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ABSTRACT

A new expression for the osmotic and activity coefficients in single electrolyte solution is developed by re-

forming the Pitzer’s osmotic equation. As a result, the correlations between the ayy, the sum of the “hard core”

radii of ions M* and X", and the second virial coefficients fx and Bl in Pitzer’s equations are obtained.

Furthermore, an “ionic overlap” model and its relevant equation are suggested. The relationships between the

thermodynamic properties of aqueous electrolytes and the characteristic of their ions (ionic radii and ionic

hydration) are discussed quantitatively.
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1 INTRODUCTION

Pitzer’s equations for the osmotic and ac-

the sum of the “hard core” radii of ions M*and
X7, and the second virial parameters, ﬂ‘h?.)x and

;,'.)x, are obtained. For further investigation of

tivity coefficients of i are
successful in application to single or mixed
aqueous electrolytes up to the concentration of
practical interest. Pitzer’s equations contain
some virial which the

the relationships between ayy and the charac-
teristic of ions involved, an ”ionic overlap”
model and its relevant equation are suggested,
which enable one to discuss quantitatively the
properties of aqueous electro-

short-range interaction forces between ions.
One can predict the thermodynamic properties
of mixed electrolytes from the parameters of
single ones as was highly appreciated by Py-
thowicz . This hints that the virial parame-
ters, especially the second virial parame-
ters B0 and Bigx. have deeper physical mean-
ings. Pitzer himself has already noticed this
featur. In this paper, a new expression for the
osmotic and activity coefficient in 1:1 type sin-
gle electrolytes is developed by reforming Pitz-
er’s osmotic equation. Comparing this with
Pitzer’s equations, correlations between ayy,
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lytes in terms of their ionic radii and ionic

hydration.

2 EQUATIONS FOR OSMOTIC AND AC-
TIVITY COEFFICIENTS

The osmotic pressure = of a solution, ba-
sed on McMillan-Mayer osmotic equilibrium

theory, is

n=CKT—
1 wau, (r) =
wa?c‘an = g, (énr’dr )

From Equation (1), Pitzer™has derived an
equation for osmotic coefficient ¢ in single
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electrolyte solutions
o—1=—k"/ 24nC(1+xay)

Cl@nayy / 3+1 / 48—

Krayx / C(1+karyx))] [©)]
where ayy is the sum of the “hard core” ra-
dii of ions M* and X", and

x=[4ne’ / DET)ZC,Z]1""*

:
However, the final forms of Pitzer’s equations
contain no ayx, which is replaced with some
virial parameters. So, to determine the correla-
tions between ayy and the parameters, the
most straight forward way seems to be chang-
ing Equation (2) to a form which can be
directly compared with the corresponding final
equation chosen by Pitzer, while retaining ayy
which is independent of any special ions. Eq-
uation (2) can be rewritten as
—«* / 24nc(1+xay)l =« / [24mc(1+xag

e (apx—ap) / 24mc(1+

Kayx) (I+xayy / 1+

Kap) 3)
Approximating
(IHxayy) / (1+kag) =1 @
" yields
i / 24nc(I+kayy) =—«" / [24nc(1+ka)H
1 ayx—ap) /
R4nc(i+xay)] (5

Substituting equation (5) into (2), and taking
I=¢?/ DKkT, A,=1/3(2nN,p, / 1,000)'
i B=x/I=(8ne’*/ DkT -
Napa / 1,000)'/ *and b= Bag, where N, is the
Avogadro constant, p, is the density of sol-
vent and 7 is the ionic strength, gives.
o—1=—1ZyZxl A1/ 2 / (+bI' )+

m{3vA> - Rayx / P+

1ZuZx* Bayx—2ap) / 1 *

(+Bayy I )71/ 2} ©)

Then making another approximation
(+Bay, 1" =™ 1)
Where Q and a are constant parameters,

substituting equation (7) into (6), one finally
obtains
o—1=—12,Z |4 1'*/7Q+b1'"" +
2
m{3vAlRay, /1 +1Z,Z, 1" x

0Gay—2a)e ™ /0/2  ®

The equation for the mean activity coef-
ficient yyx. corresponding to equation (8), is
Iny,, = —1Z,,Z, 14 [I'* 7Q+ 01" +

172

i

201 +51'"%) / b+ 3mvA’ (2ay, /

I +1Z,Z,Ga,, —2a,)/1-Q/
a’Ml—(+ar'" -
2
1/ 1 ©)
For parameters b, «, Q and a,, Pitzer has
determined that 5=1.20 and «=2.0 which is

accepted here but q, is treated as independent
with b.
3 THE CORRELATIONS OF ayx WITH

W AND i

For 1: 1 type aqueous electrolytes, equa-
tions (8) and (9) can be simplified to
p—1=—4 17 70+b1'""+

5 3 2
m(6dlay, /1" +3420  Gay, —

G

2a,)i e i) (10)
Iny,, = —4 ' 70 +b1'")+
2in(1+51'"%) / b1+

o
A (2a] o /L
(ay,, —2a,)Q / (2’ D1 —

a+ar'” —o'1/2:77)  an
where 5=1.20, a=2.0; 0=0.62 and a,=1.92
nm, and at 25 C, 4,=0.391 and /=0.715 nm.
Adjusting ayy to fit the experimental data'¥of
osmotic and activity coefficients of the 26 elec-
trolytes listed in Table 1, the standard deriva-
tions o of ¢ and log yyux are respectively less
than 0.008 and 0.006 up to a concentration of
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Table 1 Values of ayy of 1 : 1 type electrolytes (25 C)

e Gl et o
HCl 0.406 0.00305  0.002 4.0
HBr 0.425 0.00905  0.0005 3.0
H1 0.457  —0.00063 0.002 3.0
HCIO, 0.406 0.00986  0.002 3.0
LiCl 0.389 0.00369 0.0015 6.0
LiBr 0.398 0.01068 0.001 2.5
Lil 0.442  —0.00502 0.0045 25
LiClO, 0.434  —0.00186 0.003 3.0
NaCl 0.319 0.00029  0.002 6.0
NaBr 0.343 0.0000  0.0005 4.0
Nal 0.371 =0.00081 0.001 <
NaClo, 0.300 —0.00431 0.0025 4.0
KCl 0.278  —0.00217 0.0015 48
KBr 0.289  —0.00254 0.002 58
KI 0.315  —0.00504 0.0025 45
RbCL 0.258  —0.00093 0.0002 5.0
RbBr 0.252  —0.00161 0.0005 5.0
RbI 0.248  —0.00087 0.0005 5.0
CsCl 0.203 0.00284  0.001 4.0
CsBr 0.192 0.00257  0.001 4.0
Csl 0.187  —0.00138 0.001 3.0
LiAc 0.349  —0.00397 0.001 4.0
NaAc 0.386  —0.00709 0.0005 35
KAc 0.398 —0.00672 0.0005 35
RbAc 0.401  —0.00558 0.0002 35
CsAc 0.406 —0.00728 0.0005 35

2 mol / kg. At higher concentration, the terms
m’Clx and (3 / 2)m*C{;x are respectively ad-
ded to the right sides of equations (10) and
(11) to ensure that ayy only relates to the
interaction of ion-pairs. They then give
o=1=(p=1)+m’Clix (12)
Inyyx = (nypp) +(3 7/ DM’ Cliy (13)
Where (¢—1), and (Inyyy), are respecti-
vely the terms on the right sides of equations
(10) and (11). Equations (12) and (13) can bet-
ter represent the experimental data of the 26
electrolytes: the ¢ of lgyyy is less than 0.003
for most electrolytes up to a concentration,
noted as C,,,» of 3 mol/ kg, as shown in Ta-
ble 1.
Pitzer’s equation'? for the osmotic coef-

ficients of single electrolytes is

B 12 12

w—l——IZszlAwl /(A +b1 ")+
2mo, 0,0 @O+ B0 e )+
520,00 Gl (14)

By comparing the terms on the right side
of equation (8) with those of equation (14),
one obtained
Box=60"/ doyoy - A2 - aux /P (15)
o =31 ZuZx v/ dogvy - A2
0QBayx—2a,) / 1 (16)
For 1 : 1 type electrolytes, equations (15)
and (16) can be simplified to
ﬂ:“;',tx = SAE,a:,[x ZP=250%10"a A7)
i = 3420Cayx—2a,) / |
=0.04(3ayx—2a,) (18)
Using the values of ayy in Table 1. the
values of Byjx and iy are calculated. and
they are quite close to those determined by
Pitzer. In Table 2, some comparisons are lis-
ted.
Table 2 Comparisons of the second

virial parameters S0 and B

elect- Pitzer's this work
rolyte 59, o © o
HCI 1775 02945 0.1686  0.3336
HBr 01960 03564 01934 03564
Licl 0.1494 03074 01483 03132
NaClo, 00554 02755  0.0680  0.2064
Cst 00244 00262 00165  0.0708
KAc 0.1426  0.3237 01449 0309

4 "IONIC OVERLAP” MODEL

We further consider whether the ayx can
be represented by the ionic radii or, in another
word, whether the thermodynamic properties
of aqueous electrolytes can be estimated from
the characters of their ions. The value of ayy is
larger than the sum of Pauling crystal radii of
ions M* and X~ but less than the sum of their
hydration radii. Conwaymconsidered that it is
due to the penetration of the anion and cation
hydration shells. Rasaiah and Friedman found
that'” when the distance between a pair of an
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anion-cation pair is less than the sum of their
Pauling radii and a water molecule diameter,
the short range interaction force should be
taken into account. Marcus'"has compiled the
average distances, noted as d, between ions
and the nearest water molecules and obtained
d=(0.137,6 +0.003,1)+

(1.016,7 £ 0.026,6)r, (nm) (19)
where rp is the ionic Pauling radius. The first
term on the right side of equation (19) is just
equal to the water molecule radius ry, so d is
approximately equal to rptry.

We assume that for an aqueous ion, it is
regarded as a particle together with its primi-
tive shell. The particle’s radius R, called as the
effective radius, is taken as rptry, but not as
the generally accepted value rpt+2ry. When
two oppositely charged aqueous ions M" and
X~ approach and the distance between them is
less than the sum of their effective radii, their
primitive hydration shells will overlap till the
distance is equal to ayy. The extent of overlap
depends on the hydration strengths of the two
ions. This process is represented as

ayx = Ryt Ry—0pdx (20)
here &, is defined as the overlap coefficient of
ion i and, as R,, only depends on the chara-
cteristics of ion i. The values of ayx obtained
are fitted to determine R; and J;, with du+ be-
ing taken as 0.27 nm in advance. The results
together with the values of d and rptry, for
comparison, are listed in Table 3 and ry, is
taken as 0.14 nm. It can be seen that there
quite good between the
values of R and the reported values of d or
rptry for most ions. According to Conwaym,
the proton H' in aqueous solutions exists as
H,y0;, as shown in Fig. 1. This can be under-
stood as a proton and a water medecule form-
ing H,0", while the other three water mole-
cules constitute its primitive ion shells.

Table3 Values of R and §

e e W
H' 0280 027

Li* 0.174  0.1516  0.207+0.005  0.200
Na® 0239 03286 023740002 0235
K* 0270 04432  0273+0.003 0273
Rb' 0288 05300 0288+0.004  0.288
cs* 0312 06428  0308+0.004  0.309
ar 0312 06783 031240002 0321
B 0331 06938 033340002 0335
r 038 07800  0361+0.001 0356
CIO; 0431 11272 043440004 0432
Ac 0201 0.1646

Fig.1 Aqueous proton [ref. 8]

A plot-of & of the cations Li', Na*, K",
Rb" and Cs" and the anions CI", Br, I” and
ClO; versus their rp is shown in Fig. 2, where
there exist a good linear relations between &
and rp.

So, it is obtained

5= Alry=ro) 1)
where 4=3.95 nm™'/? and r,=0.016 nm.
Then equation (20) can be rewritten as

ayx = (o) Hrchrg)—

AXryro)r—ro) @)
where ry and ry are the Pauling of ions
M" and X~ respectively. Using equations (22)
and (11), the mean activity coefficients of 17

S0 the value of 4 is 0.28 nm which is exactly
equal to the calculated value of R.

are lated, noted as 7, from
their ionic radii. The comparisons of 7. with
the observed values y,,, are listed in Table 4.
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Table4 Comparisons of 7., With 7, 12
at various ionic strengths
elect- 071071 1.0j
rolyte 7/ mol - kg
05 1 2 3 4 0.8l
Licl 003 005 008 010 =~
LiBr 003 003 002 >
" = 0.6
Lil ~0.03 0.6 g
Liclo, 001 003 006 010 <
NaCl 003 007 013 018 S04
NaBr 0005 001 003 004 004
Nal 005 ~007 012 -0.17 02l
NaClO, 002 005 012 019
KCl 001 002 005 008
KBr ~001 -002 —0.01 —0.005 002 0.1 02 03
KI ~0.05 009 -0.14 —0.17 Tp/ nm
RbCI 001 002 004 005 008 Fig. 2 The liner relations between & and ry
RbBr 0005 001 002 003 005 O =catibng S anions
RbI ~0.005 —0.01 —0.02 003 —0.04
cscl 003 004 005 005 006 R
CsBr 003 004 006 006 007
Csl 001001001002 005 1 Pythowicz, R. M.. American Chemical Society Sympo-

The | Alny| are less than 0.05 for most
electrolytes while ionic strength [ is up to 1
mol / kg and for some, even up to 4 mol / kg.
The revelation of the relationships between

ionic crystal radii and the osmotic and activity .

coefficients will be helpful understanding Pitz-
er’s theory of electrolytes, taking the hydration
ions as the elementary units for the particle
i in the McMillan-M: isti
model, and hence understanding the thermo-
dynamic behaviors of electrolyte solutions.

s e

ES

Y

sium Series No 133. In: Newman, S. A ed. Washington D
C: American Chemical Society, 1980. 561.

Pitzer, K. S. et al. J Phys Chem, 1973, 77: 2300.

Pitzer, K. S.. J Phys Chem, 1973, 77: 268.

Robinson, R. D. et al. Electrolyte Solutions, 2nd Edn,
London; Butterworths, 1959.

Conway, B. E. In: Pythowicz, R. M. ed. Activity Coef-

ficients in Electrolyte Solutions, Boca Raton; CRC Press,
1979, 1.95. ¢

Rasaiah, J. C. et . J Phys Chem, 1968, 72: 3352.

Marcus, Y. J. Solution Chem, 1983, 12: 271.

Conway, B. E.. In; Tonic Hydration in Chemistry and
Biophysics, Elsevier-Amsterdam-Oxford-New York, 1981.
402,




	34
	35
	36
	37
	38

