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is an average of at least three measurements. The experi-
mental uncertainties in K, and C.* are around 1.0%. An
asterisk is used to indicate that the literature data are calculated
values according to Hansch, Quinian, and Lawrence (4). Our
results are generally in good agreement with available experi-
mental literature data.

The present data were subjected to a linear regression of log
Kow = clog v,* + d for each class of compound and for all
compounds taken together. The results of these analyses are
shown in Table VIII.

According to eq 5, the slope for each class should be unity
and the negative of the intercept is log 7,° (assumed to be
relatively constant). Examination of Tabie VIII shows that the
slopes are indeed close to unity, ranging between 0.91 and
1.08. The small deviations are most likely caused by siight
variations in log v,° within each class (77). For example, the
average of the difference between log v.* and log K, for the
aromatic compounds of Table I is 0.56 and for halogenated
hydrocarbons of Table III is 0.68, whereas their least-squares
values listed in Table VIII for the intercepts are respectively
-0.77 and -0.32. Therefore, the intercepts represent oniy
approximate (averaged) values of log v.° for each class.

These findings show that the octanol/water partition coeffi-
cient of a solute may be estimated with reasonable accuracy
from knowledge of its aqueous solubility, its molar volume, and
the regression equation for compounds of its class. Also, this
study establishes that the generator column method coupled

with either HPLC or GC modes of analysis provides an accurate
and rapid method for systematic determination of K, and C.*
for organic compounds.
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The osmotic coefficients of aqueous Eu(NO;),;, Y(NO;),,
and YCl; have been measured at 25 °C from dllute
solution to supersaturated concentrations with the
Isoplestic method. Least-squares equations were fitted to
these osmotlc coefficlents, which were then used to
calculate water actlvities and mean molal activity
coefficlents. Pitzer’'s equations were also fitted to the
lower-concentration data. These resulis are compared to
published activity data for rare-earth chiorides,
perchlorates, and nitrates. A total of 40 rare-earth salts
have now been studied, and their activities are discussed
in terms of catlon hydration and anlon—cation Interactions.
Density data are also reported for Y(NO,); solutions.

Introduction

In the late 1940s activity coefficient measurements began
at Ames Laboratory for dilute rare-earth halide solutions at 25
°C, using emf measurements. Data were ultimately published
for 14 rare-earth chlorides and 9 rare-earth bromides (7, 2).

0021-9568/82/1727-0454$01.25/0

In the 1950s isopiestic measurements were started for rare-
earth electrolyte solutions at higher concentrations. This re-
search was moved to Lawrence Livermore National Laboratory
(LLNL) in 1977. Isopiestic data have already been published
for 14 rare-earth chlorides, 12 perchlorates, and 12 nitrates at
25 °C (3-7).

Activity data for aqueous rare-earth salts are interesting for
several reasons. The weakly complexed chiorides, bromides,
and perchlorates show S-shaped series trends at constant
molality, which are mainly due to total hydration trends for the
cations. These trends are strongly influenced by an inner-
sphere hydration number decrease between Nd** and Tb®** and
its concomitant contraction of the inner-sphere hydrated radius
(8, 9). In contrast, rare-earth nitrate solutions contain mixtures
of inner- and outer-sphere complexes which cause these S-
shaped series trends to disappear at fairly low concentrations
(7).

A so-called gadolinium break appears in many properties of
rare-earth complexes, but it is conspicuously absent for most
thermodynamic (3, 4, 70, 77) and transport properties (72,
13) of rare-earth chlorides and perchlorates. However, most
properties of rare-earth nitrates have a “bulge” in the middle
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Table I. Isopiestic Molalities of Some Rare-Earth Electrolyte
Solutions from Measurements with KCl Reference Solutions

(Ea(NO,),], [Y(NO,,], [YCL],  (KCI],

m m m m @ (KC1)
0.14893 0.14038 0.13866 0.24267 0.9091
0.234 05 0.21847 0.214 21 0.38777 0.9021
0.244 30 0.22814 0.22333 0.40559 0.9015
0.27279 0.25394 0.24801 0.45452 0.9002
0.497 59 045587 0.43438 0.87928 0.8969
0.53157 0.48579 0.46208 0.94933 0.8971
0.53931 0.492 83 0.46860 0.96439 0.8971
0.606 15 0.55208 0.52104 1.1021 0.8980
0.67837 061648 0.57779 1.2562 0.8995
0.76227 0.691 08 0.64219 1.4408 0.9018
0.84207 0.761 74 0.70229 1.6232 0.9045
0.93047 0.84039 0.76767 1.8288 0.9080
1.0183 0.83146 2.0394 0.9121
1.0372 0.844 45 2.0840 0.9130
1.0433 0.94097 0.84968 2.1025 0.9134
1.0615 0.863 30 2.1447 0.9143
1.166 0 1.0517 0.93827 24117 0.9203
1.1888 1.0708 0.953 48 24693 0.9216

of the series at high concentrations. Activity data were lacking
for EWNO;)s, S0 it was not known whether this “break™ appears
at Gd®* or some other rare earth. Activity data are now re-
ported for Eu(NO3); and confirm that a gadolinium break is
present for rare-earth nitrates.

Yttrium is classified as a rare earth because it forms a tri-
valent ion and because its ionic radius falls within the range for
lanthanides, even though it contains no 4f electrons. However,
its position in the rare-earth series is known to vary with the
anion and with the property beging investigated. Therefore,
isopiestic and density measurements were performed for Y(N-
0;); to determine its position within the nlirate series. Previous
activity data for YCl; were of lower accuracy than for other
rare-earth chlorides at high concentrations (3), so its osmotic
coefficients were remeasured.

Experimental Section

The experimental details are nearly identical with those for
the previous two studies (6, 7). All equilibrations were per-
formed at 25.00 & 0.005 °C (IPTS-68). Isopiestic equilibration
times ranged from 4 to 41 days, with the longer times required
at lower concentrations. The saturated-solution concentration
of YCl, (solid phase presumably YCl;-6H,0) was determined to
be 3.9367 = 0.0035 mol/kg by using 9- and 10-day isopiestic
equilibrations.

CaCl, stock no. 1 and KCI were used as isopiestic standards.
They have already been described (74). The molecular masses
used were 337.975 g/mol for Eu(NO;);, 274.921 g/mol for
Y(NO,)s, 195.265 g/mol for YCl;, 110.986 g/mol for CaCl,, and
74.551 g/mol for KCl.

Rare-earth electrolyte solutions were prepared from pure
rare-earth oxides and analytical reagent grade HNO, or HCI.
The stock solutions were adjusted to their equivalence con-
centrations with dilute solutions of their corresponding acids.
These equivalence concentrations were determined by pH ti-
tration of samples with dilute acid solutions. Each rare-earth
solution pH at the end of the titration curve was about 1 pH unit
below that of the acid used for the titration. This indicates that
hydrogen ion activities in rare-earth electrolyte solutions are
much larger than their concentrations (hydrogen ion activity
coefficients > 1).

The Y,0; sample used for preparation of stock solutions had
been purified at Ames Laboratory by ion-exchange methods.
Mass-spectroscopic analysis at Ames Laboratory indicated that
the Y,0, contained (in atomic percent) 0.0024% other rare
earths, 0.046% Ca, 0.002% Fe, and 0.0023% of other ele-
ments.
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The Eu,05 was high-purity commercial material, and it was
analyzed for impurities at LLNL. Direct current arc optical
emission spectroscopy indicated (in weight percent) 0.06 % Gd,
<0.001% Cu, 0.0005% each of B and Fe, 0.0004% Mg, and
<0.001% Si. X-ray fluorescence spectroscopy detected
0.04% Gd and 0.006 % Dy by weight. No other impurities were
found.

Stock-solution concentrations were determined by conversion
of samples to the anhydrous sulfates at 500 °C. The precision
of each analysis was 0.02-0.03%, and replicate sulfate
analyses for Eu(NO;); and YCl; also agreed within this limit.
However, mass tltration of YCl; with AgQNO; gave a concen-
tration about 0.1% higher than sulfate analyses. This suggests
that the accuracy of each analysis is only 0.05-0.1%.

Before sulfate analyses of rare-earth nitrate solutions, the
nitrate ions were decomposed by evaporation with HCI. This
was necessary to avoid coprecipitation of nitrate ions, which
would give high results for the apparent concentrations (5).
Rare-earth sulfate samples, prepared in this manner, were
“nitrate free” as determined by the sensitive chromotropic acid
test (15).

Published differential thermal analysis results (76) indicate
that it should be possible to thermally decompose rare-earth
nitrates to form the pure oxides. However, a sample of Y(NO;),
that was heated overnight at 770 °C gave a distinct positive test
for nitrate ions (75). In addition, semiquantitative tests with
Eu(NO;); and Y(NO3), indicated that weighing samples as the
oxides could give concentration errors of as much as 1% at
1 mol/kg, and 3% at very high concentrations. For these tests
Eu(NO,), was heated several days at 770 °C and Y(NO,), at
650 °C; these temperatures are above their minimum oxide
formation temperatures (76). Direct pyrolysis of rare-earth
nitrates to the oxides is therefore unsatisfactory as a quantita-
tive method of analysis.

Duplicate samples were used for each solution in the iso-
piestic equilibrations. The average equilibrium molalities are
known to +£0.1% or better, with most equilibrations precise to
+0.05%. These isopiestic equilibration molalities are reported
in Tables I and II.

The highest-concentration equilibrations were for supersatu-
rated concentrations. YCl; showed only a slight tendency to
supersaturate under isothermal conditions, whereas the nitrate
solutions were stable to high degrees of supersaturation. On
the basis of data for other rare—earth nitrates (5), we estimate
that the 25 °C solubility of Eu(NO,), is 4.33 £ 0.03 mol/kg and
that of Y(NO;); is 5.6 % 0.8 mol/kg. Sample cups were ex-
amined for crystals after each high-concentration equilibration.
None were present for rare-earth nitrates; this indicates that the
crystallization limits had not been reached. Crystallization oc-
curred for YCI; when measurements were attempted at higher
concentrations.

All weights were converted to vacuum by using the appro-
priate densities. Published density data were available for all
of the solutions except Eu(NO;); and Y(NO;);. The averages
of Sm(NO;), and Gd(NO;), densities (77) were used for the
Eu(NO3), buoyancy corrections. Densities of Y(NO;); solutions
were measured in duplicate, with an accuracy of 3 X 1075
g/cm®, by using a matched pair of single-stem pycnometers.
These densities are listed in Table III.

Calculations

The Y(NO3), density data of Table III were represented by
least-squares equations

n
d=d°+I_ZZB,X”2 (1)

where X = m in mol/kg or ¢ in mol/dm3. The density of pure
water, d° was set at 0.997 045 g/cm® (78). Least-squares
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Table II. Isopiestic Molalities of Some Rare-Earth Electrolyte Solutions from Measurements with CaCl, Reference Solutions

[Eu(NO,),], [Y(NO,),], [YCL], [CaCl,], [Eu(NO,),],  [Y(NO,),], [YCL,], [CaCl,],

m m m m @(CaCl,) m m m m o(CaCly)
1.0995 0.99105 0.89063  1.2310 1.1117 5.1309 4.7530 3.3303 4.9704 2.5631
1.1851 1.0685 0.95159  1.3240 1.1410 5.2528 4.8677 3.4001 50735  2.6006
1.2795 1.1535 1.0185 1.4264 1.1743 5.3052 4.9159 3,4282 51135 2.6149
1.3875 1.2504 1.0922 1.5396 1.2121 4.9846 3.4693 51779 2.6376
1.5079 1.3601 1.1748 1.6689 1.2565 5.3823 5.1800 2.6384
1.6280 1.4689 1.2551 1.7918 1.2999 5.4299 5.0322 3.4992 52212 26528
1.7260 1.5589 1.3202 1.8936 1.3366 5.5241 5.1241 3.5539 53032  2.6809
1.8665 1.6880 1.4113 2.0373 1.3895 5.1561 3.5723 53314  2.6904
1.9742 1.7876 1.4816 2,1462 1.4303 5.6158 53791  2.7064
2.0768 1.8821 1.5460 2.2486 1.4693 5.7336 54759 2.7380
2.1801 1.9788 1.6125 2.3523 1.5093 5.3707 3.6988 55235 2.7532
2.3095 2.0996 1.6939 2.4796 1.5590 3.7240 5.5660 2.7666
2.4005 2.1851 1.7490 2.5685 1.5940 5.8756 55956 2.7757
2.5185 2.2951 1.8225 2.6809 1.6388 5.4782 3.7638 56252 2.7848
2.6132 2.3821 1.8791 27721 1.6753 3.8086 5.6994  2.8072
2.7168 2.4811 1.9416 2.8697 1.7148 6.0203 5.7208  2.8135
2.8199 2.5765 2.0035 2.9660 1.7539 5.6246 5.7556  2.8236
2.9136 2.6664 2.0606 3.0528 1.7893 6.1351 5.8234  2.8430
3.0206 2.7658 2.1235 3.1504 1.8294 3.9138 5.8654  2.8547
3.1354 2.8744 2.1892 3.2565 1.8731 3.9191 5.8761 2.8577
3.2600 2.9942 2.2642 3.3706 1.9202 5.7684 5.8977 2.8636
3.3564 3.0846 2.3195 3.4542 1.9548 3.9367° 5.9006 2.8644
3.4740 3.1941 2.3868 3.5588 1.9982 5.7936 59193  2.8694
3.5955 3.3109 2.4598 3.6669 2.0430 6.3163 59823 2.8861
3.6526 3.3633 2.4904 3.7159 2.0633 5.9038 4.0101 6.0236 2.8968
3.8451 3.5440 2.6035 3.8837 2.1327 6.3858 6.0465 2.9026
3.8825 3.5767 3.9170 2.1465 6.0333 4.0843 6.1487 2.9278
4.0282 3.7124 2.7043 4,0378 2.1962 6.0517 6.1622 2.9310
4.0401 3.7251 2.7125 4.0482 2.2005 6.1151 6.2285 2.9464
4.0625 3.7530 2.7243 4.0695 2.2092 6.2855 6.3929  2.9820
4.1882 3,8692 2.7998 4.1821 2.2552 6.3107 6.4185 29872
4,2899 3.9617 2.8560 4,2664 2.2894 6.3751 6.4851 3.0004
4.3877 4,0591 2.9137 43532 2.3244 6.6554 6.7701 3.0496
4.5697 4.2264 3.0172 4.5061 2.3854 6.7550 6.8847 3.0664
4.6482 43037 3.0633 4.5727 24116 6.8023 6.9313  3.0727
4.7542 4.4011 3,1209 4.6590 2.4453 7.0171 7.1631 3.1002
4,8755 4.5151 3.1885 4.7576 2.4832 7.1073 7.2643  3.1103
5.0068 46371 3.2624 4.8683 2.5251 7.2103 7.3950 3.1218

8 Saturated solution.

Table III. Densities and Apparent Molal Volumes of Aqueous
Y(NO,), at 25 °C

m, mol/kg ¢, mol/dm? d, g/fcm?® ¢y, cm?/mol
0.052353 0.052062 1.008 76 50.030
0.094246 0.093518 1.01798 51.200
0.16775 0.16580 1.03397 52.344
0.26243 0.25805 1.054 23 53.481
0.37821 0.36948 1.07851 54.607
0.51597 0.50013 1.106 80 55.640
0.67525 0.64845 1.13859 56.809
0.85658 0.81367 1.17361 58.100
1.0579 0.99263 1.21121 59.338
1.3274 1.2246 1.25921 61.018
1.5962 1.4474 1.304 66 62.573
1.8729 1.6676 1.348 87 64.136
2.1477 1.8774 1.390 29 65.653
2.5904 2.1974 1.45243 67.889
3.0261 2.4913 1.50819 69.956
3.4920 2.7842 1.56274 71.953
3.9486 3.0509 1.61140 73.770
44130 3.3034 1.65672 75.448
44130 3.3034 1.656 74 75.443
5.1124 3.6503 1.717 57 77.763
5.9744 4.0304 1.78267 80.236

coefficients for eq 1 are reported in Table IV. Six coefficients
were required for the molarity fit, which had a standard deviation
o = 2.8 X 107° and a maximum deviation of 4.2 X 10~° g/cm®.
In contrast, the molality fit required eight terms for comparable
accurascy, with o = 3.2 X 10~° and a maximum deviation of 4.8
X 107°.

Apparent molal volumes of Y(NOQ,); are also reported in Table
III. They were calculated with the equation

Table IV, Coefficients for Y(NO,), Density Polynomials

B; molality molarity

B, 0.224 8853 0.229763 4

B, 0.004 116 77 ~0.026 27782

B, -0.063 276 42 0.032196 42

B, 0.090279 39 ~0.028 874 09

B, -0.08583067 0.010284 08

B, 0.042961 58 ~0.001 38838

B, -0.010694 25 0.0

B, 0.001 059433 0.0
Table V. Coefficients and Powers for Osmotic
Coefficient Polynomials
H r;  AfEu(NO,),) 1 A (Y(NO,),) A(YCL)
1 0.75 —8.533292 0.75 -2.993 748 1.00 39.84457
2 0.875 41.38588 1.00 45.22502 1.25 -—150.4004
3 1.00 -35.82081 1.25 ~110.6849 1.50 304.4071
4 1.50 8.533200 1.50 131.7947 1.75 -372.9891
5 200 -5.007543 1.75 -85.10185 2.00 272.48852
6 225 2.664 265 2.00 28.62232 225 -107.9952
7 250 -0431411 2125 -3.941397 2.50 17.74698
o 0.0013 0.0016 0.0017

103d° - d) M,
d=——— t 5 )

md®d d

where M, is the molecular mass of Y(NOjg);, and ¢ is in units
of cm®/mol. The ¢, values of Y(NO;); fall close to those of
Ho(NO,); at all concentrations (77). In contrast ¢, values for
YCl, fall between those of TbCl; and DyCl; (79). Ionic radius
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Figure 1. Differences between experimental and calculated osmotic coefficients of rare-earth electrolyte solutions at 25 °C: (@) this study, isopiestic
vs. CaCl,; (O) this study, isopiestic vs. KCl; (¢) estimated from electrical conductances; (A) emf data; (A) Mason (24). Curves indicate deviations

of £0.2%.

considerations (20, 27) would place Y** between Er** and
Tm®t,

The osmotic coefficients, ®, of the rare-earth electrolyte
solutions were calculated from the equation for isopiestic
equilibrium

&=y m*®* /vm (3)

where v = 4 is the number of ions formed by the complete
dissociation of one molecule of rare-earth electrolyte, and m
is the molal concentration. Asterisks indicate the corresponding
quantities for the KCI or CaCl, isoplestic standards in equilibrium
with rare-earth electrolyte solutions. Reference-solution ®*
values were calculated by using available equations (22, 23)
and are reported in Tables I and II along with the isopiestic
molalities.

Rare-earth electrolyte osmotic coefficients were represented
by

=1-(A/3m"2+ 2Am" 4
i

where A = 8.6430 is the Debye-Hiickel limiting slope for 3—1
electrolytes. Mean molal activity coefficients are then given by

n+1
Inys =-Am"2 + LA\ — " (5)
i !

Water activities can be caiculated from
Ina; =-vmM,®/1000 (6)

where M, = 18.0152 g/mol is the molecular mass of water.

All of the osmotic coefficients of Tables I and II were given
unit weights for least-squares fits with eq 4. Osmotic coeffi-
cients below 0.1 mol/kg are required to properly determine the
coefficients of this equation. Dilute-solution ® values are not
available for Eu(NO;); or Y(NO,); so they were estimated (5)
by using lon-size parameters derived from electrical conduc-

tance data. Dilute-solution $ values for YCI; were interpolated
from emf measurements for other rare-earth chlorides (3).
These estimated ® values were also given unit weights for the
least-squares fits.

Other isopiestic data are available for YCl, solutions (3, 24).
Mason's data (24) (except for discrepant values at 0.071 and
0.135 mol/kg) were also included in the least-squares fits after
recalculation to the standard ®* values used here (22). The
data of Spedding et al. (3) are systematically low and were
assigned zero weights. These rejected data are discrepant by
as much as 1% at high concentrations. This is most probably
due to a concentration analysis error in the earlier study.

Table V contains the parameters for the “best fits” to eq 4.
Figure 1 illustrates the differences between the experimental
& data and eq 4. Table VI contains calculated values of P,
a,, and vy, at various round concentrations.

Pitzer's equations (25, 26) were also used to represent
rare-earth nitrate ® data to 2.0 mol/kg, and YCl; data to su-
persaturated concentrations. Parameters given in Table VII
were computed by using Pitzer's recommended weighting
scheme, with 331"/2 = 7.700 for nitrates and 8.400 for chlo-
rides (25). The Debye-Hiickel slope A? was fixed at 0.3920.

Results and Discussion

Figure 2 illustrates the mean molal activity coefficients of
rare-earth nitrate solutions, at constant molality, as a function
of ionic radius (20, 27). At low concentrations, v, values
decrease from La(NO;); to Sm(NO;); and then increase to Lu-
(NO3);. By 1.0-1.2 mol/kg, v+ is nearly constant from La(NO3),
to Nd(NO;); and then increases to Lu(NO;);. At higher con-
centrations v, increases from La(NO;); to LU(NO;);. Water
activities (Figure 3) exhibit related trends but undergo a general
decrease across the series.

Series trends for the rare-earth nitrates are easier to un-
derstand by comparison with those for the less complexed
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Table VI. Osmotic Coefficients, Water Activities, and Activity Coefficients at Even Molalities
m, mol/kg ® a, T m, mol/kg ) a, Y+
Eu(NO,),
0.1 0.7417 0.994670 0.2960 3.0 1.4265 0.7346 0.4054
0.2 0.7435 0.98934 0.2478 3.2 1.4736 0.7119 0.4375
0.3 0.7566 0.98378 0.2267 34 1.5195 0.6892 0.4720
0.4 0.7737 0.97794 0.2156 3.6 1.5640 0.6665 0.5090
0.5 0.7932 0.97183 0.2094 3.8 1.6072 0.6440 0.5486
0.6 0.8143 0.96540 0.2063 4.0 1.6491 0.6217 0.5908
0.7 0.8367 0.95867 0.2054 4.2 1.6897 0.5997 0.6357
0.8 0.8601 0.95162 0.2060 4.4 1.7290 0.5780 0.6834
0.9 0.8844 0.94426 0.2079 4.6 1.7671 0.5567 0.7339
1.0 0.9093 0.93658 0.2109 4.8 1.8040 0.5358 0.7874
1.2 0.9606 0.92029 0.2193 5.0 1.8398 0.5154 0.8439
1.4 1.0133 0.90282 0.2307 5.2 1.8745 0.4954 0.9035
1.6 1.0666 0.8843 0.2446 5.4 1.9081 0.4759 0.9664
1.8 1.1201 0.8648 0.2609 5.6 1.9407 0.4570 1.033
2.0 1.1732 0.8444 0.2794 5.8 1.9724 0.4385 1.102
2.2 1.2258 0.8234 0.3001 6.0 2.0032 0.4206 1.175
2.4 1,2776 0.8018 0.3231 6.2 2.0331 0.4032 1.252
2.6 1.3284 0.7797 0.3482 6.3858 2.0602 0.3875 1.327
2.8 1.3780 0.7573 0.3757
Y(NO,),
0.1 0.7732 0.994443 0.3108 3.4 1.7202 0.6561 0.8526
0.2 0.7946 0.98861 0.2729 3.6 1.7666 0.6324 0.9319
0.3 0.8217 0.98239 0.2593 3.8 1.8117 0.6089 1.017
0.4 0.8505 0.97578 0.2545 4.0 1.8556 0.5857 1.109
0.5 0.8805 0.96877 0.2545 4.2 1.8982 0.5630 1.208
0.6 0.9113 0.96136 0.2575 4.4 1.9397 0.5406 1.314
0.7 0.9428 0.95356 0.2627 4.6 1.9801 0.5187 1.428
0.8 0.9747 0.94536 0.2698 4.8 2.0193 0.4973 1.550
0.9 1.0068 0.93679 0.2783 5.0 2.0575 0.4765 1.680
1.0 1.0391 0.92785 0.2881 5.2 2.0946 0.4562 1.819
1.2 1.1037 0.90897 0.3113 5.4 2.1306 0.4364 1.966
1.4 1.1676 0.8889 0.3388 5.6 2.1655 0.4173 2.123
1.6 1.2304 0.8677 0.3704 5.8 2.1992 0.3989 2.289
1.8 1.2917 0.8457 0.4061 6.0 2.2317 0.3810 2.464
2.0 1.3513 0.8230 0.4459 6.2 2.2629 0.3638 2.648
2.2 1.4092 0.7998 0.4899 6.4 2.2927 0.3474 2.841
2.4 1.4652 0.7761 0.5382 6.6 2.3211 0.3316 3.043
2.6 1.5195 0.7522 0.5911 6.8 2.3480 0.3165 3.253
2.8 1.5721 0.7282 0.6487 7.0 2.3732 0.3021 3.470
3.0 1.6230 0.7041 0.7113 7.2 2.3965 0.2884 3.693
3.2 1.6724 0.6800 0.7792 7.2103 2.3977 0.2877 3,705
YdQl,
0.1 0.7829 0.994374 0.3401 2.0 1.9444 0.7556 1.248
0.2 0.8100 0.98840 0.3027 2 2.0948 0.7174 1.599
0.3 0.8490 0.98181 0.2935 2.4 2.2426 0.6785 2.052
0.4 0.8926 0.97460 0.2953 2.6 2.3864 0.6395 2.632
0.5 0.9396 0.96671 0.3037 2.8 2.5254 0.6008 3.369
0.6 0.9897 0.95811 0.3172 3.0 2.6590 0.5628 4.297
0.7 1.0430 0.94875 0.3353 3.2 2.7871 0.5259 5.459
0.8 1.0994 0.93859 0.3582 34 2.9102 0.4902 6.906
0.9 1.1590 0.92759 0.3859 3.6 3.0288 0.4558 8.701
1.0 1.2215 0.91574 0.4191 3.8 3.1440 0.4228 10.93
1.2 1.3542 0.8895 0.504 1 3.9367¢ 3.2215 0.4010 12.76
1.4 1.4954 0.8600 0.6196 4.0 3.2572 0.3911 13.70
1.6 1.6424 0.8275 0.7742 4.0843 3.3048 0.3781 15.07
1.8 1.7929 0.7925 0.9791
¢ Saturated solution.
Table VIL. Parameters for Pitzer’s Equations The ionic radius of a rare-earth ion decreases from La®*" to
— Eu(NO ), YONOL). Yal. Ludt (Iantha.nide cont.raction). Th.Is decreasing ior.\ic radius
) causes an increase in the electrical charge density at the
3 )/ 2 0.7133 0.9158 0.9396 surface of the ion, and thereby an increase in ion-dipole forces
333,, /2 7.700 7.700 8.400 between the rare-earth ion and water. The net result is that
(337]2)C® -0.1257 ~0.1898 ~0.0406 oo ; A )
o 0.0068 0.0085 0.0060 total ionic hydration increases with the decrease in ionic radius.

rare-earth chiloride and perchlorate solutions (3, 4). Figures
4 and 5 show In v and a , for these three series at 2.0 mol/kg.
The a , values show a general decrease, and vy, an increase,
from La®* to Lu®* for all three anions. At a given low or
moderate concentration the chloride and perchlorate In v, and
a  values are S-shaped, whereas the nitrates have extrema at
Sm(NO;), for concentrations below 1.0 mol/kg.

In addition, an inner-sphere hydration number decrease is be-
lieved to occur between Nd3* and Tb®* resulting from the de-
creasing ionic size (8). The radius of the inner hydration sphere
shrinks more rapidly with bare-ion radius when this inner-sphere
hydration change occurs, since fewer waters occupy the inner
sphere. This inner-sphere hydrated radius decrease shows up
clearly in X-ray diffraction data (9).

As the inner hydration sphere radius decreases, water
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Figure 2. Mean moial activity coefficlents of rare-earth nitrate solutions
at constant molalities. Filled circles indicate Y(NO,),.

molecules in the second sphere and further out move in more
closely so total hydration increases from La®* to Lu*, with the
most rapid change being between Nd®* and Tb®*. Water ac-
tivities are intimately related to ionic hydration, so a, values
have S-shaped trends (Figure 5) with decreases from La®** to
Lu®*. Standard-state lonic entropies (27) and ionic Jones-Dole
viscosity B coefficients (28) can also be explained by this same
model. Lugina and Davidenko (29) have found that rare-earth
perchlorates also undergo solvation changes with Me,SO in
nitrometh~ne.

This model should apply if complex formation between anion
and cation is weak and serles trends are dominated by cation
hydration. Available evidence indicates that rare-earth chiorides
and perchlorates only form weak outer-sphere ion pairs
(30-35) so the model applies to them. This increase in total
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hydration with decrease in ionic radius should break down at
high concentrations since there will not be enough water to
separately satisfy all of the hydration requirements of the in-
dividual ions. Since the strength and extent of solvent sharing
should increase with decreasing bare-ion radius (increasing
charge density), 4, still decreases from La®" to Lu®*. Although
the trend in a, is no longer strictly S-shaped, there is a dis-
placement of Sm3*-Lu®* from the La**-Nd®* trend which is
caused by the inner-sphere hydration number decrease.

The rare-earth nitrates show considerably different series
trends, which seem to be due to stronger and more extensive
complex formation. The rare-earth nitrate a , values are higher,
and vy. values lower, than for the chlorides and perchlorates.
This is expected since complex formation reduces the number
of free ions and displaces tightly bound water from the cation
hydration sheath.
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Marcantonatos et al. (36) have suggested that Eu(NO,);
contains no inner-sphere nitrate complexes in the Eu®* ground
state (but they form in the 5D, state). In contrast, Choppin et
al. (37) felt that visible and IR spectra indicated a mixture of
inner- and outer-sphere complexes, with most being outer-
sphere. However, a number of other properties show sizable
shifts with the addition of nitrate ions, and this indicates that a
significant fraction of inner-sphere complexes are present.
These properties include NMR (32, 37, 38), molar absorptivity
(37), and ultrasonic absorption (39, 40). Also, Eu(NO;),
fluorescence spectra (47) indicate that above 0.01 mol/dm®
Eu®* has a symmetry different from the aquo ion.

Trends in the series behavior of v, and a, of rare-earth
nitrates (Figures 2 and 3) allow one to reach conclusions about
the variation of the extent of complex formation with ionic ra-
dius. Figure 2 indicates that v, has a minimum at Sm(NO;);
at low concentrations; however, no minimum is present for
chlorides and perchiorates. This implies that the amount of
complex formation increases from La(NO;); to Sm(NO,); and
then decreases to Lu(NO3);. Published stability constant data
are consistent with this conclusion (42, 43). Above 1.0-1.2
mol/kg 7 1 increases from La(NO;); to LU(NO,),; this implies that
complex formation decreases from La(NO;), to Lu(NO3); at high
concentrations. Electrical conductance data for rare-earth
nitrate solutions show the same trends as 1y, with the minimum
disappearing at about 0.9 mol/kg (44).
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Figure 5. Water activities of rare-earth electrolyte solutions at 2.0
mol/kg. Filled circles indicate Y** salts.

There is a “bulge” present in the rare-earth nitrate v, and
a, curves at high concentrations, with the tip of this bulge
occurring at GA(NO,);. This indicates that a Gd break is present
for the solution excess free energies. However, this anomaly
is small relative to series trends and could be due to causes
other than the added stability of a half-filled 4f orbital (such as
size or shape factors).

Values of a4 and v for Y(NO,), indicate that it behaves as
expected for its ionic radius up to about 3.2 mol/kg. At higher
concentrations Y(NO,); activities shift relative to the other
rare—earth nitrates. The a, values even cross the Lu(NO;),
curve by 7.04 mol/kg. This indicates that lower-order com-
plexes in Y(NO,), solutions are comparable in strength to other
rare-earth nitrates with similar cation radius. However, high-
er-order complexes of Y(NO;); are probably less stable than for
all other rare-earth nitrates since a ; becomes lowest for Y(N-
0,)3 at high concentrations.

Our study of rare-earth activity data is now complete.
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Glossary

d density of soiution, g/cm?®

d° density of pure water, g/cm?®

o, apparent molal volume, cm®/mol

molal osmotic coefficient

v number of ions formed by the dissociation of one
molecule of solute

m molal concentration of the solute, mol/kg

c molar concentration of the solute, mol/dm?

* symbols with asterisks refer to KCI or CaCl, iso-
piestic standards

B least-squares coefficients of eq 1

A least-squares coefficients of eq 4 and 5

r powers of eq 4 and 5

A Debye-Hiickel constant for 3-1 electrolytes

M, molecular mass of water, g/mol

M, molecular mass of solute, g/mol

8O, BV, parameters for Pitzer's equations

(o4

A® Debye-Hiickel constant for Pitzer's ® equations
(1-1 charge type)

o standard deviation of fitting equations

Y& mean molal activity coefficient

a, water activity
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Solubility of Hydrogen in o-Nitroanisole, o-Nitroanisole-Methanol

Mixtures, and o-Anisidine’

Prabhakar H. Brahme,* Hemant G. Vadgaonkar, Prakash S. Ozarde, and Madan G. Parande

National Chemical Laboratory, Poona 411 008, India

The solubllity of hydrogen In o-nitroanisole,

o -nitroanisole—methanol mixtures, and o-anisidine is
determined at temperatures between 40 and 80 °C and
pressures between 7 and 50 atm. The values of Henry's
law constant and heat of solution are reported.

A precise knowledge of solubility of gases in liquids is es-
sential for analyzing gas-liquid and gas-liquid—solid reactions.

TNCL Communication No. 2976.

0021-9568/82/1727-0461$01.25/0

This paper presents solubility data of hydrogen in o-nitroanisole,
o-nitroanisole—methanol mixtures, and o-anisidine under various
condttions of temperature and pressure. The data are important
in the deslign of a reactor for o-anisidine which is manufactured
by catalytic hydrogenation of o-nitroanisole. No data have been
published for the solubility of hydrogen in o-nitroanisole and
o-anisidine. The solubility of hydrogen in o-nitroanisole, o-
nitroanisole-methanol mixtures, and o-anisidine was studied in
the range of interest for hydrogenation, namely, 40-80 °C,
7-50 atm, and 3-8 M concentration.

Commercially availabie o-nitroanisole and o-nitroanisidine of
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