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particular mole fraction nor even well-defined; in fact it disap- 
pears at higher temperatures where the water structure is al- 
ready partially destroyed. 

I t  is interesting to note the different trend of the diffusion and 
viscosity activation energies. Both have a maximum at a DMF 
mole fraction ca. 0.2, which corresponds approximately to the 
composition range where a wider DMF-H20 clusterlike structure 
can grow, according to model b. 

At high DMF mole fraction, the diffusion activation energy 
exhibits also a minimum, which is absent in the viscosity acti- 
vation energy trend. 

Such a difference can be related to the different mechanism 
used in molecule and momentum transport. 

In  the range of low DMF concentrations the diffusion process 
corresponds to an actual motion of DMF molecules and a sim- 
ple rearrangement of water molecules. 

However, the DMF molecule's motion requires the breaking 
and rebuilding of the water hydration shell around each -CH, 
group and that of H,O-DMF hydrogen bonds. 

I t  is reasonable to assume that the barrier to this process 
increases with increasing DMF concentration. 

On the other hand, in the DMF-rich composition range, dif- 
fusion corresponds to the motion of H,O molecules and a re- 
arragement of DMF around them. 

Such a motion can be achieved by the simple rotation of a 
DMF-H,O couple Inside the hole containing them without any 
extensive participation of the surrounding W e n t  structure (24). 

For this reason increasing water concentration promotes a 
decreasing of diffusion activation energy. 

The momentum transport connected with the viscous flow 
implies a contribution of the bulk of solution so only the max- 
imum is observed, connected with the building of DMF-H20 
extended structures. 

Finally we note that unfortunately activity coefficient data are 
missing and it is impossible to use the Ogston formula (25) for 
the calculation of mobilities. 

R.glstry No. DMF, 68-12-2. 
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Solubillty Products of the Rare-Earth Carbonates 

F. Henry Flrschlng' and Javad Mohammadzadel 
School of Sciences, Southern Illinois University, Edwardsvllle, Illinois 62026 

The solubJllty and the soluMElty products of 15 rare-earth 
carbonates In aqueous solution have been defermlned at 
25 f 1 OC. The most soluble are lanthanum carbonate 
(pK = 29.91) and erbium carbonate (pK = 28.25) and the 
least soluble Is scandlum carbonate (pK = 35.77). Some 
of the raresarth carbonates were prepared by 
preclpltatlon from homogeneous solution with 
trlchloroacetlc acid. Saturated solutlons were analyzed 
for pH and the concentrations of rare-earth cation. 
Actlvlty products were calculated from the experbnental 
data. The solublllty of the rare-earth carbonates Is so low 
that the solublllty product and actlvlty product are 
essentially the same value. A thorough search of 
chemical literature showed only W e d  Intormath on the 
soluM#ty of raresarth compounds In general, and ndhlng 
on the soluMlrty of the rare-earth carbonates. Sdubllity 
Information is errsentla1 for general use by sclentlsts. 
Furthermore, the dlfference In the solubMtlw ol rare-earth 
carbonates may provtde witable separatlon procedures 
for m e  lanthanldes. 

Experhnental Sectlon 

Preparatlon of Rare -Earth Carbonates. The rare-earth 
carbonates can be prepared in major quantities by precipitation 
from homogeneous solutions with trichloroacetic acid. De- 
composition of the rare-earth trichloroacetates in a warm ho- 
mogeneous solution yields pure crystalline rare-earth carbo- 
nates ( 1). Approximately 10 g of rare-earth oxide was dis- 
solved in a slight excess of trichloroacetic acid. The solution 
was then heated to 90 O C ,  causing the decomposition of the 
trichloroacetates. A slight excess of trichloroacetic acid was 
originally required to dissolve the rareearth oxide, and the 
carbonate would not precipitate until the excess acid had been 
decomposed. Heating was continued for nearly 7 h following 
the initial formation of the carbonate precipitate. The resulting 
crystals were washed 10-20 times with deionized water in order 
to remove any soluble impurities or colloidal material. 

Saturated Sokrtlone. The rare-earth carbonates are very 
insoluble in water. The pure saturated solutions of rare-earth 
carbonates wouM contain a rare-earth cation concentration that 
is on the order of lO-'-lO-* M. In order to bring enough 
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rare-earth cations into solution for accurate analysis, dilute 
HC104 was used to partially dissolve the rare-earth carbonates. 

There exists an equilibrium between the carbonate ion, 
CO:-, hydrogen carbonate, HC03-, carbonic acid, the partial 
pressure of carbon dioxide above the solution, and dissolved 
or hydrated CO,. In  this study Erlenmeyer flasks with screw 
caps were used to keep the carbon dioxide from escaping 
during the saturation period. Standard perchloric acid (1 .O X 
IO-' M, 250 mL) was added to a 250-mL Erlenmeyer flask with 
a screw cap, along with enough rare-earth carbonate (usually 
ROC/RJC and Apache reagent grade, 99.9% pure) to provide 
a saturated solution. The flasks were filled up to the neck so 
that very little space was left above the solution. The caps 
were secured tightly and the flasks were shaken at frequent 
intervals for 3 months at 25 f 1 OC. Preliminary studies illus- 
trated that about 1 month produced equilibrium in the saturated 
solution. Some rare-earth carbonates might take longer to 
reach equilibrium, so that the 3-month period was taken to 
assure reaching equilibrium. 

Ana&&. Analytical procedures used for the determination 
of the solubility of some insoluble rare-earth compounds are 
reported by various workers (2). Four different measurements 
were made on the saturated solutions of the rare-earth carbo- 
nates: the pH, complexometric titration of raresarth cations 
(Sc, Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu), 
photometric titration of some rare-earth cations (Sc, Y, La, Sm, 
Dy, Tb, and Yb), and spectrophotometric analysis of the others 
(Nd, Ho, Sm, Er, and Pr). 

The pH measurements were made with a Corning Model 
4500 digital pH meter. Analytical results were reproducible to 
two figures. 

Concentration of all the rare-earth cations were determined 
directly by EDTA titration uslng xylenol orange as an indicator. 
The unknown saturated solution (10 mL) was plpetted into a 
100-mL beaker. Deionized water (20 mL), 10 mL of 1 M am- 
monium acetate, and two drops of xylenol orange were added. 
The pH of this solution was adjusted to 5.5 during the tltratlon. 
This solution was tirated with standard EDTA solution (0.0100 
M) to the end point. The numerical results are reproducible to 
two-figure accuracy and are given In Table I. 

The photometric titration was performed as follows. The 
unknown saturated solution (10 mL) was pipetted into a 100-mL 
beaker, 20 mL of deionized water, 10 mL of 1 M ammonium 
acetate, and two drops of xylenol orange were added. The pH 
of this solution was then adjusted to 5.5 by using ammonium 
hydroxide or acetic acM as needed. The standard EDTA 0.0100 
M was added from a buret until the purple color began to fade. 
A small portion of this solution was then placed in a cuvette of 
a Welch Chem Anal spectrophotometer with wavelength set at 
630 nm. Transmittance of this solution was then measured. 
The solution in the cuvette was quantitatively transferred back 
into the unknown solution, and 0.2-mL aliquots of EDTA were 
added. (The transmittance was read after each addition until 
three or four beyond the end point). A plot of transmittance vs. 
the volume of the added EDTA was used to determine the end 
point. 

The rare-earth cation spectrophotometric analyses were 
made with a Cary 219 spectrophotometer. A cylindrical cell, 
10-cm long, was used to hold the unknown sample. Imme- 
diately following the analysis of the unknown saturated solution, 
a known standard solution containing rare-earth perchlorate was 
then analyzed at the same control settings. The concentration 
of rare-earth cations of the unknown sample was determined 
by comparison with a standard at the appropriate wavelength 

Derlvaflon of the Solubltty Product Equation. The equilib- 
(3 1. 

rium between solid Ln,(CO,), and the dissolved ion is 

~n,(c~,),(s) = 2~n,+(aq) + 3Co,'-(aq) (1) 

Table I. Analytical Values Determined for Saturated 
Solution" 

rare rare earth ion rare rare earth ion 
earth concn X lo3, M DH earth concn X lo3, M DH 
s c  4.55 4.70 Dy 3.56 

4.62 4.68 3.50 
4.80 4.61 3.46 

Y 4.25 5.31 Ho 3.41 
4.25 5.42 3.42 
4.25 5.49 3.40 

La 3.65 5.74 3.15 
3.68 5.73 3.15 
3.70 5.74 Er 2.55 
3.65 5.72 2.50 

Pr 3.45 5.21 2.50 
3.42 5.19 2.50 
3.42 5.10 2.93 

Nd 3.50 5.10 2.88 
3.44 4.94 3.18 
3.50 5.00 3.24 

Sm 2.91 4.95 2.93 
2.64 5.17 2.86 
2.94 5.22 Tm 3.52 

Eu 3.42 4.82 3.50 
3.48 4.85 3.42 
3.45 4.90 Yb 3.58 

Gd 3.18 4.81 3.58 
3.19 4.79 3.37 
3.22 4.81 Lu 3.65 

Tb 3.34 4.82 3.70 
3.40 4.89 
3.36 4.80 
3.36 5.05 

Starting HCIOl concentration 1.00 X M. 

5.04 
5.00 
5.06 
5.12 
5.06 
5.11 
5.63 
5.43 
5.90 
5.80 
5.65 
6.08 
6.12 
6.12 
6.18 
6.09 
6.15 
6.05 
5.43 
5.50 
5.41 
5.40 
5.30 
5.59 
5.38 
5.32 

(Ln = any rare earth). The solubilii product expression for this 
equilibrium is 

K,, = [ L ~ ~ + ] ~ [ C O , ~ - ] ~  (2) 

In the saturated solution there is only one mathematically 
significant form of rare-earth ion and that is Ln3+. Calculations 
indicated that other possible species such as Ln(HCO,)'+, Ln- 
(CO,)', and Ln(OH),+ are not present in significant quantities 
at the pH condition found in the saturated solutions. In the 
equilibrated solution containing carbonate, the H2CO3, HC03-, 
and Co t -  are present in different concentrations. HzCO, is the 
only significant form in saturated solution, and its concentration 
can be calculated from the pH of the solution. In order to 
calculate the solubility product, it is essential to use the con- 
centration of Cot-. The concentratlon of C0:- cannot be 
analytically determined, and therefore it cannot be used directly 
in the K, expression. The concentration of carbonate can be 
determined by using two weak-acid dissociation constants. 

The two dissociation constants for carbonic acid involve the 
following equilibria, provided that the system under study is 
closed to the atmosphere: 

K 
HZCO3 H,O + CO,(aq) (3) 

HzC03' __ H+ + HCO,- (4) 
Kl 

K2 
HC03- Z H+ + C0:- (6) 

In  the carbonate solution the analytical distinction between 
COP and carbonic acid is difficult. The following equation de- 
scribes the total concentration of dissolved CO, and carbonic 
acid (4). 

(7) [HZCOB'] = [CO,(aq)l -I- [HzCO,] 
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where H2C03' is defined as composite carbonic acid for all 
dissolved COP, both hydrated and HPC03. The five solute com- 
ponents of the carbonate system can be described by four 
dissociation constants, K ,  K,, K H p 3 ,  and K,. The true car- 
bonic acid (5) is a much stronger acld (pKHm = 3.5) than the 
composite H2CO3' (pK = 6.3). These two acMity constants are 
interrelated (see dissociation equlibria K ,  K,, and KH2COO). 

[H+I fHCO3-I 

[H,CO,I + [CO,(aq)l 

KH&O, 
(8) 

The equilibrium constant, K, presents the hydration equilibrium 
of COP, and has a value of 400-670 at 20-25 OC (6). Since 
K >> 1 then eq 7 can be simplified to 

= -  K ,  = 1 + K 

K l  = KH2C03/K (9) 

The dissociation constants of carbonic acid were selected as 
an average of all the reported values of 25 OC with an ionic 
strength approaching zero (7). Accordingly 

K, = [H+][HC03-]/[H2C03*] = 4.16 X lo-' (10) 

K, = [H+][C0,2-]/[HC03-] = 4.84 X 10-l1 (11) 

From the stoichiometry of the rare-earth carbonate 

3/2[Ln3+1 = [C~o,]totai = [H&O3*] + [HCOB-I [C032-I 
(12) 

Both [HC03-] and [H2C03*] can be expressed in terms of 
[CO;-] by using the dissociation equations. 

3/,[Ln3+] = ([C0~-]/K1K2)([H+]2 + K,[H+] + K,K,) (13) 

Equation 12 can be solved for [C03,-] and substituted into eq 
1. 

3 / , [ ~ n ~ + l ~ , ~ ,  

[H+I2 + K,[H+] 4- K I K P  
K,, = [ ~ n ~ + ] ,  

The activity product form of eq 13 is 

From the solubility data given in Table I ,  the activity products 
were calculated. The ionic strength was measured by using the 
known perchlorate ion concentration and the determined hy- 
drogen ion and rare-earth cation concentrations. The activity 
coefficient for a rare-earth cation can be calculated from the 
extended Debye-Huckel expression (8).  The activity products 
were then calculated. 

Dlscusslon 

The quantitative analysis of the rare-earth cation and hydro- 
gen ion can best be represented in two figures. But the final 
results are given in one figure. The limiting factor which re- 
duces the overall accuracy is due to several mathematical 
manipulations, Le., rare-earth concentration to the fifth power 
and activity of hydrogen ion to the sixth power, etc. Clearly, 
any small error in these numbers would be appreciably mag- 
nified by the mathematical operation. 

The molar salubilitles were calculated from the solubility 
products and are given in Figure 1. In  this figure two distinct 
peaks are obvious. The first peak represents a characteristic 
solubility behavior of the light rare-earth cations. The second 
peak, at erbium, shows an anomalous solubility behavior. A 
"gadolinium break", which represents the half-fllled 4f shell, is 

Flgure 1. Solubilities of the rare-earth carbonates. 

Table 11. DK." of the Rare-Earth Carbonates 
rare earth 

sc 
Y 
La 
Pr 
Nd 
Sm 
Eu 

PKB, rare earth 
35.77 f 0.25 Gd 
31.52 f 0.52 Tb 
29.91 f 0.05 DY 
33.19 f 0.26 Ho 
34.10 f 0.48 Er 
34.41 f 0.53 Tm 
35.03 f 0.25 Yb 

Lu 

PK,, 
35.45 f 0.05 
34.86 f 0.65 
33.97 f 0.19 
32.8 f 1.2 
28.25 f 0.32 
31.58 f 0.28 
31.67 f 0.78 
32.16 f 0.24 

also present, and the yttrium solubility coincides with the heavy 
rare-earth solubility. 

The saturated solution of lanthanide carbonates in pure water 
is approaching infinite dilution, about 10-7-10-8 M. This means 
that the activity product and solubility product are essentially the 
same. These values are given in Table 11. 

The high solubility of erbium carbonate is unexpected. 
Normally the solubility of the rare earth compounds forms a 
fairly smooth relationship. These values were redetermined and 
the anomaly appears to be real. X-ray analysis of the erbium 
carbonate and holmium carbonate showed their crystal struc- 
tures are very similar. So a modification in crystal structure 
does not explain the difference. 

Even though the solubility differences between the erbium 
carbonate and holmium carbonate is not explained, the differ- 
ence is large enough that it may provide a good separation of 
these two elements, as well as a separation between erbium 
and thulium. 
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