,N} =0

(23)

According to the fact that the total equilibrium mole

fraction of all structural units in a system with a fixed

amount is 1.0, Eq.(12) can be simplified for ECI-H,0
binary solution as

N, + N3 + KON Ny + KGN NE +--+ K2 NNy =1

(=) (24)

Therefore, Eq.(22) and Eq.(24) or Eq.(23) and
Eq.(24) are the developed universal thermodynamic
model of calculating mass action concentrations for
structural units or ion couples N; in ECI-H,O binary
solution with all hydrous salt molecules formed,
respectively. There are three unknown parameters as Ny,
N3 and Zn,- with three independent equations in the

universal thermodynamic model composing of Eq.(22)
and Eq.(24), or two unknown parameters as N; and N
with two independent equations in the universal
thermodynamic model composing of Eq.(23) and Eq.(24).
The real solutions of N, and Zn,- for ECI-H,O binary
solution can be solely solved by combing Eq.(22) and
Eq.(24) or Eq.(23) and Eq.(24) under condition of
knowing K . The equilibrium mole number of all
structural units or ion couples n; under equilibrium
condition can be also calculated from definition formula
of N; in Eq.(5) or Eq.(6) after knowing N; and Zni .
The expressions of K2, L; or L/, and N for
ECI-H,O binary solution are the same as equations
described in Eq.(13) and Eq.(14).
2.3.2 Model for binary system without any hydrous salt

molecule formed

The structural units in ECI-H,O binary strong
electrolyte aqueous solution without any hydrous salt
complex molecule generated are composed of E* and C1°
as simple ions, and H,O as simple molecule. Hence, no
equilibrium constant of forming hydrous salt complex
molecules K can exist in the
thermodynamic model of calculating mass action
concentrations for structural units or ion couples N; in
ECI-H,O binary solution, as shown in Eq.(22) and
Eq.(24) or Eq.(23) and Eq.(24), respectively. The mole
numbers of ECI and H,O in ECI-H,0 binary solution
without any hydrous salt complex molecule generated
before reaction equilibrium based on 1 kg H,O are

universal

presented as by =nde =mgc, by = nI(-)IZO =mu,0 =
55.6 mol. The mole numbers of structural units in
ECI-H,O ternary solution without any hydrous salt
molecule formed under dynamic reaction equilibrium
condition based on 1 kg H,O can be expressed[7-9]
as my =ng+ gol = Nci-, gct = MECI = MECH, 13 = NH,0 =
55.6. Hence, the total mole number of all structural units
Z”i based on 1 kg H,O in ECI-H,O ternary solution
without any hydrous salt molecule formed under
equilibrium condition can be calculated according to the
mass balance principle as

D n;=2n; +n3 =2m; +55.6 (25)

The mass balance of ECI and H,O in ECI-H,O
binary solution without any hydrous salt molecule
formed under equilibrium condition based on 1 kg H,O
can be presented by simplifying Eq.(22) as

1
by =npe =mgci =n = 5N1Zni (26a)

by =nf o =mu,0 =n3 =N3> n; =556 (26b)

The following equation can be obtained by
combining Eq.(26a) and Eq.(26b) to eliminate Zn i ,as
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%b3N1 ~B Ny =0 27)

According to the fact that the total equilibrium mole
fraction of all structural units in a system with a fixed
amount is 1.0, Eq.(24) can be simplified for ECI-H,O
binary solution without any complex hydrous salt
molecule formed as

N +N; =1 ) (28)

The equation groups of Eq.(26) and Eq.(28) or
Eq.(27) and Eq.(28) are the thermodynamic model of
calculating mass action concentrations for structural
units or ion couples N; in ECI-H,O binary solution
without any complex hydrous salt molecule formed,
respectively. NV; can be calculated by solving Eq.(26) and
Eq.(28) or Eq.(27) and Eq.(28) as follows:

N o= 2n, _ 2mgey
: Zni 2mpey +55.6°
N, 3 55.6 29)

TS 2mg +556

The expressions of L; or L; and N; for ECI-H,0O
binary solution without any complex hydrous salt
molecule formed are the same as equations described in
Eq.(14).

2.3.3 Model for binary system with ECI-2H,0 as formed
hydrous salt molecule with unknown AanGii

In the case of no standard molar Gibbs free energy
Aan?’ ; of the existed complex hydrous salt molecules
in ECI-H,O binary solution can be found from related
literatures, the common procedure of developing the
thermodynamic model of calculating mass action
concentrations for structural units or ion couples N;
from IMCT[7-9] is follows: 1)
confirming the chemical formulas of possibly formed
hydrous salt molecules from phase diagram of the
studied ECI-H,O binary solution; 2) establishing the
thermodynamic model from the proposed universal
thermodynamic model; 3) substituting the mass action
concentrations &; of ECl and H,O in ECI-H,O binary
solution by the reported activities of ECl and H,O in
formulas of equilibrium constant K for reactions of
possibly formed hydrous salt molecules. When a
relatively stable equilibrium constant K is obtained
for the reaction of formed hydrous salt molecule, the
thermodynamic model can be solved by using the
calculated K to determine mass action concentrations
of structural units or ion couples. Taking ECI-2H,0 as
formed hydrous salt molecule in ECI-H,O binary
solution with unknown AanG:ji as an example, the
procedure of developing thermodynamic model is
explained in the following text.

Certainly, the structural units in ECI-H,O binary

summarized as

solution with ECI-2H,0 as hydrous salt molecule are E*
and Cl as simple ions, H,O as simple molecule and
ECI-2H,0 as complex hydrous salt molecule. The mole
numbers of ECI and H,O in ECI-H,0O binary solution
with ECI-2H,0O as formed hydrous salt molecule before
reaction equilibrium based on 1 kg H,O are presented as
by =nde =mgcr , by = no =Muo =55.6 mol. The
mole numbers of structural units in ECI-H,O ternary
solution with ECI-2H,0 as formed hydrous salt molecule
formed under dynamic reaction equilibrium condition
based on 1 kg H,O <can be expressed as
n = I’lE+’ ECl = I’lle’ ECl = RECI = MECl, N3 =NH,0 = 55.6,
N4 = NEclon,0. Hence, the total mole number of all
structural units Zn,- in ECI-H,O binary solution with
ECI'2H,0 as formed hydrous salt molecules under
equilibrium condition based on 1 kg H,O can be
calculated according to the mass balance principle as

Zni =2n+n3+ny (30)

The mass balance of ECI and H,O in ECI-H,O
binary solution based on 1 kg H,O by Eq.(22) can be
rewritten as

_0 _ _ _
by =ngey =mgc =n +ng =

1 1
(5N1+N42)zni=(§N1+K?2N1N32)zni (31a)

—,0 —
b3 = nHZO =my,0 = N3 +2n4n

=(N3 +2N42)Zl’l[

=(N3+2KNIN2) > n; =55.6 (31b)

The developed universal thermodynamic model of
ECI-H,0 binary solution shown in Eq.(23) and Eq.(24)
can be simplified as

%b3Nl —b Ny + K (by —2b, )N, N3 =0 (32)

N +N; +K9N,N3 =1 (33)

The chemical reaction equilibrium constant K
of reaction for forming ECI-2H,O by Eq.(1.2) can be
presented by considering Eq.(32) or Eq.(33), respectively,
as

biN; —lb3N 1
K§ = — 2,
NIN? (b3 —2b)N|N?

KO — a4  dECI2H,0
T aa? 2
143 aEClaHZO

L,
o blaHzo _Eb3aEC1
Ky =

(b3 - 2b1 )a;ECIaI%IZO
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Ny 1-N,—N;s

Kf?z 3 5>
NiNj NiNj
® _ 442 _ 4ECI2H,0
Ky T e R s (34a)
aa; aEClaHZO
l-ay —a
0 _ ECI H,0
Kp=——F7"—— (34b)

a;EClaI%IzO

It should be specially pointed out that N; is
calculated based on pure matter as standard state and
mole fraction x; as concentration unit, which is the same
as the reported ap,o from literatures. Usually, activity
of H,O, ap,0, but not activity coefficient of H,O, is
reported in related literatures. Unfortunately, only
activity coefficient f;, not a,, is reported from literatures
for solute i, which is based on infinite dilute solution as
standard state and molality m; as concentration unit.
Hence, only ap,o can be applied to replace Ny,o,
while, agc, i.e., product of the reported activity
coefficient [, and mgci, cannot be used to substitute
for Ngci because Ng¢ is less than 1.0 while agc; can be
much larger than 1.0 when m; is high enough. Under
the circumstances, the calculated apy from multiplying
the reported fLo by xpci, which is less than 1.0, is
recommended to substitute Ny in  Eq.(34a) or
Eq.(34b)[7-9]. However, the calculated K 8 from
Eq.(34a) is certainly not equal to that from Eq.(34b)
because Eq.(34a) is formulated from mass balance of
solute ¢ and solvent H,O, while Eq.(34b) is based on
mole fraction of all structural units in a close system as
1.0 by using N, as concentration unit. Therefore, the
reported ap,o from literature and product of the
reported f{ and xgci as ape are applied in Eq.(34a)
to determine K9 according to IMCT[7-9].

When the calculated K9 from Eq. (34a) by using
reported ap,o and ape (= xkcifxer) from literatures
is constant with a very narrow fluctuation in various xgc
or mgc, the calculated K 8 can be applied in the
developed thermodynamic model as shown in equation
groups of Eq.(31) and Eq.(33) or Eq.(32) and Eq.(33) to
solve N, Z”i and n;. The expressions of L; or L;
and N; for ECI-H,0 binary solution with ECI-2H,0 as
complex hydrous salt molecule are the same as equations
described in Eq.(14).

2.3.4 Model for binary system with ECI-2H,0 as formed
hydrous salt molecule with known Aan?, ;

The structural units in ECI-H,O binary solution
with ECI-2H,0 as formed hydrous salt molecule with
known ArGr?,i consist of E* and CI as simple ions,
H,O as simple molecule and ECI-2H,0 as complex
molecule. The mole numbers of EClI and H,O in
ECI-H,O binary solution with ECI-2H,O as formed
hydrous salt molecule before reaction equilibrium based
on 1 kg H,O are presented as b =ngC] =mgl

by =n} o =mu,0 =55.6 mol. The mole number of
structural units in ECI-H,O binary solution with
ECI'2H,0 as formed hydrous salt molecule under
dynamic reaction equilibrium condition based on 1 kg
H,O can be expressed as  n=ng o =
A~ gc) = NECI = MECI, N3 = {0 =55.6, N4~ NECI2H,0-
Hence, the total mole number of all structural units Zn ;
in ECI-H,0 binary solution with ECI-:2H,0O as formed
hydrous salt molecule under equilibrium condition based
on 1 kg H,O can be calculated according to the mass
balance principle as

Zn,— =2n +n3+ny 35)

The mass balance of ECI and H,O in ECI-H,O
binary solution based on 1 kg H,O can be presented by
Eq.(31) or Eq.(32), and equilibrium constant K can
be calculated from ArGg, £t 21,0 BY EQ.(13).

Therefore, the thermodynamic model of ECI-H,0O
binary solution with ECI-2H,0 as formed hydrous salt
with known ArGﬁ ; 1s presented by combining of
Eq.(31) and Eq.(33) or Eq.(32) and Eq.(33). Therefore,
parameters as N, Z”i and n; in ECI-H,O binary
solution with ECI-2H,0O as formed hydrous salt with
known ArGg’ ; can be solved. The expressions of L; or
L; and N; for ECI-H,O binary solution with
ECI1-2H,0 as complex hydrous salt molecule with known
ArGr?,i are the same as equations described in Eq.(14).
2.3.5 Model for binary system with ECI‘H,O and

ECI-3H,0 as formed hydrous salt molecule with
known ArGg’i

In the case of forming ECI'-H,O and ECI-3H,0 as
hydrous salt molecules with known ArGg’ ; » the
structural units in ECI-H,O binary solution are
composed of E* and CI™ as simple ions, H,O as simple
molecule, ECI-H,O and ECI-3H,0 as complex molecules.
The mole numbers of ECl and H,O in ECI-H,O binary
with ECI'H,O and ECI-3H,0O as formed hydrous salt
molecules before reaction equilibrium based on 1 kg
H,0 is presented as by =nl¢ = meci,
by :ngzo =mpu,0 =55.6 mol. The mole number of
structural units in ECI-H,O binary solution with
ECI'H,O and ECI3H,0O as formed hydrous salt
molecules under dynamic reaction equilibrium condition
based on 1 kg H,O can be expressed as
n = }’lE+’ ECl = I’lclf’ ECl = PECI = MECl, N3 =NH,0 :55.6,
M41 = NECIH,0> M43 = NECI3H,0- Hence, the total mole
number of all structural units Z”i based on 1 kg H,O
in ECI-H,O binary solution with ECI'‘H,O and
ECI'3H,0 as formed hydrous salt molecules under
equilibrium condition can be calculated according to the

mass balance principle as
Zl’li =2n,+n3 +n4 +ng3 (36)

The mass balance of ECl and H,O in ECI-H,O
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binary solution with ECI'-H,O and ECI-3H,0 as formed
hydrous salt molecules with known Arfo,,. can be
presented by simplifying Eq.(22) as

_0 _ _
by =ngey = mect =Ny + 14 +ng

1
= (ENI + N4 +N43)an

1
= (EN1 +KQNIN3 + KNN3 (37a)

— 0  _ —
b3 _nHZO =my,0 = N3 +ny4 +3n43
=(N3 + Ny +3N43)Zn,-

=(N3+K§NIN3 +3KQNING) D ni =556 (37b)

Eq.(23) and Eq.(24) can be rewritten for ECI-H,0
binary solution with ECI'‘H,O and ECI-3H,0 as formed
hydrous salt molecules with known Aan?’i as follows:

1
5b3N1 —b N, +Kf?1(b3 —b)N|N; +

K (by—3b)N,N3 =0 (38)
N, +N; + KON, Ny + KN, N; =1 (39)

The thermodynamic model of ECI-H,O binary
solution with ECI'-H,0 and ECI-:3H,0 as formed hydrous
salt molecules with known AIGI(?M is represented by
combining Eq.(37) and Eq.(39) or Eq.(38) and Eq.(39).
The parameters as N, Zn,- and n; can be solved by
combining Eq.(37) and Eq.(39) or Eq.(38) and Eq.(39).
The equilibrium constants of K f)l and K g , Lior L
and N/ for ECI-H,O binary solution with ECI-H,O
and ECI-:3H,0 as formed hydrous salt molecules with
known Aan(?,i are also the same as equations described

in Eq.(13) and Eq.(14), respectively.

3 Application of universal thermodynamic
model

3.1 Application of developed models in binary

aqueous solutions
3.1.1 Model application in binary aqueous solutions

without any hydrous salt molecule formed

The representatives of ECI-H,O binary solutions
without any hydrous salt complex molecule generated
are KCI-H,0, CsCl-H,O, KBr-H,O and NH,Br-H,O
according to their phase diagrams[16]. Hence, the mass
action concentrations of structural units or ion couples in
KCI-H,0[10], CsCl-H,0[10], KBr-H,O[12] and
NH4Br—H,0O[12] binary aqueous solutions at 298.15 K
have been calculated by the developed thermodynamic
model of calculating mass action concentrations for
structural units or ion couples in ECI-H,O binary
solution without any hydrous salt complex molecule
generated. Taking KCI-H,O[10] binary solution as an
example, the application of the developed universal

thermodynamic  model is
hereinbelow.

The mass action concentrations of KCI and H,O in
KCI-H,O binary solution without any hydrous salt
molecule formed at 298.15 K can be calculated by
Eq.(29) directly. The transformation coefficients Ly
and Ly in various molalities of KCl are listed in
Table 1, the relationships between Ny and reported
activity[17] axa (= mge fxer) against xgci, Nio
and reported ay o [17] against xp,o, are illustrated in
Fig.1, respectively.

briefly = demonstrated

3@
- 2r
~'—_f
g
-
] -
= —Calculated Ny
*—Measured ag
0 0.02 0.04 0.06 0.08
xgei(7)
1.00
(b)
0.961
0
$ 09f
0.881 =—Calculated N}, o
*—Measured a;,,,
0.84 1

0.92 0.94 0.96 0.98 1.00
Xy,0(7)

Fig.1 Comparison of calculated mass action concentrations
Ny and Nyo with measured activities of KCl and H,O as
agal (=mgefra) and ay o in Ref[17] for KCI-H,O binary
solution without forming ar;y complex hydrous salt molecule at
298.15K

It can be seen from Table 1 that the transformation
coefficients of KCI (Lkc;) keep constant with a small
fluctuation range with an average datum of 18.099;
meanwhile, Ly o is also stable with 1.000 as average
datum. It can be also observed from Fig.1 that Ny
and Ny are in good agreement with the report in
Ref[17] aka (=mgcifxc) and ayq . Therefore, it
can be suggested that the calculated mass action
concentrations can be applied to present reaction ability
of KCl and H,O, and have a close corresponding
relation with reported activity data; all hypotheses used
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Table 1 Transformation coefficients between calculated mass action concentrations and reported activities of structural units or ion

couples for investigated six strong electrolyte aqueous solutions with various molalities of solutes at 298.15 K and equilibrium
constant of forming NaCIl-2H,0O in NaCl—H,O binary solution at 298.15 K

RbCI-RbNO;-H,0

KCI-H,0 NaCl-H,0 KF-H,0  HNOyH,0 NeCIKCILO T= gy + Mo, =
om0 O.SOR:(I)I/kg IE;;(();)
mxer L'xa  Ly,o Myvac K ?2 L'vaci Ly,o mxr L'xr muno, Lhno, Mwact Mnact L'vaci L'kt Veonos Mroct mnpno;  L'Rect LRoNO,
02 20.048 1.001 0.2 0.881 62351 0.998 0.1 1987 0. 95250 04 0. 57524 17813 00 05 00 1781 -
0.3 19249 1.001 0.3 0.938 60.034 0.997 02 1864 02 89277 0.8 02 54305 16550 02 04 0.1 17.55 16.05
0.5 18338 1.002 0.5 1.016 57.196 0.995 0.4 1716 04 83561 12 03 53061 15954 04 03 02 1729 1575
10 17338 1.003 1.0 1.119 54200 0.991 0.6 1646 0.6 80621 1.6 04 52.833 15693 0.6 02 03 1703 1546
15 17.023 1.004 15 1.168 53251 0.986 0.8 1605 0.8 78514 20 05 53254 15592 0.8 0.0 04 1678 15.18
20 17.016 1.004 20 1.188 53294 0.979 1.0 1573 1.0 77104 24 0.6 54139 15603
25 17210 1.003 25 1.189 53.885 0.972 2.0 1516 2.0 74592 32 08 57.400 15.826
3.0 17.525 1.002 3.0 1.172 55.000 0.964 3.0 1531 3.0 74495 40 1.0 62333 16.223
3.5 17.935 0999 3.5 1.142 56539 0.953 40 1591 40 76386
40 18412 0994 40 1.096 58487 0.944 50 1672 50 78311
45 18992 0990 45 1.040 60.752 0.933 6.0 1781 60 80170
5.0 0972 63.396 0921
5.5 0.891 66.406 0.907
6.0 0.798 69.772 0.894
Ave. 18.099 1.000 1043 58.897 0.960 1611 80 753 55.606 16.157 1729 1561

in the developed thermodynamic model are reasonable

and can depict the intrinsic structure of KCI-H,O binary

aqueous solution.

3.1.2 Model application in binary system with ECI-2H,0
as formed hydrous salt molecule with unknown
2,G2,

NaCl-H,O is a representative of ECI-H,O binary
aqueous solution with ECI-2H,O as hydrous salt
molecule with unknown ArGg’i based on its phase
diagram[18]. The developed thermodynamic model of
calculating mass action concentrations for structural
units or ion couples in ECI-H,O binary solution with
ECI'2H,0O as formed hydrous salt molecule without
ArGﬁi has been successfully applied in NaCl-H,O
binary solution[10] at 298.15 K by using the determined
stable equilibrium constant K2 through substituting
Nyocr in formula of K2 by product of reported
Slaci [17] and xnacr @s anacr and replacing Np,o in
formula of KQ by the reported am,o, respectively.
The determined K has an average datum as 1.043
with a small fluctuation in various molalities of NaCl in
NaCl—H,O binary solution as shown in Table 1 at 298.15
K. The transformation coefficient Ly, and Ly,o are
stable with 58.897 and 0.960 as average datum,

respectively, as shown in Table 1.

The transformed mass action concentrations Ny,
and Ny,0o have been compared with the reported
activities[17], anac1 (= Mygofnac)  @nd  ap,0, in
Fig.2 in various mole fractions of NaCl and H,O before
equilibrium, respectively. There is a good corresponding
relation between Ni,ci and anyc, Nh,0 and am,o,
with small deviation, respectively. Therefore, NaCl-2H,0O
surely exists in NaCl-H,O binary solution as described
in phase diagram of NaCl-H,O binary solution[18], the
developed thermodynamic model of NaCl-H,O binary
solution can represent the intrinsic structure of
NaCl-H,0 binary solution.

3.1.3 Model application in binary system with ECI-2H,0
as formed hydrous salt molecule with known
AI’GI’(;)I,[

NaBr-H,O, KF-H,O0 and ZnBr,~H,O are
representatives of ECI-H,O binary aqueous solution
with ECI'2H,O as hydrous salt molecule with known
ArGg ; from their phase diagrams[16]. The established
thermodynamic model of calculating mass action
concentrations for structural units or ion couples in
ECI-H,O binary solution with ECI-2H,O as formed
hydrous salt molecule with known Aan(?’i has been
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successfully applied in NaBr—H,0O and KF-H,0[11], and
ZnBr,—H,0[12] binary aqueous solutions at 298.15 K.
Taking KF—H,O[11] binary solution as an example to
demonstrate the thermodynamic model of binary solution
with KF-2H,0O as formed hydrous salt molecule with
known ArGﬁ[ at 298.15 K, the calculated Ly in
various molalities of KF has an average datum of 1611.0
as summarized in Table 1.

The transformed mass action concentration Nyp
and reported activity[19] axr (= mgg fgp) are compared
in Fig.3. There is a good corresponding relation between
Nkr and agr (=mgpfp) with a small deviation. It
can be seen from Table 1 that the transformation
coefficient of KF (Lgp) are relatively constant with
1611.0 as an average value. Hence, the hypotheses in the
developed thermodynamic model of KF-H,O binary
system are reasonable; the calculated mass action
concentration of KF can represent reaction ability of KF
in KF—H,O binary system; KCI-2H,O surely exists in
KF-H,O binary solution as described in phase diagram
of KF-H,O binary solution[16]; the established
thermodynamic model of KCI-H,O binary solution can

¥
6 -
0
$ 4
=
2r ,
= —Calculated Ny,q
*—Measured ay,q

0 0.03 0.06 0.09 0.12

Xnaci(™)
1.0
(b)
E 0.8+
= 0.6
=—Calculated N,y
*—Measured ay ¢
0.4 ! ' ,

0.90 0.92 0.94 0.66 0.98 1.00
Xi,0(7)

Fig.2 Comparison of calculated mass action concentrations

Niac1 and  Ny,o with measured activities of NaCl and H,O as

anacl (= myuorfrwer) and ay,o, in Ref[17] for NaCl-H,O

binary solution with NaF-2H,0O as formed hydrous salt

molecule at 298.15 K

8
= —Calculated Ny

6F *—Measured ayy
z
& 4
N,
-

2 -

1 1 | |
0 0.02 0.04 0.06 0.08 0.10

Xgr(7)

Fig.3 Comparison of calculated mass action concentration
Nir with measured activity of KF as agp (=mypfyp) in
Ref.[19] for KF—H,O binary solution with KF-2H,0O as formed
hydrous salt molecule at 298.15 K

represent the intrinsic structural properties of KCI-H,O

binary solution.

3.1.4 Model application in binary system with ECI-H,O
and ECI3H,0 as formed hydrous salt molecules
with known ArGﬁi
HNO;—H,0 is a representative of ECI-H,O binary

aqueous solution with ECI-H,O and ECI-3H,0 as formed

hydrous salt molecules with known ArGg,i from its
phase diagram[16]. The developed thermodynamic
model of calculating mass action concentrations for
structural units or ion couples in ECI-H,O binary with

ECI'H,O and ECI3H,0O as formed hydrous salt

molecules with known ArGg,i has been successfully

applied in HNO;—H,O binary solution at 298.15 K as
reported in previous publication[11]. The calculated

Lf{No3 has a narrow deviation with an average of 80

753.0 in large molality range as listed in Table 1. The

transformed mass action concentrations of HNO;

Nio, and reported activity[19] anNo,

(=myno, fino,) Wwith mole fraction xyyo, before

equilibrium as horizontal axis are compared in Fig.4.

There is a good corresponding relationship between

Nino, and  ayno, (=myno, fiino,) With a  small

deviation. It can be deduced from Fig.4 that the structural

properties of considering HNO3-H,O and HNO3:3H,0 as
formed hydrous salt molecules in HNO;—H,O binary
solution from phase diagram[16] are reasonable.

3.2 Application of developed models in ternary
aqueous solutions

3.2.1 Model application in ternary systems with formed
hydrous salt molecules
The developed thermodynamic model of calculating

mass action concentrations for structural units or ion
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= —Calculated Ny,
6F °— Measured ayno,

Ninos @nnol7)
s
1

1 1 1

0 0.02 0.04 0.06 0.08 0.10

XpnodD)

Fig.4 Comparison of calculated mass action concentration
Nino, activity of  HNO; anno,
(= myno, fino,) in Ref.[19] for HNO;—H,O binary solution
with HNO3;-H,O and HNOj;-3H,0O as formed hydrous salt
molecules at 298.15 K

with  measured

couples in ternary aqueous solution has been successfully
applied in NaCl-KCI-H,0[13] and NaClO,~NaF—-H,0
[15] ternary solutions with formed hydrous salt
molecules at 298.15 K. Choosing NaCl-KCI-H,O
ternary solution with NaCl-2H,O as hydrous salt
molecule at 298.15 K as an example, the structural units
in NaCl-KCI-H,O ternary solution are composed of Na",
K', and ClI" as simple ions, H,O as simple and
NaCI'2H,0 as complex molecules from the phase
diagram[18]. The mass balance of NaCl, KCI and H,O in
NaCl-KCIl-H,O ternary solution based on 1 kg H,O
shown in Eq.(10) can be simplified as

0 _ _ _
by = nR,c; = MNacl =11 +14p =

1 1
(ENI +Nip)Y i = (EN1 +KQNIND)Y n;  (40a)

1
bz :”ga =mgc| =Ny :Eszni (40b)
bs = n%zo =my,0 = N3 +2n4y =
(N3 +2Ng)D n; =
(N3 +2K9NIN3)D n; =55.6 (40c)
Eq.(11) and Eq.(12) can be rewritten for

NaCl-KCI-H,O ternary solution as follows:

%b3N1—b1N3+Kg(b3—Zbl)N1N32=0 (413)

%b3N2 —byN3 —2b,KQN N2 =0 (41b)

ZN,'ZN1+N2+N3+N42=

Ni+Ny+N3;+KQN N7 =1 (42)

Therefore, the equation groups of Eq.(40) and
Eq.(42) or Eq.(41) and Eq.(42) are composed of the
universal thermodynamic model of calculation mass
action concentrations for structural units or ion couples
N; in NaCl-KCI-H,O ternary solution, respectively. The
mass action concentrations of NaCl, KCl and H,O in
NaCl-KCI-H,O ternary solution have been calculated
and reported in detail in previous publication[13] in
different mole number ratios of NaCl to KCI, i.e.,
r=myaci/myc, as 0.2, 0.5, 1.0, 2.0, 3.0, and 4.0,
respectively, under condition of knowing K as
describled in Section 3.1.2 as 1.042[13]. The transformed
mass action concentration Nyaci, Nkciand Ny, have
been compared with the reported activities[20], anaci
(= myacr/Nact)s ket (=myeifre) and  ap,o , with
different r.

As a representative of results, the transformation
coefficients Lyaci and Lk with » of 4.0 are listed in
Table 1 as 55.606 and 16.157, respectively; meanwhile,
comparison of Nyaci, Nkar and Ny,o with the
reported activities[20], anact (= Mo /Nact)>  @Kal
(=mgefra) and an,o, is also given in Fig.5 with r of
4.0, respectively.

It can be observed from Fig.5 that the transformed
mass action concentrations Nyaci, Nkci and Np,o,
are in good agreement with the reported activities[20],
anacl (= myae1fNac)s aka (Emgafka) and  au,o
with 7 of 4.0. It is shown from Table 1 that Ly, and
Lici remain constant with small deviations with » of
4.0. Hence, the developed thermodynamic model of
calculating mass action concentrations for structural
units or ion couples in NaCI-KCI-H,O ternary solution
can be successfully applied to predict reaction ability and
reflect structural characteristics.

3.2.2 Model application in ternary systems without any
hydrous salt molecule formed

The developed thermodynamic model for ternary
solution without any hydrous salt molecule formed has
been successfully applied in RbCI-RbNO;—H,0 ternary
solution[14] at 298.15 K. Certainly, the structural units in
RbCI-RbNO;—H,0 ternary solution at 298.15 K are
composed of Rb", CI” and NO; as simple ions, H,O as
simple molecule from the phase diagram[18]. The mass
balance of RbCl, RbNO; and H,O in RbCI-RbNO;—H,0
ternary solution based on 1 kg H,O shown in Eq.(10) can
be simplified as

1
by = niyey = mroct = 1y :ENIZ”i (43a)
1
by = nyno, = MRoNO; =12 :Esz"i (43b)
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Fig.5 Comparison of calculated mass action concentrations
Niacl, Nka and Ny, with reported activities of NaCl, KCl
and HyO as awact (=myuefiuc)> kel (=mgefre) and
au,oin Ref[20] for NaCl-KCI-H,O ternary system with  of
4.0at298.15K

b3 =I’ll(_)I20 =my,o0 =N3 = N3ZI’!,‘ =556 (430)

Eq.(11) and Eq.(12) can be expressed for
RbCI-RbNO;—H,0 ternary solution, respectively, as

%b3N1 —b1N3 =0 (443)

%b3N2—b2N3 =0 (44b)

> Ni=Ny+Ny+Ns=1 (45)

Therefore, the equation groups of Eq.(43) and
Eq.(45) or Eq.(44) and Eq.(45) are composed of the
universal thermodynamic model of calculation mass
action concentrations for structural units or ion couples
N; in RbCI-RbNO;—H,0 ternary solution, respectively.
The mass action concentrations of RbCl, RbNO; and
H,0 in RbCI-RbNO;3;—H,O ternary solution have been
calculated and reported in detail in previous
publication[14] in a range of the total ionic strength, i.e.,
I = myacio, + Myar » from 0.1 to 0.9 mol/kg (H;0) in 0.1
mol/kg (H,O) step with different ionic strength fractions
of NaClO,, VRoNO, = MrbNO, /1 = MRpNo, /
(Mgycr +Mepno, )> as 0, 0.2, 04, 0.5, 0.6 and 0.8,
respectively[14]. The transformed mass action
concentrations Nppcy and  Ngpno, have  been
compared with the reported activities[21], arpc
(= mgocifrocr) and  areno, (= MrbNo, fRENO,) With
different [ values reported elsewhere[14].

As a representative of results, the transformation
coefficients Lrpci and Lrpno, With 7 of 0.5 mol/kg
(H,O) are listed in Table 1, meanwhile, comparison of
Nrocr and  Ngrpno, With the reported activities[21],
aroct (= mMgycrfroc,) and - arono, (= MrpNo, SRoNO, ) 5
are also given in Fig.6 under condition of / of 0.5 mol/kg
(H,0), respectively.

It can be obtained from Table 1, Fig.6 and other
results described in previous publication elsewhere[14]
that Ngpcy and Nppno, are in good agreement of
reported  activities[21], aroci (= MRpcrfRocr,)  and
aroNo; (= Mpyno, fReno,) 1 @ large change range of  ;
the transformation coefficients, Lryey and Lrpno, >
listed in Table 1, keep constant with 17.29 and 15.61 as
average datum with small deviations under condition of /
as 0.50 mol/kg (H,O) for various vrpNno, , respectively.
Therefore, the developed thermodynamic model of
calculation mass action concentrations for structural
units or ion couples in RbCI-RbNO;—H,O ternary
solution can be successfully applied to predict reaction
ability and reflect structural characteristics.

4 Discussion and error analysis

Although  the  transformed mass  action
concentrations of structural units or ion couples N; in
various binary and ternary aqueous solutions have good
consistency with the reported activity a; (=m, f;), small
difference between N/ and g; can be observed for some

solutions in high concentration range of solute. The
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Fig.6 Comparison of mass action concentrations N, and
Nrono, With reported activities of RbCl and NbNOs as appc
and agyno, in Ref[21] for RbCI-RbNO;-H,O ternary
solution with total ionic strength / of 0.5 mol/kg (H,O) at
298.15 K

reasons of small errors of the transformed mass action
concentrations of structural units or ion couples with the
reported activities can be summarized as follows:

1) Solute in high concentration range almost reaches
saturation.

2) A transformation coefficient L must be used
when comparing the calculated mass action
concentration ; and the reported activity a; (=m,f;) of
solute i. However, the calculated N; is based on pure
matter as standard state and mole fraction x; as
concentration unit, while the reported a; (=m,f/) is
relative to infinite dilution as standard state and molality
m; as concentration unit. The average transformation
coefficient fl' is the average of ratios for a; to N; with
solute concentrations in the investigated
concentration range, some errors can be certainly
generated from the average calculated transformation
coefficient L] . The idea method is to compare the
calculated mass action concentrations of structural units
or ion couples and reported activities relative to pure
matter as standard state and mole fraction x; as

various

concentration unit for solutes.

3) To some strong electrolyte aqueous solutions,
equilibrium constant K of reactions for forming
hydrous salt molecules cannot be accurately calculated
because its free formation energy ArGSJ cannot be
found from related literatures. The suggested method to
get KP by ZHANG[7-9] is calculating K by
substituting N, in formula of K by product of
reported activity coefficient f; multiplying by x; as a';
(=x,f) for solute, but not traditional activity a;
(=m; f}) for solute, with a relatively stable in an
acceptable fluctuation range. It is not an absolutely
correct, but an acceptable method. The average datum
K? can certainly induce some deviations.

5 Conclusions

1) A universal thermodynamic model of calculating
mass action concentrations for structural units or ion
couples in ternary and binary strong electrolyte aqueous
solutions based on the ion and molecular coexistence
theory has been developed and verified in four kinds of
binary and two kinds of ternary aqueous solutions. The
calculated mass action concentrations of structural units
or ion couples in four binary and two ternary solutions
have good agreement with the reported activity data from
literatures after shifting the standard state and
concentration unit.

2) The mass action concentrations of structural units
or ion couples calculated from the developed universal
thermodynamic model for calculating mass action
concentrations of structural units or ion couples in
ternary and binary aqueous solutions can be applied to
predict reaction ability of components in ternary and
binary strong electrolyte aqueous solutions.

3) The developed universal thermodynamic model
for ternary and binary aqueous solutions provides a
useful method to judge structural characteristics of
ternary and binary strong electrolyte aqueous solutions.

4) It is confirmed from the developed universal
thermodynamic model for ternary and binary aqueous
solutions that ternary and binary strong electrolyte
aqueous solutions are composed of cations and anions as
simple ions, H,O as simple molecule, and other hydrous
salt compounds as complex molecules.

5) The calculated mass action concentrations of
structural units or ion couples in the investigated ternary
and binary strong electrolyte aqueous solutions strictly
follow the mass action law.

Symbol list

a—Reported activity of component i in aqueous
solutions as m; f; , (-);

a'—Activity of component i in aqueous solutions
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defined as x; f/, (-);

b—Total mole number of components i before chemical
reaction equilibrium in aqueous solutions, mol;
f—Activity coefficient of component i relative to
infinite dilute solution as standard state and molality m;
as concentration unit, (—);

I—Total ionic strength of solutes i and j in aqueous
solutions as m;+m;, mol/kg (H,O);

K © —Chemical equilibrium constant, (—);

L] —Transformation coefficient of component i between
the calculated mass action concentration chosen pure
matter as standard state and mole fraction x; as
concentration unit and the reported activity relative to
infinite dilute solution as standard state and molality m;
as concentration unit, (—);

L —Average of L/, (-);

m~—Molality of component i in aqueous solutions,
mol/kg (H,O);

M 11,0 —Mole mass of H,0, 18 g/mol;

n) —Total mole number of components i before
chemical reaction in aqueous solutions, same as b;, mol;
n—Equilibrium mole number of structural unite i or ion
couple 7 in aqueous solutions, mol;

N—Mass action concentrations of structural unite i or
ion couple i in aqueous solutions, (—);

N; —Transformed mass action concentration of
structural unit 7 or ion couple 7 in aqueous solutions, (—);
R—Gas constant, 8.314x10 kJ/(mol-K);

r—Ratio of molality for solute 7 to solute j, (—);
T—Absoulte temperature, K;

v—Ionic strength fraction of component i as m/I, (-);
x—Mole fraction of components i before equilibrium,
(@3

Aan?’ ; —Standard molar Gibbs free energy of forming
hydrous salt compound i as complex molecule, kJ/mol;

> n; —Total mole number of all structural units in
aqueous solutions under equilibrium condition, mol;

> n? —Total mole number of structural units before
dynamic equilibrium, mol.
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