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PVT Properties of Concentrated Aqueous Electrolytes. 7. The
Volumes of Mixing of the Reciprocal Salt Pairs KCl, K,S0O,, NaCl,
and Na,SO, at 25 °Cand I = 1.5 m

Frank J. Millero* and Sara Sotolongo

Rosenstisl School of Marine and Atmospheric Science, University of Miami, Miami, Florida 33149-1098

The denslties of mixtures of the six possible combinations
of the salts KCi, NaCl, K,$0,, and Na,$0, have been
determined at constant ionic strength (I = 1.5 m) and 25
°C. The results have been used to determine the volume
of mixing (AV ) for these salts. The values of AV, have
been fit to equations of the form AV, = y,yIqv, +
v(1 - 2y,)] where y, Is the lonic strength fraction of salt
/, and v, and v, are parameters related to the interaction
of like charged lons. The cross-square rule was found to
hold within the experimental error of the measurements.

Introduction

In recent papers (7, 2) we have been interested in deter-
mining the excess volume and compressibility properties of the
major components of natural waters. These results have been
used to study the interactions of like charged ions and to es-
timate the PVT properties of natural brines (3).

In the present paper we will report on the volume of mixing
the salts NaCl, KCI, Na,SO,, and K,SO, which are the com-
ponents of many natural waters.

Experimental Section

The densities of NaCl, KCI, Na,S0O,, and K,SO, and their
mixtures were measured at 25 °C by using a Picker vibrating
flow densimeter (4). The instrument was calibrated with the
known densities of water (5) and seawater (6). The temper-
ature of the densimeter was controlled to £0.001 °C with a
Hallikainen thermotrol. The temperature was set and monitored
with a Hewlett Packard quartz crystal thermometer calibrated
with a platinum resistance thermometer and a G-2 Muelier
bridge (IPTS-68).

All the solutions were made by weight with reagent-grade
(Baker) chemicals and degassed ion-exchanged water (Millipore
Super Q). The molalities of the stock solutions were checked
from density measurements using the equations of state for
these salt solutions (7, 8).

Resuits and Calculations

The six possible mixtures of the salts studied can be repre-
sented by the cross-square diagram given below

NaC}———————KClI

NaaS04 —K2504

The six possible mixtures are obtained by going around the
sides and across both diagonals. The relative densities (o — p,,
g cm~3) of these mixtures were measured at a constant ionic
strength of 1.5 m and 25 °C. The results are given in Table
1 as a function of the ionic strength fraction (y3 = I3/(I, + I3),

Table 1. Relative Densities (Ap = p - pg, £ cm™?) of the
Mixtures at 25 °Cand I = 1.5 m

mixture Vs 1034p
NaCl (2)-KCl (3) 0 57.831
0.1972 59.295

0.3932 60.744

0.4923 61.473

0.6959 62.964

0.7978 63.704

1.0 65.169

KCl (2)-K,S0, (3) 0 65.078
0.1019 65.058

0.2042 65.048

0.3032 65.032

0.4050 65.039

0.5049 65.057

0.6065 65.097

0.7051 65.146

0.8030 65.204

0.9021 65.284

1.0 65.372

K,S0, (2)-Na,S0, (3) 0 85.447
0.1016 64.936

0.2036 64.425

0.3019 63.940

0.4015 63.430

0.5050 62.925

0.6036 62,434

0.7014 61.951

0.8007 61.473

0.9007 60.965

1.0 60.472

NaCl (2)-Na,SO, (3) 0 57.820
0.1021 58.024

0.2035 58.232

0.4048 58.680

0.5039 58.929

0.6040 59.194

0.7038 59.465

0.8013 59.762

0.9008 60.067

1.0 60.399

NaCl (2)-K;S0, (3) 0 57.428
0.1010 58.171

0.2015 58.916

0.3024 59.677

0.4028 60.459

0.5030 61.256

0.6029 62.064

0.7019 62.888

0.8015 63.728

0.9010 64.594

1.0 65.464

KCl (2)-Na,S0, (3) 0 64.895
0.1031 64.347

0.2056 63.828

0.3083 63.311

0.4077 62.821

0.5100 62.328

0.6069 61.862

0.7062 61.404

0.8061 60.980

0.9042 60.567

1.0 60.204

where subscripts 2 and 3 refer to different solutes and 1 is
water).
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Figure 1. Vaiues of the volume of mixing (AV ) for the Na, K, Cl, SO,

system at I = 1.5 m and 25 °C vs. the ionic strength fraction (y 5,
where 3 is the second electrolyte).

For ternary mixtures of electrolyte (2) of molality m, and
electrolyte (3) of molality m 5, the mean apparent molal volume,
®,(2,3), is given by

$,(2,3) = (M1/p) - [10%p - po)/pem+] (1)

where p and p, are, respectively, the densities of the solution
and pure water, My = (M,m, + M,mj)/(m, + m;) and the
total molality m; = m, + m3 (M, is the molecular weight of
solute /). The apparent molal volumes ¢, (/) of the binary so-
lutions were calculated from the measured densities

b)) = (M/p) - [10° (o = po)/pom] (2

The volumes of mixing, AV, for each mixture were determined
from the experimental values of ¢, (/) and ®,(2,3) by using the
equation

AV, = m:®$,(2,3) - m, ¢,(2) - m3d,(3) (3)

The vaiues of AV, (cm® kg™' H,0) for the various mixtures are
shown in Figure 1 as functions of the ionic strength fractions,
Y3 = wamg/(w,m, + wym;), where w, are ionic strength
factors (w = 1 for 1-1 electrolytes and 3 for 2—-1 electrolytes).
The values of AV, for the side mixtures are related to the
interactions of like charged ions. The largest values are found
for the common cation mixtures for Ci-SO, interactions. The
interactions between Na and K are quite small. These findings
are in agreement with the heats of mixing for these mixtures
(9).

The values of AV, were fit to equation of the form (70)

AV = yoysl?[vy + vi(1 - 2y4)] (4)

where v, and v, are parameters related to ionic interactions
(v, to cation—cation and anion-anion interactions and v, to
triplet interactions, cation—anion—cation). The values of v, and
v, for the various mixtures are given in Table II. With the
exception of the KCI + Na,SO, mixture the values v, are quite
small and v, is directly related to the maximum value of AV,
(=v, X 0.25 X 1.5%). The skew in the KCI + Na, SO, system
toward Na,SO, may be related to changes in the lon pair
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Table I1. Parameters v, and v, for the Eq AV, = y,y v,
+ vi(l - 2y,)]
mixtures ve? u,? s

b

NaCl (2)-KCl (3) 0.0070  0.0050  0.001 (1)
NaCl (2)-Na,80, (3)  0.3097  —0.0377  0.005 (8)
KClI (2)-K,S0, (3) 02738  -0.0327  0.005 (6)
K,SO, (2)-Na;SO, (3)  0.0365  0.0206  0.005 (6)
NaCl (2)-K,S0; (3) 03171  -0.0173  0.005 ()
KCI (2)-NazS0, (3) 0.3979  -0.1056  0.007 (8)

¢The units of vy and v, are cm® kg H,0O mol2 ®The standard
error in AV, for eq 4, cm® kg™! HyO. The errors in density (108 g
cm?) are given in parentheses.

Table III. Verification of the Cross-Square Rule

common ion mixtures AV, (max)
NaCl-KCl 0.004 £ 0.001
N&2S04—K2S04 0.022 £ 0.005
NaCl-Na,SO, 0.175 £ 0.005
KCI-K,S0, 0.164 + 0.005
0.365 + 0.02
uncommon ion mixtures AV, (max)
NaCl—KQSO4 0.182 + 0.05
KCl-Na,S0, 0.217 £ 0.007
0.399 £ 0.01
comparison of > 0 = X
>a 0.365 = 0.02
>¥X 0.399 £ 0.01
0.034 % 0.03

NaSO,~ upon addition of KCI (see Figure 1).

The volumes of mixing for the Na-K-CI-SO, solutions can
be used to examine the cross-square rule (9) which states that
the sum of the volumes of mixing the common ion mixtures is
equal to the cross mixtures

2o0=3x (5)
where

20 = AV (NaCIH+KCl + AV, (KCIH+K,S0,) +
AV (K,S0,+Na,S0,) + AV (Na,S0,+NaCl) (6)

and
> X = AV, (NaCl+K,SO,) + AV (KCI+Na,S0,) (7)

The verification of the cross-square rule for this mixture is
shown in Table III. Within the experimental errors of the
measurements the cross-square rule holds for the Na-K-Cl-
SO, system at I = 1.5 m and 25 °C.

The PVT properties of the NaCl + K,SO, and KCI + Na,SO,
solutions can be used to examine use of the equations of Wood
and Reilly (77) to estimate the densities of solutions Na-K-
CI-80,. The mean apparent equivalent volume of a mixture
is given by

‘iv = ZZEMEx d’v(MX) + AVrn/eT (8)
M X

where E | is the equivalent fraction of ion i, ¢,(MX) is the ap-
parent equivalent volume of MX at the ionic strength of the
mixture, AV , is the volume of mixing the various components,
and e is the total equivalents of the mixture. The volume of
mixing term (AV /e ;) has been formulated by Wood and Reilly
(77) using the cross-square rule

AVm/eT =
(e1/ N ZEMENE xVoMNY + ZEXEEyvoXYM] (9)

where v (M,N)* and v(X,Y)™ are the volume of mixing inter-
action parameters for mixing, respectively, the cations M + N
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Table IV. Maximum Errors in Density for the
Cross-Square Mixtures Obtained by Using the Equations of
Wood and Reilly (11)

10%8p, g cm™®
mixture without AV, with AV,
NaCl + K80, 238 72

in the presence of the common anion X and the anions X +
Y in the presence of the common cation M. This equation
attempts to account for cation-cation and anion-anion inter-
actions and neglects higher order triplicate interactions (77).

A summary of the maximum errors in density obtained by
using the estimate ®, (eq 8) and

p = (10° + Me1)/(e+B, + 10°/po) (10)

are given in Table IV (M = }_EM, is the mean equivalent
weight of the mixture). The use of the volume of mixing term
reduces the maximum errors by 2-3 times compared to use
of Young's ( 72) simple additive rule (the first term in eq 8). The
maximum errors (90 X 10-® g cm™) are still higher than the
maximum errors (12 X 107® g cm™3) obtained for the original
solutions and the full AV, equation but demonstrate the utility

of the equation of Wood and Reilly (77) for solutions of known
composition formed by unknown natural processes.

Reglstry No. KCl, 7447-40-7; NaCl, 7647-14-5; K,SO,, 7778-80-5;
Na,SO,, 7757-82-6.

Literature Cited

(1

Millero, F. J.; Connaughton, L. M.; Vinokurova, F.; Chetirkin, P. V. J.
Solution Chem . 1985, 14(12), 837-851.
(2) Millero, F. J.; Lampreia, M. J. Solution Chem. 1985, 14(12), 853-864.
(3) Millero, F. J. Pure Appl. Chem. 1985, 57, 1015.
(4) Picker, P.; Tremblay, E.; Jolicosur, J. J. Solution Chem . 1974, 3, 377.
(5) Kell, G, S. J. Chem. Eng. Data 1975, 20, 97.
(6) Miflero, F. J.; Poisson, A. Deep-Sea Res. 1981, 28, 625.
(7) Millero, F. J. In Activity Coefficients in Electrolyte Solutions; Pytkow-
icz, R. M., Ed,; CRC Press: Boca Raton, FL 1979; pp 63-151.
(8) Millero, F. J.; Sotolongo, S. University of Miami, Miami, FL,, unpublished
resuits, 1983.
(9) Anderson, H. L.; Wood, R. H. In Water; Franks, F., Ed.; Plenum: New
York, 1973; Vol. 111, Chapter 2.
(10) Friedman, H. L. Jonic Solution Theory; Wiley-Interscience: New York,
1962; Vol. 3, p 265.
(11) Wood, R. H.; Reilly, P. J. Annu. Rev. Phys. Chem. 1970, 21, 387.
(12) Young, T. F. Rec. Chem. Prog. 1851, 12, 81.

Received for review December 13, 1985. Accepted June 30, 1986. We
acknowledge the support of the Office of Naval Research (NO0O14-80-C-
00424) and the Oceanographic (OCE-8120659) and Geochemical (EAR-
8210759) sections of the National Science Foundation for this study.

Concentrated Phosphoric Acid Media: Acid-Base,
Oxidation—Reduction, and Solvation Properties

Claire Louis* and Jacques Besslere

Laboratoire de Chimie Electrochimie Analytique, Faculté des Sciences, Université de Nancy 1,

B.P. 239 54506 Vandoeuvre Les Nancy Cedex, France

H,0-H;PO, media (1-14 mol/L) are characterized by
means of the R ,(H) acldity function and the R ,(H,PO,"),
Ro(HPOf‘), and R,(PO.") functions which represent their
ability to give up the proton and the H,PO,", HPO,*", and
PO, particles, respectively. Their solvation properties
are characterized by means of the solvation-transfer
actlvity coefficients of the solutes which are calculated
from the normal potential values of the corresponding
redox systems or from solubility product values. The
significance of the parameter water activity is underilined.

Introduction

Phosphoric acid solutions produced in the industrial pro-
cessing of phosphate ores are about 5.5 and 11.5 mol/L (30%
and 50% P,0;). They contain valuable species such as ura-
nium in the presence of iron, sulfate, and fluoride (hexafluoro-
silicate essentially) at fairly high concentrations (/) and others
such as cadmium and arsenic which must be eliminated.

Provisions for improving the successive stages in the indus-
trial processes are possible from a thermodynamical point of
view by using such data as acidity level, phosphate anion ac-
tivities, water activity, and solvation properties. The data con-
cerning concentrated phosphoric media existing in the literature
nevertheless do not allow us to describe thoroughly their
properties: studies dealing with a limited acid concentration
range or carried out under peculiar conditions (e.g., in the
presence of suifate) give unreliable resuits because of incom-
pletely defined reference systems. We present in this paper
the resuits of a study by electrochemical methods of H,0-Hs-
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PO, media (1-14 mol/L) giving the R ,(H) acidity function (2),
and the R ,(H,PO,"), R (HPOZ), and R ,(PO,*>) functions (3, 4)
characterizing phosphate anion activities and solvation transfer
coefficients of solutes (2-4) especially those which are sig-
nificant in the hydrometallurgy field. Along with water activities
they allow us to explain the changes with acid concentration
of oxidation-reduction, precipitation reactions, and extraction
processes.

1. R (H) Acldily Function. The R (H) acidity function
(2-4) is determined from the variation with the acid concen-
tration of the H™/H, (hydrogen electrode) and the 1,4-benzo-
quinone/hydroquinone (Q/QH,) redox system potentials (E .+,
and E®qgqn2e respectively) referred to the ferrocenium/fer-
rocene (Fct/Fc) comparison system (Table I) according to the
relations

Re(H) = (Eq"w+/mz — E%+mp)/0.058 with £ %ty =
-0.400 V vs. Fc* /Fc (1)

Ro(H) = (E%asiarzs = E®qssarzs)/0.058 with £%0q/qrzs =
+0.316 V vs. Fct/Fc (2)

(The superscript a corresponds to the acidic medium and the
superscript w to water.)

2. H,PO,, HPO *, and PO > Anlon Activities. By
analogy with the R (H) acidity function, H,PO,~, HPO, 2, PO 2~
anion activities are characterized by the R (H,P0,"), R (HPO,?),
and R,(PO,*) functions. R, (HPO,*) = -log apo,- and A
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