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ABSTRACT: The ionic interactions have been investigated from the isopiestic
measurements on the quaternary systems H2O−Er(NO3)3−La(NO3)3−Pr(NO3)3,
H2O−Er(NO3)3−La(NO3)3−Nd(NO3)3, and H2O−Er(NO3)3−Pr(NO3)3−
Nd(NO3)3 at 298.15 K to near saturation. The isopiestic measurements can be
represented by a modified Pitzer ion-interaction model extending to C(3) within the
experimental uncertainty over a full concentration range. In addition, the
Zdanovskii−Stokes−Robinson model or partial ideal solution model is obeyed
by all of the systems within isopiestic accuracy, indicating zero exchange
energy between the unlike salts, which is consistent with the nature of rare earth
elements.

■ INTRODUCTION
The Pitzer ion-interaction model,1−3which contains a
Debye−Hückel limiting law parameter and the empirically
determined β(0), β(1), and Cϕ parameters, has widely been
used in the representation of thermodynamic properties of
aqueous electrolyte solutions and their mixtures to moderate
ionic strengths. Recently, various modifications to the Pitzer
ion-interaction model extending either to β(2), C(2), or D(2)

have been introduced for highly soluble 1−1, 2−1, and 2−2
electrolytes4−7 and their mixtures.8,9 However, all of them
cannot fit the highly soluble and highly unsymmetrical
electrolytes very well, particularly for rare earth nitrites,
ch lor ides , and perch lorates , where the i r s tand-
ard deviations are significantly higher than the experimental
errors of the precise isopiestic measurements of Spedding
et al.10 and Rard et al.11−17 We18 found this problem could
simply be solved by introducing a C(3) parameter into the
Pitzer ion-interaction model, which can quantitatively
represent these literature isopiestic10−17 measurements up
to the maximum saturate or supersaturate concentrations
available.
Ionic interactions in the 3−1 actinide and lanthanide ions

may follow a similar ion-interaction trend due to the similarity
of actinides and lanthanides, but the actinides can hardly be
manipulated at high concentrations due to their radioactivity.
Therefore, thermodynamic properties from infinite dilution to
saturation (or supersaturation) are of fundamental importance
for the pure and mixed aqueous solutions containing 3−1 rare
earth electrolytes.
On the other hand, based on the Zdanovskii−Stokes−

Robinson (ZSR) model19−23 for aqueous solutions, we have
developed a partial ideal solution model24−29 for every kind

of the multicomponent systems A−B−C−...−Z with zero
interchange energies among B, C, ..., Z related to their
binary subsystems A−B, A−C, ..., A−Z at constant activity
of the common component A. The partial ideal solution
model has been verified by the experiments of organic
mixtures, aqueous and nonaqueous solutions, alloys, molten
salt mixtures, slags, and nonstoichiometric solid solutions.
However, for aqueous electrolyte mixtures, the model
testing is normally available only to moderate ionic
strengths. It is therefore interesting to examine whether
the new isopiestic measurements for quaternary mixed rare
earth electrolyte solutions to very high concentrations
still follow the ZSR model (or the partial ideal solution
model).
In this paper, we tried to extend the isopiestic measure-

ments to the quaternary systems H2O−Er(NO3)3−La-
(NO3)3−Pr(NO3)3, H2O−Er(NO3)3−La(NO3)3−Nd-
(NO3)3, and H2O−Er(NO3)3− Pr(NO3)3 −Nd(NO3)3
to near saturation and to represent the new measurements
by the new simple modified ion-interaction model, the ZSR
or partial ideal solution model, and other empirical
equations.

■ EQUATIONS
For highly soluble and highly unsymmetrical electrolytes
(MX) such as aqueous rare earth nitrates, perchlorates, and
chlorides and their mixtures (MX−NX−...) with the same
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Table 1. Isopiestic Results of Quaternary Systems H2O−Er(NO3)3−La(NO3)3−Pr(NO3)3, H2O−Er(NO3)3−La(NO3)3−
Nd(NO3)3, and H2O−Er(NO3)3−Pr(NO3)3−Nd(NO3)3 at 298.15 K

mref mB mC mD

mol·kg−1 mol·kg−1 mol·kg−1 mol·kg−1 Δ ϕexp ϕcalc Δϕa

(1) H2O(A)−Er(NO3)3(B)−La(NO3)3(C)−Pr(NO3)3(D)
2.1019 1.0019 0 0 1.041 1.040 0.001
{H2O−NaCl} 0 1.1692 0 0.892 0.891 0.001

0 0 1.1497 0.907 0.906 0.001
0.3358 0.3895 0.3811 −0.0002 0.943 0.944 −0.001
0.5819 0.2453 0.2402 −0.0005 0.977 0.978 −0.001
0.1535 0.3432 0.6362 0.0001 0.921 0.921 0.000

4.1889 1.8338 0 0 1.292 1.291 0.001
{H2O−NaCl} 0 2.2094 0 1.072 1.072 0.000

0 0 2.1484 1.103 1.102 0.001
0.6462 0.7107 0.6989 −0.0006 1.153 1.153 0.000
0.9025 0.5565 0.5502 0.0001 1.179 1.181 −0.002
0.5121 0.5508 1.0125 −0.0002 1.142 1.142 0.000

2.9589 2.6019 0 0 1.498 1.497 0.001
{H2O−CaCl2} 0 3.1453 0 1.239 1.238 0.001

0 0 3.0438 1.280 1.280 0.000
0.9117 1.0065 1.0033 0.0000 1.334 1.335 −0.001
1.3125 0.7722 0.7596 −0.0005 1.370 1.371 −0.001
0.7054 0.7421 1.4995 −0.0003 1.323 1.323 0.000

3.7112 3.4031 0 0 1.687 1.687 0.000
{H2O−CaCl2} 0 4.1019 0 1.400 1.399 0.001

0 0 3.9650 1.448 1.448 0.000
1.2234 1.2979 1.2854 0.0001 1.509 1.511 −0.002
1.7735 0.9678 0.9621 −0.0003 1.551 1.552 −0.001
0.8626 0.9931 1.9996 −0.0001 1.490 1.491 −0.001

(2) H2O(A)−Er(NO3)3(B)−La(NO3)3(C)−Nd(NO3)3(D)
2.1073 1.0039 0 0 1.042 1.041 0.001
{H2O−NaCl} 0 1.1717 0 0.893 0.892 0.001

0 0 1.1415 0.916 0.915 0.001
0.3355 0.3891 0.3806 −0.0003 0.947 0.947 0.000
0.5821 0.2458 0.2401 0.0000 0.980 0.980 0.000
0.1522 0.3427 0.6348 0.0002 0.926 0.926 0.000

4.1038 1.8002 0 0 1.282 1.282 0.000
{H2O−NaCl} 0 2.1680 0 1.065 1.064 0.001

0 0 2.0743 1.113 1.112 0.001
0.6383 0.6895 0.6793 0.0001 1.150 1.151 −0.001
0.8932 0.5377 0.5308 0.0001 1.177 1.178 −0.001
0.4952 0.5252 1.0001 −0.0005 1.143 1.142 0.001

2.9893 2.6337 0 0 1.506 1.505 0.001
{H2O−CaCl2} 0 2.1837 0 1.246 1.245 0.001

0 0 3.0241 1.311 1.311 0.000
0.9202 1.0108 1.0074 0.0000 1.350 1.351 −0.001
1.3205 0.7840 0.7617 −0.0005 1.384 1.384 0.000
0.7096 0.7468 1.5005 0.0002 1.341 1.342 −0.001

3.6343 3.3179 0 0 1.669 1.668 0.001
{H2O−CaCl2} 0 4.0013 0 1.384 1.383 0.001

0 0 3.7985 1.458 1.457 0.001
1.1971 1.2518 1.2401 0.0001 1.501 1.503 −0.002
1.6994 0.9521 0.9493 0.0001 1.538 1.539 −0.001
0.8078 0.9625 1.9601 0.0000 1.485 1.485 0.000

(3) H2O(A)−Er(NO3)3(B)−Pr(NO3)3(C)−Nd(NO3)3(D)
2.1176 1.0082 0 0 1.043 1.042 0.001
{H2O−NaCl} 0 1.1574 0 0.909 0.908 0.001

0 0 1.1466 0.917 0.916 0.001
0.3367 0.3853 0.3816 −0.0003 0.953 0.953 0.000
0.5832 0.2441 0.2415 0.0000 0.984 0.985 −0.001
0.1539 0.3387 0.6363 0.0002 0.932 0.932 0.000

4.1181 1.8053 0 0 1.284 1.283 0.001
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anion X, the new simple modified ion-interaction model for

the osmotic coefficient (ϕ) and activity coefficient (γ) may

simply be given by18
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where Aϕ is the Debye−Hückel limiting law parameter (0.3915
kg1/2·mol−1/2 at 298.15 K), b = 1.2 kg1/2·mol−1/2, Z = ∑imi|zi|,

Table 1. continued

mref mB mC mD

mol·kg−1 mol·kg−1 mol·kg−1 mol·kg−1 Δ ϕexp ϕcalc Δϕa

(3) H2O(A)−Er(NO3)3(B)−Pr(NO3)3(C)−Nd(NO3)3(D)
{H2O−NaCl} 0 2.1148 0 1.096 1.095 0.001

0 0 2.0802 1.115 1.114 0.001
0.6405 0.6722 0.6802 −0.0004 1.164 1.163 0.001
0.8957 0.5214 0.5355 0.0001 1.188 1.188 0.000
0.4976 0.5125 1.0032 0.0002 1.152 1.152 0.000

2.9966 2.6405 0 0 1.508 1.507 0.001
{H2O−CaCl2} 0 3.0884 0 1.289 1.288 0.001

0 0 3.0317 1.313 1.312 0.001
0.9231 0.9953 0.9952 0.0001 1.367 1.367 0.000
1.3247 0.7610 0.7643 0.0002 1.397 1.398 −0.001
0.7126 0.7191 1.5069 −0.0002 1.355 1.354 0.001

3.7391 3.4341 0 0 1.694 1.693 0.001
{H2O−CaCl2} 0 4.0004 0 1.454 1.454 0.000

0 0 3.9295 1.480 1.480 0.000
1.2322 1.2796 1.2619 −0.0002 1.542 1.543 −0.001
1.7676 0.9628 0.9584 −0.0007 1.577 1.577 0.000
0.8487 0.9881 1.9885 0.0002 1.521 1.523 −0.002

aΔϕ = ϕexp − ϕcalc.

Table 2. Parameters and Standard Deviations of the Modified Pitzer Model for Fitting Literature Osmotic and Activity
Coefficients of Aqueous Pure Nitrates from Infinite Dilution to the Maximum Ionic Strengths Available at 298.15 Ka,b

nitrates (3/2)β(0) (3/2)β(1) (3/2)β(2) (33/2)C(0) (33/2)C(1) (33/2)C(2) (33/2)C(3) 103σ maximum I

Er(NO3)3 0.4597 8.41 −7.15 −0.02212 0.3805 −0.2866 1.1361 2.0 44
La(NO3)3 0.3129 8.15 −5.13 −0.01028 0.3138 −0.3629 1.1857 0.9 51
Pr(NO3)3 0.3342 7.80 −4.07 −0.01166 0.3420 −0.4790 1.2981 1.6 46
Nd(NO3)3 0.3436 7.32 −2.51 −0.01230 0.3763 −0.5732 1.3968 1.8 38

aGiven αB1 = 1.8 kg1/2·mol−1/2, αB2 = 6.0 kg1/2·mol−1/2, αC1 = 0.15 kg·mol−1, αC2 = 0.25 kg·mol−1, and αC3 = 0.35 kg·mol−1. bGiven β in kg·mol−1,
C in kg2·mol−2, and I in mol·kg−1.

Table 3. Mixing Parameters and Standard Deviations of the New Modified Pitzer Model for Fitting Osmotic Coefficients of the
Aqueous Mixtures H2O−Er(NO3)3−La(NO3)3, H2O−Er(NO3)3−Pr(NO3)3, H2O−Er(NO3)3−Nd(NO3)3, H2O−La(NO3)3−
Pr(NO3)3, H2O−La(NO3)3−Nd(NO3)3, and H2O−Pr(NO3)3−Nd(NO3)3 at 298.15 K

mixtures θcc′
a ψcc′a

b σ (with θ and ψ) σ (without θ and ψ)

H2O−Er(NO3)3−La(NO3)3 −0.02225 0.002170 0.0016 0.0027

H2O−Er(NO3)3−Pr(NO3)3 −0.01475 0.001618 0.0010 0.0018

H2O−Er(NO3)3−Nd(NO3)3 −0.01371 0.001397 0.0009 0.0017

H2O−La(NO3)3−Pr(NO3)3 −0.001929 0.0000824 0.0011 0.0013

H2O−La(NO3)3−Nd(NO3)3 −0.007020 0.0006041 0.0013 0.0015

H2O−Pr(NO3)3−Nd(NO3)3 −0.005430 0.0005768 0.0008 0.0010
aGiven in kg·mol−1. bGiven in kg2·mol−2.
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i denotes all ions, z is the charge number, ν is the stoichiometric
coefficient, m is molality, and mT is the total solute molality,
and B and C are virial terms for pairwise and triplet interactions
of the like salts given by

= β + β α + β αB g I g I( ) ( )c c c B c BX X
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Table 4. Harned Coefficients for Calculating Activity Coefficients of Quaternary Systems H2O−Er(NO3)3−La(NO3)3−
Pr(NO3)3, H2O−Er(NO3)3−La(NO3)3−Nd(NO3)3, and H2O−Er(NO3)3−Pr(NO3)3−Nd(NO3)3 at 298.15 K with σ ≤ 0.001

Ia 3 6 9 12 15 18 21 24

(1) H2O(A)−Er(NO3)3(B)−La(NO3)3(C)−Pr(NO3)3(D)
ln γB αBC 0.09613 0.1890 0.2553 0.3107 0.3529 0.3826 0.4047 0.4180

αBD 0.09247 0.1718 0.2255 0.2685 0.3004 0.3217 0.3374 0.3469
βBC 0 0 0.01330 0.02078 0.02724 0.03516 0.04273 0.05231
βBD 0 0 0.01234 0.01797 0.02162 0.02694 0.03233 0.03942
βBCD 0 −0.00202 0.02700 0.04067 0.04900 0.06183 0.07439 0.09067

ln γC αCB −0.08700 −0.1630 −0.2255 −0.2923 −0.3378 −0.3744 −0.4052 −0.4327
αCD 0.005080 −0.01138 −0.02752 −0.03905 −0.04765 −0.05663 −0.06499 −0.07134
βCB 0 0 0 0.01683 0.02336 0.02882 0.03437 0.04172
βCD 0 0 0 0 0 0 0 0
βCBD 0 −0.005270 −0.02085 0.001992 0.006879 0.0006298 0.006893 0.007895

ln γD αDB −0.08410 −0.1504 −0.2043 −0.2595 −0.2935 −0.3212 −0.3451 −0.3656
αDC −0.00488 0.01152 0.02819 0.04016 0.04919 0.05842 0.06710 0.07386
βDB 0 0 0 0.01481 0.01882 0.02302 0.02833 0.03336
βDC 0 0 0 0 0 0 0 0
βDBC 0 −0.01182 −0.01994 −0.002492 −0.004472 −0.005470 −0.008431 −0.01162

(2) H2O(A)−Er(NO3)3(B)−La(NO3)3(C)−Nd(NO3)3(D)
ln γB αBC 0.09613 0.1890 0.2553 0.3107 0.3529 0.3826 0.4047 0.4180

αBD 0.09583 0.1629 0.2188 0.2454 0.2707 0.2889 0.3036 0.3132
βBC 0 0 0.01330 0.02078 0.02724 0.03516 0.04273 0.05231
βBD 0 0 0 0.01298 0.01611 0.01959 0.02307 0.02942
βBCD 0 −0.03053 0.01418 0.03705 0.04390 0.05332 0.06281 0.07600

ln γC αCB −0.08700 −0.1630 −0.2255 −0.2923 −0.3378 −0.3744 −0.4052 −0.4327
αCD 0.000910 −0.02268 −0.04205 −0.06011 −0.07710 −0.09079 −0.1007 −0.1060
βCB 0 0 0 0.01683 0.02336 0.02882 0.03437 0.04172
βCD 0 0 0 0 0 0 0 0
βCBD 0 −0.008340 −0.01690 0.006637 0.01121 0.01332 0.01398 0.01643

ln γD αDB −0.08701 −0.1433 −0.1905 −0.2244 −0.2633 −0.2848 −0.3049 −0.3247
αDC −0.00084 0.02311 0.04352 0.06266 0.08095 0.09557 0.1062 0.1117
βDB 0 0 0 0 0.01399 0.01576 0.01946 0.02573
βDC 0 0 0 0 0 0 0 0
βDBC 0 −0.007521 −0.01879 −0.02654 −0.007719 −0.01428 −0.02007 −0.02199

(3) H2O(A)−Er(NO3)3(B)−Pr(NO3)3(C)−Nd(NO3)3(D)
ln γB αBC 0.09247 0.1718 0.2255 0.2685 0.3004 0.3217 0.3374 0.3469

αBD 0.09583 0.1629 0.2188 0.2454 0.2707 0.2889 0.3036 0.3132
βBC 0 0 0.01234 0.01797 0.02162 0.02694 0.03233 0.03942
βBD 0 0 0 0.01298 0.01611 0.01959 0.02307 0.02942
βBCD 0 0.02854 0.01303 0.02974 0.03819 0.04553 0.05288 0.06323

ln γC αCB −0.08410 −0.1504 −0.2043 −0.2595 −0.2935 −0.3212 −0.3451 −0.3656
αCD −0.003470 −0.01200 −0.01485 −0.02161 −0.03052 −0.03577 −0.03712 −0.03634
βCB 0 0 0 0.01481 0.01882 0.02302 0.02833 0.03336
βCD 0 0 0 0 0 0 0 0
βCBD 0 0 0 0.005267 0.004829 0.005283 0.007281 0.009024

ln γD αDB −0.08701 −0.1433 −0.1905 −0.2244 −0.2633 −0.2848 −0.3049 −0.3247
αDC 0.003630 0.01215 0.01502 0.02195 0.03107 0.03653 0.03782 0.03703
βDB 0 0 0 0 0.01399 0.01576 0.01946 0.02573
βDC 0 0 0 0 0 0 0 0
βDBC 0 0 0 −0.02552 0.003459 −0.007467 −0.01111 −0.01024

aGiven in mol·kg−1.
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where g(x) = 2{1 − [(1 + x)exp(−x)/x2]} and θ and ψ are
mixing terms for pairwise and triplet interactions of the unlike
salts.
On the other hand, the modified ZSR equation at constant

water activity and the McKay−Perring equation for aqueous
mixtures may be given respectively by21−23,30
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and the Harned equation31 at constant total ionic strength,
which is often used for the aqueous electrolyte mixtures to
moderate ionic strengths,31−34 may be given by
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where yj = mj/mT, yl = ml/mT, j, k, and l denote different
electrolytes, the superscript ° denotes the quantity of
aqueous pure electrolytes, and α and β are the Harned
coefficients. In one special case of Δ = 0, eq 4 reduces to the
ZSR model

∑ =m m( / ) 1
j

j j
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(7)

and, if eq 7 holds from aw = 1 to aw = aw, eq 5 reduces to the
simplified McKay−Perring equation

γ γ =m m/ 1j j jT
o o

(8)

In another special case of all β = 0, eq 6 reduces to the Harned
rule31

∑γ = γ − α yln lnj j
k

jk k
o

(9)

■ EXPERIMENTAL SECTION

Er2O3, La2O3, Pr6O11, and Nd2O3 (99.99 % from Aldrich
Chemical Co.) were used to prepare stock solutions of
Er(NO3)3, La(NO3)3, Pr(NO3)3, and Nd(NO3)3 by Rard's
method.11−17 After reacting the rare earth oxides with the
analytical reagent HNO3, the resulting rare earth nitrate
solutions were adjusted to equivalent concentrations with
dilute HNO3 solutions and then reheated and readjusted until
stabilized. The rare earth nitrate molalities were determined by
the ethylenediaminetetraacetic acid (EDTA) titration and by
the gravimetric sulfate method, after destroying the nitrate
ions by evaporation with hydrochloric acid. The stock
solution concentrations were known to be 0.1 % or better.
NaCl and CaCl2 from the same source were recrystallized
from water several times and dried over P2O5. The
concentrations of aqueous NaCl and CaCl2 were determined
by the AgNO3 titration. All of the solutions were prepared by
weight in triple-distilled water and converted into mass.
The aqueous NaCl and CaCl2 were used as isopiestic
standards for the dilute and concentrated rare earth nitrate
solutions, respectively, and their osmotic coefficients were
taken from the recent literature sources.35,36 At isopiestic
equilibrium, all samples have the same water activity, so that
the osmotic coefficients of the rare earth nitrate solutions may

Figure 1. Dependence of (a) ln γB
tr on I, (b) ln γC

tr on I, and (c) ln γD
tr on I for the quaternary systems □, H2O−Er(NO3)3(B)−La(NO3)3(C)−

Pr(NO3)3(D); ●, H2O−Er(NO3)3(B)−La(NO3)3(C)−Nd(NO3)3(D); and ▲, H2O−Er(NO3)3(B)−Pr(NO3)3(C)−Nd(NO3)3(D).
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be calculated by the equation

∑ϕ = ν* *ϕ* νm m/
j

j j
(10)

from the known properties of isopiestic reference solutions
NaCl or CaCl2 denoted by the asterisk.
The isopiestic measurements were made by the method

described previously.37−42 Fourteen gold-plated silver cups
were placed in an isopiestic apparatus made of copper. Each
sample was run in duplicate. In each of the cups, one glass ball
and (1.5 to 3.0) g of reference solution or investigated system
were placed. After evacuating air, the apparatus was rocked
once every 5 s in the thermostat controlled at 298.15 ± 0.01 K
during the whole experimental process. The isopiestic measure-
ments were carried out from I ≈ 6 mol·kg−1 to I ≈ 24 mol·kg−1

(i.e., near to saturation) for the investigated systems. The
isopiestic equilibrium may be reached within (5 to 7) days.
After each run, the isopiestic molalities were determined by

weighing only as usual.37−42 The individual equilibrium
molalities of each nitrate were always reproducible to ± 0.06
% and mostly to ± 0.04 % between the duplicate samples.

■ RESULTS AND DISCUSSION
First, we discuss the solute−solute interchange energies in the
quaternary mixed rare earth electrolyte solutions. Table 1 lists
the isopiestic results for the quaternary systems H2O−
Er(NO3)3−La(NO3)3−Pr(NO3)3, H2O−Er(NO3)3−La-
(NO3)3−Nd(NO3)3, and H2O−Er(NO3)3−Pr(NO3)3−Nd-
(NO3)3 at 298.15 K, where ϕexp was determined by eq 10.
The isopiestic molalities of these systems are compared with
the ZSR or partial ideal solution model. The results show that
the Δ function defined by eq 4 is given by |Δ| ≤ 0.001 for all of
the systems over the entire concentration range, which is within
the isopiestic experimental accuracy.43 This means that all of
the systems obey the ZSR or partial ideal solution model within
experimental error. It has been earlier noted that the physical
meaning of the ZSR or partial ideal solution model is zero
interchange energy between the unlike solutes in the mixtures.
This behavior is consistent with the nature of the rare earth
mixtures. Thus, the solute activity coefficients of the mixtures
may be calculated very easily from the data of pure electrolytes
by eq 8.
Second, we discuss the ionic interactions in the quaternary

mixed rare earth electrolyte solutions based on the new simple
modified Pitzer model, eqs 1 to 3. Table 2 lists seven
parameters (β(0), β(1), β(2), C(0), C(1), C(2), and C(3)) for each
pure salt which were first reported in ref 18. Table 3 gives two
mixing parameters (θcc′ and ψcc′X) for each pair of salts, among
which data of the last three mixtures were first reported in
ref 18. Table 3 shows the much smaller mixing parameter
values of the La(NO3)3−Pr(NO3)3, La(NO3)3−Nd(NO3)3, and
Pr(NO3)3−Nd(NO3)3 mixtures than the Er(NO3)3−La(NO3)3,
Er(NO3)3−Pr(NO3)3, and Er(NO3)3−Nd(NO3)3 mixtures and
the very small increase, 0.0002, in root-mean-square average
values when omitting the mixing terms for La(NO3)3−
Pr(NO3)3, La(NO3)3−Nd(NO3)3, and Pr(NO3)3−Nd(NO3)3.
Therefore, two mixing parameters (θcc′ and ψcc′X) for
La(NO3)3−Pr(NO3)3, La(NO3)3−Nd(NO3)3, and Pr(NO3)3−
Nd(NO3)3 mixtures can be omitted. The osmotic coefficients
calculated by eq 1, ϕcalc, are listed in the seventh column of
Table 1. The values of Δϕ (≡ ϕexp − ϕcalc) are listed in the
eighth column of Table 1. The values of |Δϕ| ≤ 0.002 indicate

that the simple modification to the Pitzer ion-interaction model
extending to the C(3) parameter can represent the new measure-
ments within experimental uncertainty over the full concen-
tration range. Thus, the solute activity coefficients of all of the
mixtures may also be calculated from the parameters listed in
Tables 2 and 3 by eq 2.
The calculated values of trace activity coefficient, ln γj

tr, are
generally sensitive to the method of representing experimental
ϕexp data.16 It is therefore interesting to compare the ln γj

tr

values of the rare earth nitrate mixtures calculated from the new
simple modified ion-interaction model, eq 2, and from the
simplified McKay−Perring equation, eq 8. Both of them show
excellent agreement at lower ionic strengths but present some
differences at higher ionic strengths. The largest differences in
the ln γj

tr values from the two calculation approaches are σmax ≤
0.020 at I = 9 mol·kg−1 and to σmax = 0.042 to 0.055 at I =
24 mol·kg−1 for the H2O−Er(NO3)3−La(NO3)3−Pr(NO3)3,
H2O−Er(NO3)3−La(NO3)3−Nd(NO3)3, and H2O−Er-
(NO3)3−Pr(NO3)3−Nd(NO3)3 systems. Figure 1 presents
the similar ionic strength dependence trend of ln γB

tr, ln γC
tr,

and ln γD
tr for the three quaternary systems. The plots show the

regular increase in trace activity coefficients with increasing
ionic strength at I ≥ 6 mol·kg−1.
We also compared the solute activity coefficients of the

quaternary systems H2O−Er(NO3)3−La(NO3)3−Pr(NO3)3,
H2O−Er(NO3)3−La(NO3)3−Nd(NO3)3, and H2O−
Er(NO3)3−Pr(NO3)3−Nd(NO3)3 at I = (3, 6, 9, 12, 15, 18,
21, and 24) mol·kg−1 with the Harned rule, eq 9. The maximum
deviation obtained at high ionic strengths is σmax = 0.0043.
Therefore, the solute activity coefficients of the quaternary
systems H2O−Er(NO3)3−La(NO3)3−Pr(NO3)3, H2O−
Er(NO3)3−La(NO3)3−Nd(NO3)3, and H2O−Er(NO3)3−
Pr(NO3)3−Nd(NO3)3 were refitted by the Harned equation,
eq 6. Table 4 lists the Harned coefficients (αjk, αjl, βjk, βjl, and
βjkl) of the three quaternary systems with the fitting standard
deviation σ ≤ 0.001.

■ CONCLUSION
In this study, we have reported experimental isopiestic osmotic
coefficient measurements on the quaternary systems H2O−
Er(NO3)3−La(NO3)3−Pr(NO3)3 , H2O−Er(NO3)3−
La(NO3)3−Nd(NO3)3, and H2O−Er(NO3)3−Pr(NO3)3−
Nd(NO3)3 at 298.15 K to near saturation. The new modified
Pitzer ion-interaction model only extending to the C(3)

parameter and the ZSR or partial ideal solution model are
used to represent the experimental results. The agreement is
excellent among the isopiestic measurements, the new simple
modified Pitzer model, and the ZSR or partial ideal solution
model. The calculated solute activity coefficients for the
quaternary systems also show the consistence among the new
simple modified Pitzer model, the McKay−Perring equation,
and the Harned equation. All of the interaction analysis
suggests the applicability of the new simple modified Pitzer
model and the ZSR or partial ideal solution model for the rare
earth electrolyte mixtures up to very high concentrations.
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