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The semi-ideal solution theory has been presented to describe the changes in thermodynamic properties
accompanying the process of mixing the nonideal electrolyte solutighsNY)sa—H20 (i = 1 and 2) at
constant activities of NY and 4D, including concentration, chemical potential, activities of alKMGibbs

free energy, enthalpy, entropy, thermal properties, and volumetric properties. The theory states that, under
the conditions of equal activities of NY and,®, the average hydration numbers characterizing the-ion
solvent interactions have the same values in the mixture as in the subsystems and the process of mixing these
nonideal electrolyte solutions is as simple as that of mixing the ideal solutions if the contributions from the
ion—ion interactions to the solvent activity are assumed to be the same in the mixture as in its subsystems,
which has been justified by the calculations of the Pitzer equation. Therefore, a series of novel linear equations
are established for the thermodynamic properties accompanying the process of mixing these nonideal solutions
as well as mixing the ideal solutionsiX|—(NY)sa—H20 (i = 1 and 2) of equal mole fractions of NY and

H,0. From these equations, the widely applied empirical Zdanovskii’s rule is derived theoretically, and the
important constant in the McKayPerring equation under isopiestic equilibrium is determined theoretically,
which has been substantiated by comparisons with the experimental results for 18 mixtures reported in the
literature. Isopiestic measurements have been made for the systeras BaCl—H,0, NaCHBaCh—LaCl;—

H>O, and NaCtLaCl,—BaCh:-2H,Oia—H20 at 298.15 K. The results are used to test the novel linear
concentration relations, and the agreement is excellent. The novel predictive equation for the activity coefficient
of MiX; in M1X1—M2X>—(NY)sar—H20 has been compared with the calculations of the Pitzer equation, and
the agreement is good.

1. Introduction widely applicable than can be theoretically justified by
Mikhailov.1”*8Rard also derived the rule by assuming that the

Zdanovskii for ternary unsaturated electrolyte solutiarsl was osmotic coefficie_nts (_Jf the b‘”?‘Ty z_md mgltic_omp_o nent soll_Jtions
derived for unsaturated nonelectrolyte solutions by Stokes and'€ €dua! under isopiestic equilibriufhwhich is evidently quite
Robinsor?-5 Since then, it has been experimentally extended reasonable for the solutions of 1:1 electrolytes. Therefore, in
to unsaturated aqueous solutions of electrolytes and nonelecthis study, a semi-ideal solution theory is proposed on the basis
trolytes®” The Zdanovskii's rule coupled with the McKay  of the Debye-Huckel theory and the concept of the stepwise
Perring equatichyields the simple equation for the activity hydration equilibrium, from which the novel concentration
coefficient of either solute in multicomponent unsaturated relations for multicomponent saturated electrolyte solutions are
solutions? However, while the model parameter in the Mckay  established and the Zdanovskii’s rule (for unsaturated solutions)
Perring equation was announced to be an arbitrary proportional-is theoretically derived. The simple equation for the activity
ity constant, in practice it was empirically set equal to the salt coefficient of each unsaturated solute in saturated solutions is
stpichiometric g:oefficien*_i?12 Recently, this rule has receivgd also derived, from which the simplified McKayPerring equa-
wide and growing attentién*® and has been used to establish o, for unsaturated solutions is reproduced and its proportional-
the novel predictive equations for the thermodynamic proper- i, constant is theoretically determined. A new set of simple

iacl0,11 i it2 i i
t'elSJ ¢ and V'?EOSQZ of mt;!’_[!corr}pohnent sslgltlonsﬂ.q icall predictive equations are proposed for thermodynamic properties
. “Ptonow, the £aanovskil's rule nas not been theoretically ¢ o rated electrolyte solutions from those of their subsystems.
justified. Mikhailov derived the rule for very dilute electrolyte L
: , .26 The isopiestic measurements at 298.15 K have been made for
solutions where the DebyeHiickel theory applies® However, h ; NaGiBaCh—LaCl—H,0 and NaCiBaCl:
extensive isopiestic results indicate that the rule is much more e systems Natiba atls—hL an . a a .
2H:0sar—LaClk—H»0. The results together with the calculations
* Corresponding author. E-mail: Huyf3581@sina.com. Fax: 86-10- based_ on the Pitzer equat?@ﬁl are used to test the proposed
69744849. equations.
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The Zdanovskii's rule was first discovered empirically by
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2. The Semi-ldeal Solution Theory
Let electrolytes NX; and NY represent the solute components

present below their solubility limits and that present as saturated.

solutions, respectively. Let the superscripbd)(denote the
quantity in the ternary saturated subsystefXM(NY)sar—H20
or in the binary unsaturated subsystenXi4H,O. The other

notations used in this paper are summarized in the Glossary. In
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YMixiMixi—H,0 = YMilmi—H,0 + Vx;hxi—H,0. YNy @ndvny iy —H,0
are similarly defined.

Similarly, an,o for the mixture MX1;—M2Xo—(NY)sar—H20
is given by

free
H,0

Ina, o =Inags+In (5)

otal

this study, it is assumed that all electrolyte solutes are completely

dissociated and produeg, andvy cations of charges(, and
zy) and (x; andvy) anions of chargesz; andzy), respectively.

Note that in this paper the cations and anions are denoted byaﬂ%, if we assume thadb'L =
2

(M; and N) and (Xand Y) instead of (Mw' and Na") and
(X%~ and Y&").2t

2.1. Treatment of lon—Ilon and lon—Solvent Interactions.
In this study, the iorrion interactions in the mixture WK;—
M2X>—NY sayy—H20 are treated with the DebydHuickel theory,
and the ion-solvent interactions are described by the stepwise
hydration equilibriun®=° That is, the Gibbs energy of the above
system is composed of two terms, nameBy= GPH + GH,
where GPH is the Debye-Hickel contribution, andGH de-

scribes the semi-ideal mixture of the resulting species based on

the mole fractiorx. Therefore, Ina = In aP" + In a7, where
ay = x. The stepwise hydration equilibrium can be symbolized

by
NY(s) + H,O= uNN-HZO(l) + v,Y(aq) Q)
and

@)

where U= N, Y, M;, and X withi =1 and 2, and = 2, ...,

n. If we assume thatl(’}, oq/alt,o¢-1 = 1, then the equilib-
rium constantsk('U for the hydration equilibrium denoted by eq
2 are given by

Xu-H,00)

KU —
U2
XU-H,0(0-1)3H,0

©)

It is clear thatKlU and thereby the average hydration numbers,
hu-n,0 = ofy with =83/ In aw,0 = Y1 IKY ... K &, , and
¥ =1+ 3K/ ..K’a,, depend only on water activity
an,0. However, the equilibrium constamtT = XN~H20(1)XY(aq/
an,o for the saturated solutes (equaly = any/any, =
any g for NY(s) = NY(aq) timesKy = XnN-H,00XY aof (ANY oo
an,0) for NY(aq) + H2O = unN-H201) + vy Y(aq)) is different
from KQ"l_= XMy-Hz00/ (XM 1-H008H,0) fOr unsaturated solutes,
and thushn-n,0 differs fromhy,—n,0 for a given water activity
aH,0-

22.2. Novel Linear Concentration Relations at Constant
Activities of NY and H,O. The water activity for the semi-

ideal mixture MX;—(NY)sar—H20 (i = 1 and 2),aﬂ°23, is given
by?2~5 2
In af?h, = In affs™" + In Xy 4)

where the superscript free denotes the free quamﬁ%f’”
and X14" are the DebyeHiickel contribution to water
activity and the mole fraction of the free solvent®iin the
mixture. x(g")g"ee = ngjgfrevng;gg? \)/vith ngOg)"ee = (nﬁ)',"g) — VX
I 10, 0) __ 10),Iree

hz\i/g;(i—HzonMiX-tio)_ vNvhny—roNy and Mg = NE g + v,
Mux, T YNYNyy, Wheren andv are the mole number and the
salt' stoichiometric coefficientymx, = vm, + vx, and

: free __ 2 I I
with Ny o = Mo — Zing Ymixitvixi—H0MMixi — v Ny PNy —H,0-

NNy andntom = n{j‘i‘g + ziZ:j_ VMlxianxi + VYNYNNY - SinceaHzo =
¥ a5, then combination of egs

4 and 5 yields (see Supporting Information for the detailed
derivation)

nM1X1 (10) nM2X2 n(20) =n (6)
(1o) HO (20)  H0 H,0
Mlxl nMZXZ
and
Ny.x My_x
11 (10) 2 (20) _
NNy + NY — My (7)

(10)
M3 Xy

(20)
M2X,

at constant activities of #0 and NY and within the range 8
[nwx/n{°k ] < 1. Equations 6 and 7 can be generalized to the
mixtures MXi—++*—MpXn—(N1Y 1)sac***—(NiY )sa—H20 in
terms of the concentrations of its subsystemXM(N1Y 1)sar—
«*—(NnY)sa—H20 (i = 1, 2, ...,n) of equal activities of all

N1Y1, ..., NvYy and HO
nMux
;n(io) nl(_l;:}): L) 8
and
nMyx
2 =ny, (=12..mM O

where 0= [nux/nik] < 1, a0 = const andayy, = const
That is

n My x,
— =1 (10)
iy
i rn%\i]o&j =myy, G=1,2,..n (11)

It is clear that for the mixtures NK;—M2X,—H,0 eq 10
reduces to the well-known Zdanovskii’s rtile

Mo, M,

(10) (20)
M %Xy My X2

12)

Wherem(;j,’)x_ (i =1 and 2) are the molalities of M; in M;X;—
H,O (i = 1 and 2) at the water activity of the mixed solution
M1X1—M2X2—H20 of given molalitiesn, .

2.3. New Simple Equations for the Thermodynamic
Properties. The thermodynamic relations for the systenXi-
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(NY)sar—H20 (i = 1 and 2) at constant temperature and pressure

can be expressed as

ntio)

Vi M, S v M el + b dueld, =

(uih = constandu{y = cons) (13)
If we define the chemical potentlﬁ&,,")

(L) iy +
), then eq 13 can be rewritten as

0)

Vi n('°) d Inu("’) +nf °d In/,z('o) =0

(uih = constandu{y = cons) (14)
That is
duiry nice
8#,(_'823 il - Ymx nﬁ/l g(, ufigh
(uiih = constandu{y) = cons) (15)

In literature, a similar equation has been given for the system
J—H,0.22 For the system YX;—MX>—(NY)sa—H20, we reach

S
BMHZO Mmix1,Mmax2 M i anM‘X' U0 amitxi = MiX
(11,0 = constanduy,, = cons}) (16)

with i € (1, 2). Combination of eqs 8, 15, and 16 gives (see
Supporting Information for the detailed derivation)

(0 4 RT| T2 (17)
Hmx, = Hmx, n
VMlxllexl + VMZXZXMZXZ
Ay x = T aiy) (18)
X X;
o VMlxllexl +VM2X2XM2X2
and
(i0)

fay = T ) 19
MX T X Xy Mi% (19)

Mlxl Mlxl MZXZ ZXZ

wherei = 1 and 2,ay,0 = const andayy = const a andfux;
are the activity and the activity coefficient on the mole fraction
scale. Equation 18 is equivalent to

VMIX\WIXI
’VMlxer.HvI 1X1 + /VMZXZWNZXZ

v x, = (i=1land?2)

(ay,0 = constandayy = cons) (20)

fwix; is related to its molal valugw,x; by fuix, = Ymix[1 + Mu,0f
1000(22:1n1wixi + myy)], whereM is the molar mass. There-
fore, eq 19 can be rewritten as

Ymx, mm(

’VMlermlxl MZXZWZXZ

Yok

Ymx. = (i=1and?2)

Hu et al.

(ay,0 = constandayy = cons) (21)
For the unsaturated solution;M;—M,X>—H-0, eq 21 reduces
to the following well-known equation derived by Vdovenko and
Ryazanov*

' VMixim&?;‘ 9 (= 1and2)
YMx. = Y I=1an
MIXI VMlxlmlxl + VMZXZIT‘VIZXZ " X
(8,0 = cons) (22)

where the superscript denotes the quantity of M; in
unsaturated solutions Mi—H>O (i = 1 and 2) and MX;—
M2X5—H50.

Now, let AmixGi9, ApnixH), ApiSi©), and AmixV(© denote
the changes in Gibbs free energy, enthalpy, entropy, and volume
accompanying the process of preparing the subsysteis-M
(NY)sar—H20 (i = 1 and 2). LetAnixG, AmixH, AmixS andAmixV
represent the corresponding properties accompanying prepara-
tion of the system MX;—M2>X2—(NY)sar—H20 having the same
activities of NY and HO as those of the subsystemsXyt+
(NY)sar—H20 (i = 1 and 2). Then, combination of eqs 8 and 9
with eq 18 and the thermodynamic relations (remembering the

fact thatay,o = af;y = a2 andawy = aiy = ay) gives
2 Ny X,
Ay, G = A G +
2 VMIXIXMIXI
RTY vy x,Mwx, IN (23)
= 1/’V|2X2X’V|2X2 T VM1X1XM1X1
anxl (]_0) n 2 2 (20)
AmixH = (10) mixH + n( Am|xH (24)
Mlxl 2X2
M,x, 10) M,x, 20)
AV =—- A, VO + A, V2 (25)
n(10) Ny (20)
1 2 2
2 Ny x,
mle leglO) +
= n(IO)
2 VMiXiXMixi
RY Vux.Mux, In (26)
1= VMZXZXMZXZ + VMlxllexl
C.— M3Xy C(lo) My MX 2C(20) (27)
Ppto TP (20)
Mlxl MZXZ
Yvx, T Yvx,
d= ; (28)
(Y /d™)
1=
with y|v| X = (nM x/n(lo )n('o) MHZO + nM X; MM Xi + (nM x/n (i

niMyy, whereCp andCl® are the specific heat capacmeis
andd@) denote the densities. Note thmxln(" andn in egs
23-28 can be replaced by x/m% andm, respectively, and
that under this condition eqs 226 are the changes in the Gibbs
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free energies, enthalpy, entropy, and volume of mixing per systems KC+CdChL—H,0O and KFCdl,—H»0. (4) 0.13%=<

kilogram of solvent, respectively.
For the unsaturated solutions, eqs-28 reduce to the simple

A'(l°) PH < 1.85% and 0.58%= A/22P" < 1.76% within the
range 0.2 | = 7.8 mol kg™ for the (1:1+ 1:3), (1:1+ 1:4),

predictive equations for the Gibbs free energy, thermal proper- and (1:2+ 1:3) electrolyte mixtures, including HELaCl;—

ties, and volumetric properties of unsaturated solutioiX M-
M2X,—H>0 from the properties of its subsystemsXy-H,0

H,O, HCI-SmCk—H,0, NaCkLaClk—H>0O, HCI-ThCl;—
H,0, and BaCl—LaCl;—H,0. The results for the examined (1:1

(i = 1 and 2) of equal water activities, and the equations + 1:1) mixtures within the whole examined experimental range
reproduced from egs 27 and 28 have been shown to be in goodare in good agreement with the assumption (in derivation of
agreement with the experimental results reported in the litera- eqs 6-12) thata'('o) DH 4 vDH = 1, suggesting that these mix-

ture 10,11
3. Comparisons with the Experimental Measurements
and the Pitzer Equations

3.1. Justification of the Basic Assumption.According to
the Pitzer equatio? 21the Debye-Hiickel contribution to the
osmotic coeffrcrentp can be determined from

2 — A?%2

Phso = TG
z VM, T iy My

wherel is the molal ionic strength (mol kg), and A? is the
molal Debye-Hickel coefficient (0.3915 at 298.15 Kb.is a
universal parameter with the value 1.2&gnol~*2. Therefore,
a6 can be calculated from eq 29 and

In arazHo =- MH20¢DH(ZVr\/riximrvrixI + iy May)

(30a)

The average deviatiom\{{3™" for the saturated solutron

M1X1—M2Xo—(NY)sar—H20 “from the relatrora,(f’z)DH aH =1
is then defined as
s
Z' oH 4
a0
AP =100 x (30b)

whereN is the number of experimental data points. The function
AS%PH for the unsaturated solutions is similarly defined.

The calculated values @fﬁo (= —Muof®S i vmximy )
for 24 ternary unsaturated systems)M—MZXZ H.0 at 298 15
K and those oh’H'%DH for their binary systems M;—H,0 (i

= 1 and 2) of equal water activity are shown in Table S1
(Supporting Information). The values @Y(“’) PH are as fol-
lows: (1) 0.01%= A,{Q°" < 0.12% and 0. 02% AP <
0.12% within the range 0.% | < 4.2 mol kgt for the (1 1+
1:1) electrolyte mixtures, including Na€KCl—H,0, NaCF
LiCl—H20, NaCHNaClO,—H,0, and NaC-NaNG;— HZO. 2)
0.09% < A{DP" < 0.84% and 0.36%= A" < 1.36%
within the range 0 2% | < 4.92 mol kg'* for tzhe frrst 13 (11
+ 1:2) electrolyte mixtures, including Na€CaCh—H-0,
NaCl-BaCh—H,0, NaCHMgCl,—H,0, NaCkSrCh—H,0,
HCI-BaCb—H,0, HCI-CaCb—H,0, HCI-CoCL—H,0, HCI—
NiCl,—H20, HCI-SrCh—H,0, HCI-MnCl,—H,0, HBr—
BaBrL,—H,0, HBr—CaBr—H-0, and HBr-MgBr,—H,0. Note
that theA’S‘gDH values for these solutions are in general less
than 0.60%. (3) (2.96% ASAPN < 4.08%, and 0.55%<
AP < 1.09% within the range 0.7& | < 7.6 mol kg%
and (6.43%= ASY" < 13 78% and 2.0% A?9PH < 3.25
within the range 9.0< | < 16.8 mol kg?) for the ternary

tures conform to eq 12 exactly, which is in accordance with
the isopiestic measurements. For the first 13 (%:11:2)
electrolyte mixtures, the values m'("” OH are in general less
than 0.60%, implying that these systems also conform to eq 12
very well when recalling the fact that eq 12 is expressed in
terms of molality but eq 30 in ionic strength. In fact, isopiestic
measurements show that Na®iCl,—H,0 and HCHMClI,—
H,O with M = Ba, Ca, Mg, and Sr obey eq 12 exactly or at
least quite well within the whole examined molality ranges. The
values of A{Pi>" for the examined (1L:1 1:3), (L:1+ 1:4),
and (1:2+ 1: 3) mixtures are larger than those of the (#:1
1:1) and (1:1+ 1:2) electrolyte mixtures; however, these
systems may still conform to eq 12 well, as supported by the
isopiestic results for NaGlLaClz;—H,0%® and BaCj—LaCl—
H,0 (see Table 1), which is attributed to, as mentioned above,
the fact that eq 12 is expressed in terms of molality but eq 30
in ionic strength.

The results for the complex-forming systems KCQdChL—
H,0 and K-Cdl,—H;O are noticeable. Thein{d™" is
considerably larger tha, 3", and A{2°" and A’(2° ) DH
increase rapidly with mcreasrng molalrty mdrcatrng that the
deviations of these systems from eq 12 increase progressively
as the concentration increases and the deviations from the
Zdanovskii's linear plot are not symmetrical (the largest
deviation does not appear at the point whegge, =
All these are substantiated by the isopiestic results reported in
the literature such as those for the system-KHI,—H,O at
298.15 K4illustrated in Figure 1. It is seen from Table S1 and
Figure 1 that, while|A'!2PHACIPH > 1 the deviations
from the Zdanovskii pIot correspondrngly increase toward the
regions whereny,  /ny, »

3.2. Test WhetherkM X,Zl\/lust Be Set Equal touy,x;. McKay
and Perrin§ derived an equation for the activity coefficient of
either solute in ternary aqueous solutionXM—M2X,—H0

1 Kux,

MHZO Ymyx,

(10)
kM X 1m'M X1

m*

_ (10) In 1,0
I yyx, =N y4%, +1n 1
om*

_ 1 om )} _ 1 (10) ,
{ m*z(a Inr, x) m + Ky x,Myix, pdInay o (31)
272, aH

whereyy « is the activity coefficient of solute MK in the
mixture, andy'(1°) is its value in MX;—H>O at the water
activity of the mixture. ku.x, is an arbitrary proportionality
constant for solute MK1. m* is equal to (<M1><1m'M1x1 + Kuvix,
my ><) and it may be, for example, the ionic strengthyf,x,
an ksz2 are suitably chosen (here we denkigx, andkwv,x,
under this condition by, X andk, x, for convenience}.The
ratio rm,x, is equal to kszer'tvl Xfm* For the unsaturated
solution MiX1—M2X>—H>0 obeyrng eq 12, eq 31 reduces to

lexlrn'
Ky xMx, T

(10)
Mlxl

kszzmzxz

1(10)
lxl

)’r\/rlx1 = (32)
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TABLE 1: Isopiestic Results for the Systems BaG{M >X;)—LaCl3(M3X3)—H,0O and
NaCl(M 1X;)—BaCly(M 2X;)—LaCl3(M3X3)—H,0 at 298.15 K, Taking Aqueous NaCl as the Reference Solutién

My x, My,x, My, V'kAlxlb y'I\P/IlX © V'IKAZXZ Vh'Asz %\'AI;X3 VI\’AF;XS
BaCh(M2X2)—LaCk(MaXa)—Hz0, Al o 00 = 0.08%
mi% = 0.5058 Mm% = 0.3650M{3 = 0.2815

0.1020 0.2027 “0.4080 0.4053 0.2665 0.2856
0.1582 0.1594 0.4096 0.4071 0.2676 0.2872
0.1987 0.1281 0.4110 0.4084 0.2685 0.2889
0.2086 0.1207 0.4109 0.4088 0.2684 0.2894
miGS, = 0.8142,m9) = 0.5769,m9) = 0.4286
0.1264 0.3349 “d.4008 0.3963 0.2611 0.2771
0.3016 0.2043 0.4000 0.3970 0.2606 0.2780
0.3682 0.1550 0.3995 0.3976 0.2608 0.2785
0.4252 0.1126 0.3991 0.3980 0.2600 0.2788
miGS, = 1.1726,m9) = 0.8134,m9) = 0.5825
0.1215 0.4956 1.0004 °0.4126 0.4035 0.2707 0.2846
0.2268 0.4198 0.9994 0.4104 0.4021 0.2693 0.2830
0.4060 0.2912 0.9992 0.4062 0.4004 0.2665 0.2809
0.5126 0.2158 1.0005 0.4035 0.3998 0.2648 0.2801
MG, = 1.5068,m% = 1.0243m3 = 0.7160
0.1508 0.6109 “b.4271 0.4180 0.2842 0.2995
0.3467 0.4731 0.4218 0.4142 0.2807 0.2946
0.5520 0.3292 0.4161 0.4105 0.2769 0.2904
0.7022 0.2260 0.4109 0.4087 0.2734 0.2881
mG%, = 1.7950,mG% = 1.2015m % = 0.8201
0.2562 0.6465 o ’ 70.4417 0.4315 0.2990 0.3135
0.5185 0.4655 0.4337 0.4251 0.2936 0.3056
0.8002 0.2754 0.4231 0.4202 0.2864 0.2990
0.9860 0.1462 0.4185 0.4171 0.2836 0.2952
MG, = 2.1425m9) = 1.4124m$9) = 0.9467
0.3167 0.7332 70.4637 0.4521 0.3220 0.3363
0.5860 0.5552 0.4524 0.4450 0.3142 0.3270
0.8255 0.3926 0.4458 0.4387 0.3096 0.3188
1.0962 0.2134 0.4347 0.4334 0.3018 0.3116
mi9) = 2.4569,m%) = 1.6001,m) =1.0505
0.1991 0.9186 o o *0.4931 0.4786 0.3487 0.3672
0.6012 0.6548 0.4760 0.4652 0.3367 0.3496
1.0025 0.3910 0.4609 0.4536 0.3262 0.3350
1.3996 0.1307 0.4461 0.4451 0.3155 0.3228
NaCI(Mlxl) Baclz(Mz)(z) LaC|3(M3X3) Hgo Aaverage 0.09%
mG%, = 0.7351,m% = 0.5237m{3 = 0.3926
0.1659 0.2864 0.0896 0.6316 0.6421 0.4064 0.4033 0.2644 0.2885
0.2864 0.1726 0.1100 0.6385 0.6489 0.4109 0.4056 0.2671 0.2948
0.2015 0.3015 0.0588 0.6336 0.6403 0.4077 0.4051 0.2656 0.2918
0.0988 0.3419 0.0837 0.6280 0.6391 0.4041 0.4020 0.2629 0.2858
MG, = 1.8868mG% = 1.2544mG% = 0.8569
0.2743 0.5936 0.3285 0.6882 0.7020 0.4276 0.4230 0.2942 0.3085
0.4164 0.3778 0.4112 0.6942 0.7106 0.4315 0.4228 0.2967 0.3122
0.3155 0.2498 0.5436 0.7056 0.7296 0.4385 0.4271 0.3016 0.3157
0.6349 0.3550 0.3271 0.6885 0.6980 0.4276 0.4187 0.2942 0.3128
MY, = 2.6308,m9) = 1.7088,mY) = 1.1082
0.6456 0.8976 0.2526 0.7306 0.7421 0.4594 0.4571 0.3287 0.3471
0.4981 1.1120 0.1776 0.7350 0.7365 0.4551 0.4566 0.3256 0.3428
1.2603 0.5782 0.2010 0.7324 0.7295 0.4536 0.4515 0.3248 0.3526
0.6195 0.6131 0.4486 0.7608 0.7630 0.4706 0.4608 0.3370 0.3542

2 Results in mol/kg® Calculated from eq 22 Calculated from the Pitzer equatichThe average experimental deviation from eq A2,eage=
100 x YnMyy  /MIGS + iy MED + my, o Imi$S — /N, whereN is the number of experimental data points.

However, according to eq 21, the value of, for the 32 with kux, = kMX and then compared with the experimental
unsaturated solution M1—M,X,—H0 obeying eq 12 is related  results?325-42 An inspection of the second and third columns
to they'('°) values of its subsystems;X{—H,O (i = 1 and 2) of Table 2 reveals that eq 22 is in good agreement with the
by eq 22, that iskv,x; is not an arbitrary constant, and for eq experimental results for all the systems being examined. Note
32 to hold, it is necessary théx, = vmx, under isopiestic ~ that the present comparisons are limited to the cases where the
equilibrium. The 18 electrolyte solutions shown in Table 2 Zdanovskii's rule works. However, eq 32 wittyx, = k}wx
conform to eq 12 well, and thus, the activity coefficients of shows significant deviations from the experimental results for
each solute in these systems are calculated from eq 22 and e@ll the examined systems except for the mixed solutions of 1:1
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S0r——FT7T— 77T T T T T TABLE 3: Pitzer Parameters Determined from the y;v'fé(z in
] . o . ] the Ternary Systems NaCl(MX;)—BaClx(M2X2)—H-0,
+57 . o Gota; o 2o LaCls (M 1X1)—BaCl,(M »X5)—H,0, and
40_.. . P exp data; eq 12 - NaCI(M 1X1)—LaCI3(M 2X2)—H2023 at 298.15 K
35 i solute @ i€ c¢
30, . A NaCl 0.0519 0.3614 0.010
g” ] i BaCk 0.2792 1.4387 0.0259
T 254 . B LaCls 0.5889 5.600 0.0238
T ) 9Na,Ba eNa,La eBa,La
204 ] (kg mol%) (kg mol1) (kg mol1)
15 o ° ] 0.0076 0.3479 0.02775
1 o 4 E PNaBacl PNaLacl YBaLacl
1.0 1 o . e (kg2 mol=?) (kg2 mol=?) (kg? mol~2)
0 5_‘ "5 ] 0.0187 —0.070 —0.0185

T T T T that, while the tests of eq 12 reported in the literature are in
. o general limited to (1:H 1:1)3° (1:1 + 1:2)18 (1:1 + 1:3)3

K (1:2+ 1:2)#and (2:2+ 1:2)* electrolyte mixtures, the present
Figure 1. Deviations from the ZdanO\stii's linear isopiestic plot for  agyits show that the simple equation also holds for the mixtures
the system Ki-Cdl,—H.0 at 298.15 K of (1:2+ 1:3) and (1:1+ 1:2 + 1:3) electrolytes.

TABLE 2: Values of the A; Functions for the 18 Ternary 3.3. Test of Novel Linear Isopiestic Relations and the
Electrolyte Solutions at 298.15 R Novel Simple Equation for Activity Coefficient. The isopiestic
I max L | behavior of the saturated solutiomXh—M>Xo—(NY)sar—H20

MiXi=MoXa=HO  Ajmixa Ajwaxe MOTKG™ Ky, kwx, can be described by egs 10 and 11. In this study, the
NaClKCl—H,0%P 0.0172 0.0172 4.2 1 1 experimental deviations from these equations are defined by
NaCl-LiCl—H,0% 0.0102 0.0102 3.0 1 1 — (10) (20) __ — (10)
NaCl-NaNO;-H,07 00043 00043 30 1 1 507 Mwa/Mi, £ iMooy x, =1 andAs = (/M)
NaCl-NaClOo,—H,0?” 0.0176 0.0176 3.2 1 1 v, (M /My x )iy’ — My at constant activities of
NaCHBaCh—H,0  0.0040 0.2296 5.0 1 3  water and NY and within the range 9 [myx/miy%] =< 1.
NaCl-CaCb—H,0%" 0.0032 0.1260 1.2 1 3 . L o
NaCl-MgCl,—H,0?”  0.0041 0.0868 52 1 3 Tables 4 and S3 show the isopiestic results and the calculated
NaCl-SrCb—H,0?" 0.0025 0.1969 3.0 1 3 values ofaa:'o for the saturated system NaCl{¥;)—LaCls-
HCI-BaCL—H,0” 00134 02048 20 1 3 (M2X2)—BaCh2H,0(sar((NY)sa)—H20 at 298.15 K and those
HCl-CaCb—H.0®  0.0117 0.1866 4.8 1 3 (10).DH (20)DH g
HCl—CoCl—H,0% 00022 01747 20 1 3 of a0 andaHZO for its subsystems, NaCIl(M1)—BaCb-
HCI—SrCh—H,0% 0.0050 0.2436 4.0 1 3 2H20sat((NY)sa)—H20 and LaCi (M2X2)—BaCh:2HyOsay
HCI-MnCl,-H,0® = 0.0058 01585 2.5 1 3 ((NY)sa)—H20. The values oAL2P" and AZ2PH are 1.30%
HBr—CaBr—HO 0.0069 0.2052 2.0 1 3 0 h . 2 | 2 Exp, Exp
HBr—MgBr—H,0%  0.0051 0.2326 25 1 3 and 0.92 /o,land t1 e maximum ;/a UESZIABI and|AT™" (Ag
HCl-LaCl—H,0% 00165 02820 3.0 16 = (Mux/MER)ME + (M /% )M — myy) are 0.0012
HClI-SmCk—H,0%  0.0028 0.1932 2.5 1 6 and 0.0042, respectively, where the superscript Exp indicates
HCI—ThCl,—H,0% 0.0042 0.1455 1.0 1 10

that the solubilities in the quaternary system are calculated from
AA, mixa and Ay, are the mean standard deviations of the the new linear relation along with the{%) determined experi-

predictions of eqs 22 and 32 V\éixtﬁ%xi = kux, from the experimental  mentally. The solubilities of NY in ternary and quaternary

gesu'ts @;,MigiszzNW mx, ~ V'mx /N, whereN is the experimental  satyrated solutions are also calculated from the Pitzer equation
ata points)” Reference. along with the Pitzer's parameters determined above. The results
(10),P (20),P P H .
electrolytes, of whictkux, = vmx; (€q 32 is equal to eq 22). (Myy™", My, andmy shown in the fifth column of Table 4)

Therefore, the results from Table 2 substantiate khag is not agree well with the experimental data. The resulting solubilities

an arbitrary constant and must be set equalyig.. My and ”L(‘Ni(v))'F)Lane SUbStitUt*(?ld) intc(nl ?g 11 to IOrO\{izd)e the
liti s P 0 0), 0,

Table S2 (Supporting Information) shows the calculated 3?;‘;)b'|'t'esnh_y (M = (M My e )My ™+ (MM x )
values ofa"f"o(%’DH anda;'f'g for the system NaCl(VX1)—BaCb- MYy ) of_ NY in t_he quaternary saturatg_d_ sol_utlons, where the
(szz)—Laéb(MsXs)_?HzO and its three binary subsystems at Superscript L,P implies that the solubilities in the quaternary
298.15 K. The results ar& 19" = 1,506, A9 = 0.24% system are calculated from the new linear equation together with

R , . ,

andAPYPH = 1.22%. These results along with those shown in the my” and my” (in the supbsystgms) calculated from the
Table S1 for BaG(M2X)—LaClk(MsXs)—H-O suggest that  Pitzer equation. The resulten(y) are in good agreement with
both these systems may obey eq 12 well, which is supportedthe predictionsitf,) of the Pitzer equation, with;” (A}" =

by their isopiestic behavior at 298.15 K shown in Table L. (Mm% )me” + (M /mGo ymE " — ;) being less
Because the systems NaCHXi)—BaCh(M2X,)—H,O and than 0.0068.

_ _ ,23
NaCl(MiX1)~LaCli(M3Xs)—H:O also obey eq 12 very wel; The above comparisons show that egs 10 and 11 are in good

the activity coefficients of the solutes in these systems are . . )P
calculated from eq 22. The Pitzer's parameters, Table 3, area(gz[ff ment with the experimental results. Therefpﬂ?xl and

determined from the resultingj, ,_andyl,,_in three ternary 11X, &€ calculated from the Pitzer equation and then substi-
236 oredidi ivity tuted | 21 to yield/5", and y5°, in NaCI(MX1)—
systems and then are used to give predictions for the activity tuted into eq 21 to yieldyy'y and yyiy in NaCl(MiX1)
coefficients of each solute in NaCl@;)—BaCh(M2X2)— LaCly(M2X2)—BaCl-2HOsa{ (NY) s —H:0, where the super-
LaCls(M3sX3)—H,0 at 298.15 K. The results are compared in script L,P indicates that the activity coefficient is calculated from

Table 1 with those from eq 22, and the agreement is good. Notethe new simple equation along with t 1‘1’>)<’f and yﬁi’;:
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TABLE 4: Isopiestic Results (mol/kg) for the Saturated TABLE 5: Activity Coefficients in the Saturated Systems
SyStemS NaCI(MXl)—LaCI3(M 2X2)—BaC|2-2HZO(Sat)- NaCI(M 1X1)—LaCI3(M 2X2)_BaC|2‘2H20(Sat)((NY)Sat)_Hzo at
((NY)sap—H>0 at 298.15 K, Taking Aqueous NacCl as the 298.15 K

Reference Solution

rn\"lxl rﬁ\ﬂzxz Mny

M,y M, my  me®a P vC amo molkg™ g mol kg-1 anlxla ?’kAlxlb Yix Vk/lzx
3.0736 0 0.7442 0.7464 0.8420 3.0736 O 0.7442 0.9031
0 1.3926 0.3816 0.3850 0 1.3920 0.3816 0.5796
0.3146  1.2502 0.4162 0.4189 0.4203 0.4202 0.3146 1.2502 0.4162 0.9912 0.9742 0.5456 0.5665
0.7128 1.0682 0.4620 0.4656 0.4685 0.4671 0.7128 1.0682 0.4630 0.9936 0.9860 0.5582 0.5732
1.3660 0.7726 0.5406 0.5430 0.5458 0.5449 1.3660 0.7726  0.5406 0.9465 0.9536 0.5306 0.5542
2.0678 0.4560 0.6276 0.6255 0.6297 0.6288 2.0678 0.4560 0.6276 0.9196 0.9315 0.5377 0.5416
15068 0 1.2002 1.2025% 0.8746 15065 O 1.2002 0.8192
0 0.7186 0.997G 0.9925 0 0.7186 0.9970 0.4171
0.3182 0.5885 1.0691 1.0725 1.0744 1.0695 0.3182 0.5885 1.0700 0.8490 0.8255 0.4195 0.4012
0.6019  0.4485 1.1012 1.1031 1.1058 1.0990 0.6019 0.4485 1.1012 0.8434 0.8235 0.4118 0.4000
0.9107 0.2942 1.1336 1.1362 1.1380 1.1316 0.9107 0.2942 1.1336 0.8232 0.8234 0.4054 0.3996
1.2528 0.1210 1.1660 1.1621 1.1643 1.1602 1.2528 0.1210 1.1658 0.8028 0.8258 0.4008 0.4011
0.9476 0 1.4542 1.4637 0.8869 09476 O 1.4542 0.7786
0 0.4980 1.242% 1.249% 0 0.4980 1.2429 0.3860
0.1509 0.4183 1.2788 1.2751 1.2824 1.2829 0.1509 0.4183 1.2788 0.7660 0.7476 0.3834 0.3892
0.2332 0.3752 1.2969 1.2942 1.3000 1.3017 0.2332 0.3752 1.2965 0.7665 0.7508 0.3821 0.3907
0.4481 0.2622 1.3426 1.3420 1.3461 1.3498 0.4481 0.2622 1.3426 0.7689 0.7590 0.3801 0.3950
0.6250 0.1693 1.3837 1.3811 1.3856 1.3896 0.6250 0.1693 1.3837 0.7721 0.7662 0.3796 0.3986
0.4480 O 1.648% 1.648%9 0.8950 0.4486 O 1.648% 0.7572
0 0.2623 1.5102 1.5146 0 0.2623 1.5102 0.3585
0.07282 0.2196 1.5362 1.5320 1.5378 1.5360 0.07282 0.2196 1.5362 0.6646 0.6626 0.3580 0.3632
0.1240 0.1896 1.5496 15478 1.5528 1.5512 0.1240 0.1896 1.5496 0.6768 0.6742 0.3574 0.3667
0.2196 0.1340 1.5825 15796 1.5805 1.5820 0.2196 0.1340 1.5825 0.7006 0.6958 0.3571 0.3696
0.3145 0.07806 1.6089 1.6065 1.6095 1.6078 0.3145 0.07806 1.6089 0.7242 0.7209 0.3565 0.3716
a Calculated from eq 11 along W'""“NO) B determined experimen- a Calculated from the Pitzer equatidhCalculated from eq 21 with
tally. ® Calculated from the Pitzer equationCalculated from eq 11 y(l") and y(z") calculated from the Pitzer equatidriThe values for
together withm(o"" (the solubility of NY in MX;—(NY)sa—H:z0) m;%, and iy, respectivelyd The values formG% and miy,

and mZ9° (the solublllty of NY in MeXz—(NY)sa—H-0) calculated respectively.
from the Pitzer equatiorf. The values fomG? , miy"=, andmi(y”, _ _ ,
respectively® The values fo"‘l\i()))( , m2o e andnﬁ?ﬁ respectively. value of the important parametky.x; in the McKay—Perring

equation under isopiestic equilibrium has been theoretically

determined.
calculated from the Pitzer equation. The results are compared 1he basic assumption made in the derivation of the novel
in Table 5 with the predictions of the Pitzer equatlcy@ & linear isopiestic relations has proven to be exact or at least quite

and” . ), and the agreement is good. The above treatments reasonable. As theoretically justified, the comparisons with the
MXe experimental results substantiate thatx, in the McKay-

do not include the cases where the examined rules are not - ) S AR

accurate Perring equation under isopiestic equilibrium must be set equal
’ to vmx;- The novel linear relations have been shown to be in

good agreement with the isopiestic measurements for the

unsaturated systems Ba€lLaCl—H,O and NaCt+BaCh—

The semi-ideal solution theory has been presented to describd-3Cl—H20 and the saturated system NaChCl—BaCk:
the thermodynamic behavior of the multicomponent electrolyte 2120ay~H20 at 298.15 K. The new simple linear equation

4. Conclusions

solutions MX1—++*—MpXn—(N1Y 1)sar—***—(NiY)sa—H20 at for ymx, and_ YMaX, IN M;X_l MaoXo— (NY_)sat—Hzo h_aS been
constant activities of all N1, -, Ny'Y ., and HO. The theory compared with the predictions of the Pitzer equation, and the
proves that, under the condition of constant activities of aff i\l agreement is good. Its reduced form fgj . and yy x

-, NnYw, and HO, the average hydration numbers character- M1X1~M2X2=Hz0 and foryy x., yux, andyy x, in Na I_
izing the ion-solvent interactions have the same values in the BaCk—LaClk—H0 has been ‘'shown fo be in good agreement
mixture as in the subsystems, and it assumes that the contribuWith the experimental results reported in the literature.
tions from the ion-ion interactions to the solvent activity are
also the same in the mixture as in the subsystems if there eX|sts
no complex formation. Therefore, the process of mixing the  All the examined chemicals are reagent grade and recrystal-

Experimental Section

nonideal electrolyte mixtures ?i—(N1Y 1)sar—**—(Nn'Y )sar— lized twice from doubly distilled water. NaCl was dried under
H.O (i =1, 2, ...,n) at constant activities of all ¥ 1, ===, Ny'Yyy, vacuum over CaGlfor 7 days at 423 K. BaGlwas dehydrated
and HO is as simple as that of mixing the ideal mixturesd in an anhydrous HCI atmosphere rising from 298.15 to 573 K

(N1Y )sar—**—(NnYr)sar—H20 (i = 1, 2, ...,n) of equal mole and treated by introducing purified argon gas at 573 K. The
fractions of all NY4, -, NyYr, and BHO, so that the changes  molalities of LaC} stock solutions ware analyzed by EDTA

in thermodynamic properties accompanying the process of and titration (of CI with AgNOs) methods.

mixing the nonideal solutions obey the same lingso—a The isopiestic apparatus and the sample cups used here are
relations as mixing the classical ideal solutions, including the the same as those used in our previous studi®seliminary
linear concentration relations, the linear equations for changesexperiments showed that equilibration could be achieved within
in Gibbs free energy, enthalpy, entropy, thermal properties, and5 to 6 days. The real equilibration period for each run was then
volumetric properties. From these lineiao—a relations, the chosen as 9 days. At isopiestic equilibrium, the molality of each
well-known Zdanovskii's rule has been reproduced, and the solute was determined by using the following procedure: (1)
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After weighing the equilibrium saturated samples, the liquid  Acknowledgment. The authors thank the National Natural
sample phase was withdrawn by a pipet fitted with a sintered- Science Foundation of China (20276037) and the 863 Program
glass filter tip preheated slightly above 298.1%%Knd then (2004AA616040) for financial support of the theoretical work.
was weighed and diluted. (2) All solutions were analyzed by Valuable comments from the anonymous referees are also

4—8 titrations of CI with AgNQOgs, with results agreeing to
within £0.05%. (3) Calculation of the solute molalities was
carried out by the following procedure.

Let w, WEY, andwiga denote the mass of initial unsaturated
solution before equilibration, the mass of saturated equilibrium ;
solution, and that of the saturated equilibrium solution with-
drawn by the sintered-glass filter tip. Legac, andny,x, (MiX;
= NaCl and LaQ) represent the amount of BaChnd
unsaturated solute {; in a massw of initial unsaturated a
solution, andn3,., and nBac the amount of anhydrous solid A’
BaCl added to t?me sample cup before equilibration and that b

dissolved during equilibration. Then, the amount of,(Iitma,,

in @ massita Of saturated solution can be expressed as ((;P
cl- _ sd
Niotal = 2(nBaClZ + nBaClz)Wtota/WEq (33) ;DH
with
GHy
— T Sd
=W+ Wy o+ Mo, Neacy, — V\)I::ZO (34a) P
— S sd I
WHHZO = 2M,, 6(Ngaci, ~ Ngacy) (34b) Ko
where Wiy, and W}, are the mass of water transported
through the vapor phase during the equilibration and that neede
to form the thermodynamically stable solid phase of BaCl M
2H,018 at isopiestic equilibriumMgacy, is the molar mass of VX

anhydrous barium chloride. Combining eqgs 33 and 34, we obtain

n
s Neggan (W + W 0~ 2My OnBaCIZ) 2WiotaNacy,

e
Ngacl, = — Bacl,
2Wigta — ntotal MBaCk - 2MHZOntotal

(35a) N
NY
The mass of water\/\(ﬁjo in a masswEtd of equilibrium
solution is given by R
w
— T S s
Wﬁjo =Wyo T WHrzo — 2M,, 6(Ngac, — Ngact) (35b) Wh,0
Wiotal

where wh,o is the mass of water in a masg of initial
unsaturated solution. Because the molalities gfMnd BaCj WEd
of the initial unsaturated solutions are known, and the values W
of wy .0 and no, can be determined simply by weighing the "
samples at isopiestic equmbrlumvx .0 = wE9 — w) and by the

titration measurements noted prewously, the molality of each wI{ZO
solute in NaCl-LaClk—BaCh*2H;Osay—H20 can be determined

Supporting Information Available:
linear concentration relation. S2: Derivation of the simple
equations. Also three tables of supporting data. This material
is available free of charge via the Internet at http://pubs.acs.org.

Glossary

gratefully acknowledged.

S1: Derivation of

activity
the molal Debye-Hiickel coefficient

the universal parameter in eq 29 with the value 1.2%kg
mo|—1/2

specific heat capacity
density
the activity coefficient on the mole fraction scale

the Gibbs energy resulted from the Debyélickel con-
tribution

the Gibbs energy of the semi-ideal mixture of the resulting
species based on the mole fractiof (

average hydration number

molal ionic strength (mol kg')

the proportionality constant for solute;X] in McKay—
Perring equation

hydration equilibrium constant

molality (mol kg™?)

molar mass

the electrolyte solute components present below their
solubility limits

mole number

the amount of anhydrous solid BaGQlissolved during
equilibration

the number of experimental data points

the electrolyte solute component present as saturated
solutions

gas constant

the mass of initial unsaturated solution before equilibration

the mass of water in a maasof initial unsaturated solution

the mass of the saturated equilibrium solution withdrawn
by the sintered-glass-filter tip

the mass of saturated equilibrium solution

the mass of water needed to form the thermodynamically
stable solid phase of Ba£2H,0O at isopiestic equilib-
rium

the mass of water transported through the vapor phase
during equilibration

by X mole fraction
(AmixG, the changes in Gibbs free energy, enthalpy, entropy, and
My x, AmixG1), volume accompanying the process of preparing the
Mux, = £q (M;X; = NaCl or LaCl) (36a) (AmiH,  system MX;—MyXo—(NY)sar—H20 and its subsystems
H,O AmixH(io)), MiXi—(NY)Sat—HzO
(AmixS,
Sd _ qio)
Ngaci, T Neacy, (AA""X_SV )
My =" & (NY = BaClL-2H,0) (36b) A ’T"i/(i'o))
H O mix
: Ao the function defined by\o = Myx,/mG% + My /M
The results, the average between the duplicate cups for -1

the function defined byA; = (mwx,/MG% )My +
(Ml M2 My 20 — My
the function defined byA:" =

21 20),P __ P
(Mo /M) M —

unsaturated solute and the mean of84replicate titration A
measurements for saturated solute in the duplicate cups, are
reproducible ta+0.05% for the former and te-0.10% for the ALP
latter.

(10) ) (10) P

(m\A1X1/mM1X
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AlPH the function defined bYARE™ = 100 x ¥ (8,00
DH
a0 — N

z charge

Greek Symbols
y molal activity coefficient
¢ osmotic coefficient
v salt stoichiometric coefficient
u chemical potential
Subscripts
average average property
i,j, n,n" component indexes

ideal ideal solution

mix property of mixing at constant temperature and pressure
sat saturated solute(s)

total total property

Superscripts

! the quantity of MX; in unsaturated solutions Mi—HO (i
=1 and 2) and MX;—M2X;—+++—H;0

dilute infinite dilute behavior

DH the property resulted from the Debyeliickel contribution

Exp. experimental property

free free quantity

Hy the property of the semi-ideal mixture of the resulting species
based on the mole fractiom)(

ideal ideal solution

L.P the property calculated using the linear relatioh’s =
(M MRSOME ™ + (M migS my”

(io) the properties of the components in the subsystemxs-M

(NY)sat_HQO or MiXi—Hzo
P the property calculated using the Pitzer equation
Pred predicted property
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