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I. D-ITRODUCTIOH 

It has long been known that tripositive rare-earth ions form 

insoluble gelatinous fluorides in aqueous hydrofluoric acid solutions. 

1-3 Aside from some early \'TOrk on the composition of these fluorides, 

there are no quantitative data in the chemical literature on the 

subject. 

In this investigation a method for the determination of the 

solubilities of the rare-earth trifluorides has been developede 

It was necessary first to measure the extent of complexing of' 

iron(III) by fluoride ion. These data were utilized to investigate 

the solubilities of cerium(III) fluoride and lanthanum(III) fluoride 

and the extent of complexing of cerium(III) and lanthanum(III) by 

fluoride ion. A calorimetric determination of the heat of pre-

cipitation of cerium(III) fluoride was also carried out. 

Results from similar experiments involving gadolinium are 

used in discussing trends in the extent of complexing by fluoride 

ion and in the solubility of the trifluorides through the lanthanide 

series. 
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II. THE COHPLEXING OF ffiON(III) BY FLUORIDE IONS llif AQU'JEOUS SOLUTION: 
FREE ENERGIES, HEATS AND ENTROPIES. 

A. number of workers have investigated the extent of association of 
4.;..8 

ferric ions and fluoride ions by a variety of methodse If one knows 

the equilibrium quotients for the various complexing reactions of 

ferric ion and fluoride ion9 it is possible to investigate the extent 

of complexing of some other cation by measuring the potential of the 

ferrous-ferric half cell as a function of ·the hydrofluoric acid concen­

tration and the concentration of the cation in question.7-10 It is 

also possible to use a ferrous-ferric concentration cell to determine 

the solubility of a metal fluorideo 

It is the purpose of this investigation to determine the equilib­

rium. quotients for the fluoride complexes of iron(III) as a function 

of temperature at an ionic streng~h of 0.50.7,9 These values will 

then be used in determining the solubility of several rare-earth ., 

f1tiorideso 

Exnerimental 

The Cello The concentration cell B-C is shown in Figure 1 (half-cell 

A is used in the determination of the extent of fluoride complexing 

of other metal cations and \-rill be discussed in Chapter III). The 

containers and caps vrere made from 5 em ground glass joints o The 

inside of the containers as well as the stirrers were coated with nTavern" 

paraffin to prevent hydrofluoric acid from reacting with the glasso8 

Half-cells B and C were joined by a lo6~ sodium perchlorate-agar­

agar salt bridge in an effort to minimize junction potentialso7 A 

carbon dioxide atmo~p~e~e was maintained over the solutions to 
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A c B 

MU- 5756 

Fig. l 

A, B and C = Containers 
D = 2 em x 2 em platinum electrodes 
E stirrers 
F Agar-Agar_ salt bridges 

'·Q Inlet forpipetting NaF 
H co2 inlet 

Concentration Cells A-C and B-C. 
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prevent air oxidation of. iron(II) •. Electrodes made from spectroscopically 
.,. . . ; ..... :.~~~. ~ .. -:, 

pure platinum sheet and v1ire 1rrere stored in distilled water when not in 

use. :.Sta~dard sodimn fiuoride solution was added to· h~lf-cell :i3 by 

means of calibrated, "dri-filmed11 micropipets. 

The potential of the cell 1r1as measured by a Rubicon type B, high 

precision potentiometer with a D .. C. spotlight galvanometer (sensitivity 

0.009 pa/mm, period 3.2 sec and critic~l damping resistance 830 ohms) 

for indication of the null point. The potentiometer was checked 

against a standard cell from time to time during an experiment. 

Procedure. EXperiments were carried out at 25.00 ± 0.,01° C and 35.00 

± 0.02° c. Before each run the assembled cells and the. stock 

solutions were· brought to the temperature of the experiment. The 

ground glass joints 1rrere sealed with "Lubriseal" to prevent thermostat 

water from entering the containers. 

One hundred ml aliquots of stock solution containing the desired 

concentrations of ferrous perchlorate, ferric perchlorate, perchloric 

acid and sodium perchlorate were pipetted into half-cells B and c. 

The stirrers were activated, and the potential.of half-cell B was 

measured with respect to reference half-cell C. 

After the small initial potential (usually less than 0.20 mv) had 

become constant, aliquots of standard sodium fluoride solution were 

added to half-cell B. The potential EB-c became constant (within 

0.02 mv) very shortly after each addition •. The stirrers were left on 

·both whil~ idding sodium fluoride solution and while reading the 

potential• ··. -,. 
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Experimental Results 

The variation of potentia~ with (ZF-)B for cell B-G at 25° G and 
• . . --~, :'1 • 

35° C as well as the initial concentrations of perchlcr ic acid, ferrous 

perchlorate and ferric perchlorate are given in Tables 1 and 2.. In all 

the runs sodium perchlorate was used to make the total ionic strength 

0 .. 50. EB-C = measured ~ote~tial after each addition of sodium fluoride 

minus the initial potential .. 

(VB) i ::: initial volume in half-cell Bo . VB ::: v~lume in half-cell 

B after adding sodium fluoride. 

Run I 

(ZH:-) .::: .. 04946 M 
~ -

·- (ZF'e~2 )::: 6~338 x··lo-4 !1 
~ 

(ZFe;-3) = 4o277 x 10~4 M 
·~ -

(VB)i = 104.9 ml 

. Run II 

(ZH~) = 0 .. 09443 !:1 > 

(ZFe;-2) ·= 6.338 x lo-4 i1 · 
~ 

'(ZF'e f3} :::· 4 .. 277 X 10-4 H 
~ -

(VB)i = 104.9 ml 

Table 1 

(ZF-)Bx 1d+ 

(moles/1) 

3 .. 78 
7 .. 55' 

11.,31 
15 • .07 
18~83 
28,.77 
38 .. 68 
48 .. 55,' 

'68 .. 18 ' 
'87.,66 ·.·. . 
107~0 
126 0 2 

2.,48 
4 .. 94.- ... 
9 .. 84 ' 

l4 ... ~+ .... 
26~94''' 
39ol2 
51 .. 25 
63 .. 34 
75o39 

E 
B-C 

(mv) 

. i3~83 
;26.32. 
36~65 
45 .. 17 
52~57 
68 .. 22 
' 80. 24. ,•, ' 
90 .. 28 

·::: 107' .. 32 
'" 1?],. .. 46 
'''13':3 ~84 ' 

l44o98. 
! .. 

6 .. 38 

v .,. B 

(ml) 

105.,0 
' J05.1 

105 .. 1 
'105 .. 2 
105 .. 3 
105.,5 

'105 .. 7 
'' 105 .• 9 
'106'~3 
106.7 

'"107 .,1 
107o5 

,· , .. ·,.-

1o5~1 
12.46 • -< ~! 105 .. 3 
23.,09 105'.7 

' 31.86 106.,1 
'48 .. 26' 106 .. 3 
60 .. 16' 106 .. 5 
69 .. 66' 106~7 
77 .. 88 106 .. 9 
85o20 107.,1 

_..., 

"1. 



""··-

..... 

r 

-7-

· , .~-·-Table·· 1 (cont,J 

Run III 

• (L:H~) = .09246 1:1 

(:zFe~2) = 6.050 x -1()""'41:1 · 

(ZFe~3) = 4Q083 x lo-4 H 

(VB)i = 109.9 m1 

Run IV 
+ 

'(llii) = .09490 ~ 

(:zFe~2 ) = 9.09 x lo-4 H · 
' ~ ' ' -
(ZFe~~) = 6.133 x lo-4 11. 

(VB)i = 109~9 ml 

Temperature = 35.00 ± 0,02° C 

'' ' ........ 

llim..l 

cmv = .,0975 11 

(:zFe~2) = 6.,717 x lo-4 11 

(:zFe ~.3) 
~ 

= 4 • .367 x lo-4 11 

(VB)i = 99.9 m1 

(ZF-)B- X 104 EB-C 
(moles/1) (mv) 

2;.38 
4.75 
9.46 

14.13 
25 .. 88 
37.59 
49.26 
60.88 
72.47 

8.31 
16.47 
24.32 
33.76 
44 .. 22 
54.5.3 . 
73.25 

Table 2 

'6.,41 
12.4~ 
22.95 
31.58 

' 47.68 
59.51 
68.96 
77.01 
84.2.3 

17.95 
32.05 
42.66 
58.87 
62~01 
69.58 
81.61 

v 
B 

(ml) 

·'110.1 
·. 110 • .3 

n:o. 7 
'.111.1 
'111 • .3 
111.5 
111.7 
111.9 
112.3 

11:0.0 
110.2 
110.3 
110.5 
110.6 
110.8 
111.1 

.. ,. 
Jl = 0.50 

(:zF'- )B X lo4 EB-C VB 

(moles/1) (mv) Cm1) 

3.94 10.06 100.0 
7.,88 18.83 100.1 

11.82 26 .. 42 100.,1 
15o74 .32.94 100.,2 
19.66 38.65 100.,3 
27.49 48 .. 17 100.4 
37.95 58 .. 37 100.6 
48.37 66.95 100.8 
58.75 74.25 101.0 
69.09 80.74 101.,2 
89.64 91.92 101.6 
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Table 2 (cont 1 l 
.. .·. ·•,,• - - ...: :~r 

''· <-.: ·~ .,.,.~ •• c, ..... ·• 

(ZF-) x 104 
B 

E 
B-C VB 

(moles/1) (m./) (ml) 

Run II 

(mj) = 0.0957 l1 3 .. 94 12 .. 38 100.0 
' 7.,88 21.,90 100.1 

. · (ZFe~2) = 2.635 X 10-4 ··£! 11.82 29.61 100.1 
15.74 36.15 100.2 

· · (ZFe-:3) = 1. 748 x 1o-4 £1 19 .. 66 41.77 100,.3 . ~ 
30.14 54.08 100.5 

(VB)i = 99.9 ml 40.59 63.68 100.7 
50.,99 71.a55 100.9 
61.36 78.35 10lol 
81.96 90.06 101.5 

Run III 

·. ·· (ZH~) = 0.0975 M 2.10 5.~6 100.1 
~ - 4 .. 19 10.57 .100.3 

(ZFe~2) = 6.,717 x 1o-4 !::1 6.28 15.48 100.5 
10.17 23.63 100.6 

CZFer3> = 4 .. 367 x 1o-4 £! 14.06 30.63 100.7 
24.48 45.40 100.9 

(VB)i = 99.9 ml 34.86 56.50 101.1 
45.19 65.57 : 101.3 

Run IV 

\) em+) = 0.,05975 tl 0.78 2.50 100.,0 i 
2.89 9 .. 62 100.2 

CZFer2) = 6.717 X 10-4M 4.99 16.27 100.,4. 
I -· 

(ZFe:3) = 4.367 x 10-4 H 
8.,89 27.48 100.5 

12.78 36.77 100.5 
~. .. - 16.68 44.69 100.6 

(VB)i = 99.9 ml 20.56 51.43 100.7 
31.00 66.,03 100.9 
42.40 77.57 101.1 
51.77 87(>27 '101 • .3 
62.09 95.73 101.5 

~-
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.r 

·, 

Run v· 

(mj) = .lo6o 1.1 

(ZFe'!"2) ::: 6.050 x 10-4 l1 
~ . -

(ZFe ~3) = 4.,083 x lo-4 M 
. . ~ . . -
(VBh = 109.9 m1 

Run VI. 

· ·: (m:) == .,05645 ril 
. ~ -

.. · . ,(1:F~i2 > = 6~338 X 10-4 H 

,,_,, ···. (ZFe~3) == 4.277 x lo-4 ,tl 

(VB)i == 104.9 m1 
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Table 2 (cont,) .. 

(~~~ x lo4 EB-C VB 

(moles/1) (mv) (ml) 

1.,50 
6.,34 

13ol!4 
22 .. 42 
30.70 
43.68 
63.94 
76 .. 99 

4 .. 57 
13.21 
"20.,06 
27.03 
34.18 
43.16 
56 .. 93 
79.,95 

104.,3 
119.8 
133 .. 4 

3.8o 
14.96 
28.32 
40e7l 
49.,87 
61.,05 
71 • .,89 
82.40 

14 .. 69 
38.76 
51.91 
62 .. 54 
71.,30 
81.,12 
93.39 

110 .. 34 
125.56 
134.17 
141.51 

109 .. 9 
110.,0 
110.1 
110.3 
110 .. 5 
110.,6 
111.,0 
111.2 

105.0 
105 .. 1 
105.2 
105.,3 
105.5 
105.6 
105.8 
106.2 

. 106.6 
. 106.9 

107.1 

Analysis of Results 

The experimental results may be systematically interpreted by 

. considering the following equilibria: 

Fe+3 +HF = FeF+2 + H+ Kl 

FeF+2 + HF = FeF+ 2 
+ H+ K2 

+ FeF2 +)IF =FeF3 
+ H+ KJ 

HF =W + F- K,,:·: 
HF 

Fe-1-3 + H20 = FeoH+2 
,'.·;._. · .. ; 

+ H+ KH 

(1) 

(2) 

(3) 

(4) 

(5) 
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The K1s are equilibrium quotients, for example: 

(FeF+2)B (H+)B 

(Fe+3)B (HF)B 

' 
Hhere ( )B signifies concentration in moles/1 in half-cell B. 

Both Brosset and Gustaver5 and Babko and Kleiner6 Here able to 

interpret their experimental data on the complexing of iron(III) Hith 
. +2 + 

fluoride by assuming the presence of such species as FeF , FeF2, FeF3, 
7 

FeF4- and FeF6-· Dodgen and Rollefson discuss the nature of the com-

plex fluoride ions present in solutions similar to ours. Based upon 

their conclusions we hav~ assun1ed the presence of FeF+2, FeF; and 

FeF3 and were satisfactorily able to explain our experimental ·results. 

The equations necessary for the numerical evaluation of Kp K2 

and K3 l.·dll not..r be developed. From stoichiometric considerations liTe 

obtain: 
' 

(L.F-)B = (HF)B + (F-)B + (FeF+2)B + 2(FeF;)B + 3(FeF.3)B 

(L:Fe+3)B = (Fe+3)B + (FeOH+2)B + (FeF+2)B + (FeF2)B + (FeF .3)B 

(L:Fe+.3)c = (Fe+.3)c + (FeoH+2)c 

The potential of the.concentration cell B-C is given by: 

(Fe+3)B (Fe+2)c 

(Fe +2)J3 (Fe +.3~G 

(6) 

(7) 

(8)-

(9) 

Novr if we let Vi equal the initial volumes in half-cells B and G and 

let V eqLlal the vol1une in half-cell B after addition of ~odium fluoride 

solution, we obtain from ·equation (9): 

-'JE/RT. 
(10) e 

v 
.,. 

Combining equilibrium exPression (5) and equation (8), one obtains: 



. 
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= 

. v 
(~ +.3) - i 
.uL"e ·B - -. v 

Combining (10), (11) and (12), we obtain: 

(ZFe+3)c 

1 + KH 

(H"':)c. 

(ZFe+3)c 

(11) 

(12} 

= f K } { 1i'E/RT ·1· 1 + H + e · . - 1 . (13) 

. (H >c 

Combining eauilibria expressions (1} - (4} with equation (7) one obtains: 
• ' .&. ~ . • 

Kl (HF/H+)B + K1K2(HF/W)~ + K1K;!3(HF/H+)~ 
(J4) 

~lith .the justifiable ass~.mption tbat: 

(15) 

we c~ combine equations (13) and (14) to obtain: 

(16) 

Also .by using-equilibria expressions (1)- (5) and equations (6) and 

(7) we. obtain: 

(HFjH:f)B.,; l; .. nZF-) - (~Fe+3)B + (Fe+3)B (1 + KH/(H+)B) 
KHY +. (H+)B (_' B 

- K1K2(Fe+3)B (HF/H+}~- 2 K1K;h(Fe+3)B (HF/H;+l~J (17) 
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+.3) (ZFe B 

we are able to solve equations (16) and (17) for K1, K2 and K3 by 

successive approximationso· 

Neglecting tEirms containing Kl» K
2 

and K3, vie obtain a first 

(18) 

(19) 

I + . 
approximation for the ratio (HF/H ) from equation (17) .. These values 

. . B 

are then used with estimated K' s to obtain a better set of (HF/H+)B 

values from equation (17)., 

As seen from equation (16), we are able to obtain better values 

for K1 9 K
2 

and K3 by plotting the quantity .. 

f K. J [ 'l1E/RT 'j· Y = (H+/HF)B 1 + H~ e - 1 
( )R 

' . 

VSo 

+ . . . 
(HF/H )B at low (HF/H+)B and the qtiantity 

Z = [[1 + (:~)B t r• l"E/Rr - j (H+/HF)B (1/Kl) -1] · {H+/HF)B 

vs., (HF/H+)B at high (HF/H+)Bo In Figure 2» Y is plotte.d vs.,. , 

(HF/H+)Bo The intercept and slope of the resulting straight liile 

a~e eqUa.l to Kl and KlK2 respectivelyo In Figure .3.ll z is plotted VS 0 

(HF/H+)B" Here the intercept ~nd slope of the resulting straight 

. line are equal to _K2 and ~.3 respectively., This procedure was 

repeated until consistent values for K
1

, Kz and Kj were obtainedo 

In the above .treatment we_ hav~ made the justifiable assumptions 

that: 

. 
..... ~ 

'..,.. 
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(a) 1 + KH/(H+)B = 1 + KH/(H+)C 

(b) There is no complexing af iron(II) by fluoride ion,. 7 

(c) (HF;)B can be neglecteda 

(d) There is no complexing of iron(II) and iron(III) by 
perchlorate ion. 

(e) Hydrolysis of iron(II) is negligible. 

The values used for KHF and KH are given in Table 3.8 

Table 3 

220 c 22o·c 

11{ 1.9 X 10-3 3.2 x lo-3 

ISiF 1.23 x lo-3 1.01 X 10-3 

The final values of K13 K2 and K3 from each run are presented in 

'Table 4o 

Table 4 

Temperature = 35.00 ± 0.02° C Temperature = 25.00 ± 0.01° C 

• Run IS_ Kz Run Kl K2 

1 178 9.7 1 184 11.1 1.,0 
2 175 ·9o7 2 185 10.1 
3 179 10 0 6 3 183 10.2 
4 179 10 .. 3 4 184 10.0 
5 178 9.5 
6 178 10.2. Average 184 10.3 1.0 

Average 178 ·10.0 1 0 0 



-14-

•, I 

0 

300 

y 

260 

220 

MU- 5760 

Fig. 2 

Graphical method for obtaining K1 and K
2 

using data of Run IV 
at 25° C. 
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t:. -

12.2 

11-8 

z 
0 

11.4 

11.0 

10.6 

140 260 300 

MU- 5759 

Fig. 3 

Graphical method for obtaining K3 using data of Run VI at 35° c. 
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These results were combined with those of Tsao8 at 15° G and by 

using the thermodynamic relations: 

b.F = -RT ln K 

d(R ln K) = - LlH 

d(l/T) 

b.S' = b.H - b.F 

T 

we were able to calculate, LlF, b.H and b.S- for reactions (1), (2} and 

(3) (Table 5). 

Table 5 

b.F298 

(kcal/mole) (kcal/mole) (eu.) 

Fe+3 + HF = FeF+2 + H+ -3.09 -0.,65 8.2 

FeF+2 + HF = FeF2 + H+ -1.39 -1.21 o.6 
'+ . + FeF
2 

+ HF =FeF3 + H o.oo o.oo 0 

• J,) 

_,J 
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-, III. _ CER.IUN(HI}.FLUOR_IDE · . 

. It .has long been knovm that tripositive rare·-earth ions form 

gelatinoUs precipitates in aqueous fluoride:soltition.; ·Even though 

these sparingly soluble rare.,.earth .fluorides play an ·.impG:rtant part 

in many fields of chemistry, the're is only a small amount ·of ·quanti-

tative data ·in the chemical literature on the subject.· 

It is the purpose of this investigation to determine the nature 

and extent of the various equilibria involved in ·.the aqueous chemistry 

of cerium(III) fluorideo ·In the follor,;ring sections we '!trill treat 

the ·complexing of cerium(:i:II) by fluoride ion, the solubility product 

of cerium(III) fluoride and the heat of precipitation of ceriuni(III) 

fluorideo 

',· 
I . ; ·-

. ~ 

. . :.· 
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A. The Complexing ofCerium(III) by Fluoride Ions in Aqueous Solution. 

In order·to·determine the solubility of cerium(III) fluoride in 

' acid solutions it is necessary to lmoH the nature of the ionic species 

formed• Preliminary experiments indicated that one must consider not 

only .the species ce+3, F- and HF but also possible complex fluorides 

of cerium( II I). , This might be expected since l-18.yer11' has reported 

.'.the· existence of, GeF+2. 

· The experimental technique. used to investigate ·the nature and 

.extent of this complexing of ceriurn(III) .is based upon the .competition 

. for fluoride ion betvreen cerium(III) and iron(III) in an.: iron(II)-

iron(III) concentration cell. 

Experimental 

The Cells. The t'\-TO concentration cells A-C and B-C are shown in 

Figure 1 and have been described in Chapter II. 

Procedure. All experiments were carried out at 25.00 ± 0.01° G and 

at an ionic strength of 0.50. Before each run the assembled cells 

and the stock solutions '\-Tere brought to the temperature of the 

One hundred ml~aliquots of stock solution containing the desired 

concentrations of ferrous perchlorate, ferric perchlorate, perchloric 

acid and sodium perchlorate were pipetted into half-cells A., B and c. 

A known volume of standard cercus perchlorate - perchloric acid 

solution was added to half-cell A. An equal volume of sodium per.:.. ' 

chlorate - perchloric acid solution, equivalent to the cerous solution 

in total ionic strength and in acid concentration, was added to half- ~ 

cells B and c. 
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The stirrers· were activated and the potentials of half-cells A 

and B >vere measured with respect to reference half -cell C. After the 

sma~l initial potentials had become constant, aliquots of standard 
. " . 

sodium fluoride solution were added to half-cells A and B. The 

potential EB-C became constant very shortly after each addition 

(Chapter II). This was also true_ for EA-C at low total fluoride con­

centrations in· half-cell· A. At high total fluoride concentrations 

though1 EA,...C began to drift downWa.rd due to the slow precipitation 

of cerium(III) fluoride. Several runs were made with half-cell A 

in the path of a beam of light. The noticeable onset of this dow.n­

ward drift in EA-C approximately coincided with the appearan~e of a. 

Tyndall beam. 

Experimental Results 

The initial conditions for eacp run as well as the variation 

of potential with total fluoride concentration for-cells A-C and 

B-C are given in Table 6. The ferrous ion and ferric ion concen­

trations for each run were approximately 5 x 10-4 ,!1. 
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Table 6 
.· ,._:..:; 

- 'J 

Temperature = 25 .• 00 ± 0.01° C ' .:: .... 

}l =·0.50 
··; ;:::<} ' . :·· .. .. . 

(V)Ax ;I.~ .. - EA-C ,VA, . ( l:F7 )B X ;lo4 EB-C 

(moles/1) (my) (ml) (mo1e~/1), (mv) 

Run I 
I. +3 . ' 

3.32 9 .. 91 105.0 3.:32 10.67 (Ce. )A = 0.004207 H 
.. ~ ' '.- 6.64 .19 .. 73. 105.1 '6.64' 20.80 

(Hj)A = 0.05659 1.1 9.95 28.41 105.2 9 .. 95 29.80 

(~i)A = 104.9 m1 
13.26 35o84 . 105_.2 13.26 37.54 
16 .. 56 41.93 105.3 ' 16.56 44.24 
25.41 ' 55.62 105.5 19.,86' 50.16 

23.16 55 .. 44 
Run II 

. (Ce"!'3)A =· 0.004340' M . .3.32 '7.52 105.;0 - 3;.32 8.09 
~ ' - 6.63 14.82 105.1 6.63 15.57 

(Hi) A = 0 .0987 ]1 9.94 21.37 105.2 ' 9.94- 22.28 
13.24 27.09 105.2 13.24 28.18 

(Vi) A = 104.9 m1 16.54 32 .. 13 105.3 16.54 33.44 
'' 19;,84 36.65 105.4 19.84 38.16 .. .-, ., .. 

23.13 40.76 105.5 23.13 42.43 
26.41 44.48 105.5 26.41 46.32 

'' '·, 29.69 47.83. 105.6. ''. 29.69 49.91 
32.97 50.89 105.7 32.97 53.21 
J6.24 ·53.62 105.8 

Run III 

(ee+3)A = 0.001785 M 3.42 10.78 102.0 3.42 11.31 i ' - 6.83 .21.45 102.1 6.83 21.87 
(H~)A_ = 0.05073 !1. 10.23 .30.,84 102.2 10.·23 31.55 

13.63 38.87 102.2 13.63 39.88 
(Vi )A = 101.9 m1 17.03 45.76 102.3 17.03 47.05 

20.42 51.75 102.4 20.42 53.33 
23.80 57.04 102.5 23 .. 80 58.92 
27.19 61.6 102.5 27.19 63.95 

Run IV. 

(cei3)A = o.o0829 H 3.13 8.69 no.o 3.13 10.28 
+ 6.26 17.,80 110.1 '6.,26 20.18 

(Hi) = 0.05614 M 9.39 25.70 110.2 9.39 28.89 
A - 12.51 32.30 110.2 12.51 36.47 

(Vi)A = 109.9 m1 15.62 37.94 no.J 15.62 43.05 
18.74 42.71 110 .. 4 . -~ 

.,. 
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Analysis·££ Results ... ~ .. · ~·,_: .. :' · . 

In Figure 4, EB-C and E.A-c· (up to the point of precipitation) are 

plotted as a function· of the t.otal fluoride concentration. The fact 

that the two. clirves are not. identical, and also that one does riot 

observe a Tyndall beam in half-cell.~ over this range, indicates the 
1'•, 

presc:Jnce of complex' fluorides of .. cerium(III). 

It is possible to interpret ;the experimental results satisfactorily 

by assuming the species CeF+2• The equilibria in question are:· 

Fe+3 + HF = ·· FeF+2 + H+ 11_ 
., FeF+2 + HF F F+ H+ .· K2 = e .. + 

2 
Fe+3 + H2_0 ·.:::: FeoH+2 + H+ ·~ 

HF ··- H+ + <F"'" KHF ~·· 

• 
ce+3 . .+ HF. ~:~ :CeF+2 + H:t .Kj 

where the K's are equilibrium quotients, for example: 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

Concentration in moles/1 in half-cell A. is represented by ( ) A. 

The values of Kp K
2

, ·KH and KHF a~ 25° C used in these calculations 

are given in Tables 3 and 4 (Chapter II)a 

vie shall now define n (ZF-) as : 

(26) 

where EA-C = E13-c• Because hidf-cells A. and B have the 'same. (.6Hi:), 

(Xl!'e~3 ) and (.ZFe"!"2 )1'n(ZF-) is a measure of the fluoride ions complexing 
J.. J.. 

cerium(III) o 
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Stoichiometric considera~ions g~vS.J. 

(me +3)A ,= (Ce +J) A + (CeF+2) A (27) 
...... 

D. (zr) =·· (CeF+2)A". (28) 

Combination of' equations (25), (27) and' (28} yields: . 

..... ;· .. . . ··:·.' . ~ 

(29) 

. ;· ~ ,. 1'. 

" ~ • ' < 

If we plot , we. should obtain a straight 
. ,: l 

C::;~; line of slope K3 and intercept zero (Figure 5). In~ order-, to do this we 

; ' ...... ' 
\,.1: ,! 

f.·:··' 
\ ~:<: -' 

,· ' ....... 
: :' ~-. .' 

.· ' .. ' 
, \ (,: ,' I 

:: . . ,·. ,. 

(: ., ' 

must know (HF/H+)A as a function of EA..:c• Since (2':Fe{3Y·==· (~e~3JB' 

(2':Fej:2)A: = (~Fe!2)B and (llii)A, l:: (ZRi)B' the ~uan~ity (EF/H+)A = (HF/H+)B 

when EA~C = EB..:c• We :an thus calculate (HF/H+)A from equation (16). 

The experimentally determined values- of, K
3 

are giv'Sn<in Table 7. 

Table 7 

.. Temperature = 25 .. 00 ± 0.01° C 
'' 

Rtlh 

I 
II 

III 
IV 

' 1 .. 5 
1 .. 7 
1.4 
1.7 

Average 1 .. 6 , 
·,:.,, 

.: .•. ·'· 

Since D.(~) as well as (HF/H+)A are small in the eXJJerimental 

. ~~-range n,ecessarily employed, their• uncertainties are relative]Jr: large. 
,., . ~ . , '' . . . ··~· . 

- ,. :< -- The resulting uncertainty in K3 is estimated .to,_~: '15%~ 

i j 
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4 

MU- 5758 

Fig. 4 

The variation of potentials of cells B-C and A-C v-ri th total 
fluoride concentration for Run IV. 
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Fig. 5 

' !-
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M.U- 5757 

Graphical method for'obtaini.ng k3 using data t'f Run IV. 
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B& The Solubility of Cerium(III) Fluoride 

It was at first hoped that it would be possible to de't;ermine the 

solubility of cerium(III) fluoride in the same manner·as Dodgen and 

Rollefson7 had determined that of thorium(IV) fluoride •.. Preliminary 

experiments showed though, that under these conditions cerium(III) 

fluoride precipitated slowly and even after 24 hours, equilibrium was 

not attained& The rate of dissolution of solid cerium(III) fluoride 

was also found to be slow. 
· .. · . '8 

Since, as shown by Tsao, the potential 

of the iron(II)-iron(III) conc~ntration cell containing hydrofluoric 

acia is not stable over long periods of time, we were not able to use 

these direct methods~ 
. . 

An indirect cell method which enabled us to approach the equilibrium 

K s 
from both ·sides was adopted., Various solutions (some initially 

containing solid cerium(III) fluoride, perchloric acid and sodium 

(30) 

perchlorate; others, cercus perqhlorate, sodium fluoride, perchloric 

acid and sodi~ perchlorate) were equilibrated by shaking in a constant 

temperature bath for periOds up to two weekso Aliquots from these 

solutions were .analyzed for total fluoride concentration by using an 

lron(II)-iron(III) concentration cell. Several of the solutions initially 

containing solid cerium(III) fluoride were also analyzed spectrophoto­

metrically for · cerium(III) • .· 

Experimental 

Apparatus& Two-hundred-fifty-ml polyethylene bottles with polyethylene 

screw caps uere used to equilibrate solid ~erium(:III) fluoride -vlith 

various stock solutions.. The filled bottles were sealed with paraffin,. 
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mounted in a constant temperature bath at 25.0 ± 0.1° C and 1t1ere 

·mechanically shaken.. Aliquots from these equilibrated mixtures were· 

analyzed using the concentration cell A-.C ·described in Chapter II (see 

Figure 1). · 

Procedure 

Method 1. To approach the equilibrium represented by equation (30} 

from the side of solid.cerium(III) fluoride 1 freshly precipitated 

CeFj • ~/2 H
2
o (s) was added to various sodium perchlora te-perchloric 

acid stock solutions. The total ionic strength of these solutions was 
:•-

0.50. The freshly precipitated CeFj • 1/~ ~2o(s) was prepared by 

addiilg sodium fluoride solution to aqueous cercus perchlorate and 

perchloric acid. After being centrifuged and washed, the moist 
. r -·, 

C~F3 • 1/2 H20(s) was ~ransfer~edto a polyethylene bottle._eontaining 

about 125 m1 of sodium perchlorate-perchloric acid stock solution. 

This solution was placed in a constant temperature bath and shaken. 
' . 

It was found by varying the time of shaking1 that in all cases 

equilibrium was reached in less than seven dayso, 
; . 

The equilibrium solutions were analyzed as follows: A 100 m1 

aliquot was taken from the polyethylene bottle and added to half-cell 
. •' ... 

: . ~ ·~ 

A. An equal amount of the original perchloric acid-sodium perchlorate 
-. - ' - + • --

s~ock solution was added to half-cell c. The stirrers were activated, 
. . . 

' 
and after 30 minutes one m1 of a ferrous perchlorate-ferric perchlorate-

perchloric acid s-tock sqlutj,~n was added first to hal£-cell C and then 
- - .. ~ --

to half-cell A:o The potential EA:,-C was read as ~ f~ction, of time. 
'··' .. 

Since the· solution in half-cell A still contained a small amount of 

colloidal ceri~(III) fluoride 1 the potential increased slowly. The 
. '. ·-, 

. ;. 
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experiments described in Chapters II.and I.II:-.A. sh8w that t._he fluoride 

complexing of iron(III) is rapid., · .. 'rhus the ·t:rue potential, El-c' 

?o~ci be obtain~d by extrapolatj,ng ,tlw me.as:urE)d EA\-c .;baok to zero 

time.. These extrapolations were .u"sua1ly less than O.lQ. mv. EA'.,...G 

as a function of time is given for,Rv.n 11 in Table, 8. 

Table 8 

Time EA'-G 
(min) ' (mvl 

.. _,. 
0.,00 
1.,40 
2.,25 .·· 
3.10 
J.90;· 

(20.,61) extrap • 
20 .. 69 
20.,74. 
20.78 
20.$5 

Hethod II... Ill: ,~rder to approach the equilibrium represented by 

equation (30) from the opposite side, stock solutions containing 

perchloric acid1 sodimn perchlorate, and cercus perchlorate were 

prepared with a total ionic strength of 0.,50. Known amounts of 

standard sodium fluoride solution were added to .125 m1 aliquots of 

these solutions contained in polyethylene bottles •.. The bottles were 

then placed in a constant temperature bath at 25.0 ± 0.,1° G. and 

a·gitated f~r 7. days. 

The equilibrium solutions were analyzed in a manner identical to 

that described in Hethod I., However, ·for use in half-cell c, the 

original perchloric acid-sodium p~rchlorate-cerous perchlorate stock 

solution had to be diluted to compensate for the volume of sodium 

fluoride solution added to the equilibrated solution. 

.1 
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Method III. Several of the solutions which had been equilibrated 

with freshly precipitated cerium(III) fluoride were analyzed spectre­

photometrically for cerium.( III)~ . The saturated· solution was., centrifuged 
. ... . ' J 

and the ultra-violet .ads~rption spectra of the supernatant ;was ·determined 

on a Cary recording spectrophotometer. A one em fused quartz adsorption 
- -

cell was· used for all the optical density measurements. The adsorption 

blank was determined b,y using the original perchloric acid-sodium 

perchlor~te stock solution. 

Experimental Results 

Method I. The experimental conditions and results for Method I are 

presented in Table 9. Sodium perchlorate was used in all the :runs to 

keep p., the total ionic st;r:-ength, · cdnstant. Vp is the volume of 

equilibrated solution added to half-cell A.. VA is the final volume 

of solution in half-cell A. (ZFe+3)A, (2Fe+2)A and (m+)~ are 

respectively the total.lron(III), ir~n(II) and hy&ogen- ion c'oncen­

trations in half-cell A. (.ZH+)P is the tota-l hy~~gen ion c~ncen­

tration in the equilibrated solution. 

Temperature = 25.0 ± 0.1° C 

VA = 100.95 m1 

vP = 99.95 m1 

Run 

1 
2 
3 
4 

(ZF'e+3) A = 5.111 x lo-4 !:! 5 
6 

(zFe+2)A = 3.902 x 10~4 H 7 
8 

Table 2-

.0.0964 
0.0964 
0.0726 
0.0726 
0.0488' 
0.0488 
o.CJ?26 
o.o488 

(m+)p 

(moles/1) · 

0.0961' 
0.0961 
0.0721 
o.o721 
0.0480 
0.0480 
o.CJ?21 
0.0480 

)1 = 0.5 

25.7 
25.3 
25.8 

. 24.0 
•' 23.8 

22.2 
25.8 
24.5 
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Hethod :II. The experimental conditions and_ rE)sults for }:fethod II are 

presented in Table 10. SodiUm perchlorate ~~' u~ed in all the runs to 

keep the total ionic strength constant. VP,;vA, (ZFe+3)A' (2:Fe+2)A, 

(L:H+) and (i:H+)p have the same ~ignificance ~s in Table 9. (L:Fi)P 
A . . . . . . -

and (~crez3)P ar~ respectivezy th$ initial total fluoride concentration 

and the initial total cerium(III) concentration in the equil:i.brated 
{ 

solution. 



Table 10 

Temperature = 25.0 ± 0.1° C VA = lOOo 95 ml 

)1 = 0.5 vP = 99.95 ml 

(Zl!e +3~A X lo4. +2) 'o4 (L:H+)A (lli+) .;. 3 
. (~Ce~3)p X 103 EO (ZFe 'A. x l p (ZFi)P x.lO · A-C 

-- -
Run (moles/1) (moles/1) (moles/1) (moles/1) (moles/1) : (moles/1) (mv) 

'·' --
9 5.lll 3.902 0.1056 0.1054 4.128 4.384 14.0 

10 5.lll 3.902 0.1056 0.1054 4.128 4.384 13.6 
.. -

11 3.709 3.873 0.1036 0.1031 10.20 4.463 20.6 

3.709 0.1036 4.463 
~ .• 

12 3.873 0.1031 10.20 18.7. I 
U> 

13 3.709 3.873 0 0644 o.o635 7.685 3.586 ·18.1 l' . . . 

14 3.709 3.873 0.0454 O.OL-42 3.881 3.615 '-12.8 

"!' .. 
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Method III. The experimental conditions and results for Method III are 

presented in Table 11. (Ce+3)p is the spectrophotometrically-determined 

concentration of cerium(III) in the equilibrated solution., 

Table ·11 

Temperature = 25.0 ± Ool0 G 

p = 0.5 

em+) (ce+3) x 104 
·Run B (ni.oles/1) (moles/1) 

15 0.,0961 4.25 
16 0 . .,0721 3.13 
17 0.0480 2.24 
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Analysig of Results 

To analyze the solubility data .it is necessary to 
! 

know the nature of the solid phase present. .In the literature it is 

reported that freshly precipitated~ hydrated cerium(III) fluoride has 

the composition CeF3 ~ 1/2 H2o.1, 12 The approximate data of Scott13 

on the hydration of the cerium group fluorides agrees with this • We 

shall write our equilibria in terms of CeF 3 o 1/2 H20 (s). 

Several s~ples ~f CeF3 ~.l/2.H2o were_ prepared by adding hydro­

fluoric acid . to acidic cerous nitrate s olut:j.ons., After air drying 

at room temperature 9 powder diffraction patterns were taken using 

CuKet x-rays. The pa.tterp.s obta:i,ned us.ing hydrated cerium.(III) fluoride 

were apparently identical to those obtained using anhydrous cerium(III) 

fluoride. This was also found to be the case for the diffraction 

pattern given by a sample of freshly precipitated cerium(III) fluor:ide 

still in contact with its supernatant solution. From x-ray diffraction 

data on anhydrous cerium(III) fluoridep 14 it is seen that vacancies 

existing in the crystal lattice are able to accomodate molecules of 

water without appreciably changing the rest of the structure. This 
15 

phenominon has been reported for aluminum(III) fluoride. In this 

case it is also the hemihydrate which has approximately the same 

crystal structure as the anhydrous fluoride. 

In both the equilibrated mixtures used for the solubility 

measurements and the final solution obtained from the calorimetric 

experiments~> solid CeF 
3 

o 1/2 H2o was present in the form of finely 

divided particles. The average size of these colloidal particles 

was estimated with an optical microscope to be about 2 microns., • 
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.Equilibria in Question. In analyzing the da·ta it ·;is necessary .to consider 
'~: '., . ' · ... ; .. -. -

the following equilibria: 

Fe+3 + HF' = FeF+2 + H+ 
.... 

FeF+2 + HF = FeF+ + H+ 
2 . 

'•i .,;; 

Fe+3 +H2o = Fe0H+2 + H+ 

HF. ='if+ + F-

ce+3 + HF = CeF+2 + H+ 

CeF 
3 

• i/2 H:,20(s) + JH+ =· Ce+J + JHF' + 1/2 H
2
0 

CeF3 • 1/2 H2o(s) = ce+3 + 3F- + 1/2 H2o 

The K' s are equilibrium quotients, for example: 

Ks = 
+3 3 (Ce ) (HF) '. · .. p .. p 

(H+)3 
p 

(·Kl, 
,;· \':k .~ 

. '2 

KH 

~ 

K3 

K s 

K' s 

K' = (ce+3)p (F-) 3 = .I{. K .· 3 
s . p s HF 

where ( ) signifies cqncentration. in moles/l,in the equilibrated 
p ' 

solution. The values used for KH K2, KH, ~ and K3 at 25° C are 

found in Tables 3, 4r and 7. 

. . ·~· 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

K' can be calculated from the experimental results of s 

Method I in the following manner: 

As was seen in Chapter III-A, we are able to calculate the 

· qUa.ntity (HF/H+)A since we lmow EA-c' (ZW)A, K1, K2 and KH (equation 

16). Using equations {1?), .(18) ~d·(l9) and remembering tha.~ half-

cell A contai~s CeF+2, we obtain: 
1 ~I 
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(ZF-)A- (CeF+2)A: = (HF/H+)~[- ,.(l:H+)A - _ ".;' ._-KrrF __ a_· .. .. _.~_-.:_,_·.~· ('ZF. e+3)A 
1 + (HF/H:). . . _ . A. 

(ZFe +3)A K~2 (HF/H+)f . 

e ;rE/RI' (1 + KHf(lli+)A). 
. .. 

(40) 

r :r;·~ 

Since CeF3 e 1/2 H20(s) dissolves sloi-rly under t~e co:p.d~t~ons of 
-

this experiment, it is valid to assume that a 1% volume change_and the 
' ' . . -~ : 

addition of a small amount of iron(IIi) does not cause, any more 
-'' ' .. 

cerium(III) fluoride to O.issolyeo_ ... rherefore stoichiom~tri() considerations 

yield: 

·· c:ZF ... r -··;; 3·(ee+3> +.·'.3'(cer+2>. ··. · 
p .p . p 

' {ZF'"")p :: (F~)~ +' .(HF)~ + (CeF+2)p. .. 
Combining equations (42) and (25,) 9 we· obtain: 

3 Vp ., 1 ,+ K3 (~ /H~)p. 
(Ce+ )A= VA (ce+3)p :.1 +.K3.(HF/H+)jt_. 

' 
From equations (43) and ,(25) w~ obt~in: "'· 

(l:F~)p = 3 (?" +J)p {1 .+ K3 (W/H+)J -

From equations.{44) Gtrid(25) and equilibrium (34) it follows that: 

(43) 

(44) 

(45) 

(46} 

Subtracting~A/vp)CceF+2)A from both sides of (41) and rearranging • 

with the help of equation (25), we obtain~ 
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(ll'-)p - [czr-)A -
K3 (HF/H+)A. 

(CeF+2)~J (48) 

Combining equations (48), (46) and (45) gives: 

1 + 

·- ·. 
I 

(ZH+)p } 

(HF/H+)p 

(50) 

He now have.the necessary equations to calculate Ks and K~. 

Knowing (HF/H+)A, (ZH+)A, KHF,;' Ky K2, KH, (ZFe+3)A and EA-C' we can 

calculate the quantity ~ZF-)A - (CeF+2>A} from equation (ll-0).. Then 

after solving equation (50) by successive approximations for (HF/H+)p, 

we can solve equation (49} for (ce+3)p~ Ks and K~ are then obtained 

.. from equations (38) and (39). The final results ~~e fo~d in Table 12,. 
-. . ' ' ' ·, . 

Method II& · Ks and K~ can. be calculated from the experimental 

results of Hethod II in the following manner: 

The quantities (HF/H+)A and f<ZF~)A - (CeF+2)J are calculated 

as in Method I (equations (16) and (40))o Equations (41), (45), (47) 

and (48) are also applicable here, along 't·rith: 

(ZFi)P = J(CeF'J " 1/2 H20)p + (ZF=)p (51) 

i .. (ZCe~J)p ~ (CeF 
3 

• 1/2 H
2
0)p + (ce+3)p + (CeF+2)p (52) 



~ . - ..... ~~ . •.·. ~-... : 
Combining equations (51)-and .(~2-)~':we· obtaln:<,: . . 

(.zF~)P = 3(Ce+3)p £1 +;K
3

(HF/H+)P] + (.zFiJp- 3(L:Cej:3)p (53) 

Combination of equations (45) a~d (48) yields: 
' r ~ ;- :· . . . 

.• 

Equations (53) and (54) rnt;-Y now be.· solved for (Ce ~3)P: 
r..,. !•. - . -~ . •' \ ~ .. 

----. -·· ... ~ ~ . . , .. - ·; 

\ - -< ~--t' 
I . 
\.,. 

,. 

(55) 

By substituting., equation. (55) into (54) and then combining the result 

with equations->(47) .and .(55); we· obtain: 
,. 
' . 
~~ \.. -. --.· '-

\. 

•;. ,- ~ . . ':· 

... I. . ; .. 

( eeF+~) J r~ + K3( :.)J ~, K3{W) A [ 3 (:~.~\ - (ZF~)P] 

r 

(56) 

_Equatiop_ J~.~) _ca~ pe_ sql;ved for ,(HF/H+)p ?Y successive approxi­

mations • Th,is -~~ue ~s~· th~n used ~o solv~· eq~tion (55) for (Ce +J)p• 

... 
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The values obtained for K and K1 using equations. (38)_ and. (39) are found 
. s .s 

in Table 12e 

Method III. The ultra-violet absorption spectra of cerium(III) in 
., . 16 

perchlorate solutions has been determined by Stewart. In analyzing the . 
equilibrated mixtures for cerium(III), we used the 252 micron and the 

238 micron adsorption ba.ndso ,The cer:i:qm(III) concentrations presented 

in Table 11 are the averages of those calculated from the optical 

densities at these two 'tva ve lengths o The molar extinction coefficients 

were given by Stewart as 755 1/mole em at 252 microns and 650 1/mole 

em at 238 micronso 

Even after centrifuging the equilibrated mixture, .there was a 

s,mall, amount of colloid present in the supernatant o Since the intensity 

. of the light scattered oy colloidal particles· is. inversely proportional 

~o the fourth power of the wav:e length, 17 it was possible to correct 
t : ' .. 

, . appr.oximately for this scatterin_g by measuring the optical de.n,sity of 

the solution at 320 microns., At this wave length the molar ext_inction 

coefficient is relatively small and the optical density 't·TaS taken as a 

(ce+3)P = D/E 1 

D = Dp - DB - DC 

(57) 

(58) 

where £ is the molar extinction coefficient of ceri1nn(III), 1 is the 

cell length in cm1 Dp is the measured optical density of the equili­

brated solution after centrifuging, DB is the measured optical density 

of the perchloric acid-sodium perchlorate __ stock solution and DC is the 

calculated correction for colloidal sca~tering. 
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' ' 

vJe can now calculE.te K and K' • Stoichiometric considerations 

yield: 

s < s 

_{ZF .. )P = 3 (ce+3)~ 

(L:F'"")p = (F-)p + (HF)p 

(ZH+)p == (H+)p + (HF)p 

Combination of equations (59), (60) and (61) yields: 

(59) 

(60) 

(61) 

(62) 

Knowing (Ce+3)p and having solved equation (62) for (HF/H+)P' we can 

calculated Ks and K~ from equations (38) and (39). These values are 

presented in Table 12. The results are only approximate since CeF+2 

was' neglected., (About 1% olthe total cerium(~II) is-present as CeF+2.) 

For this reason the results of Method III were not averaged with those 

of Methods I and II. 

..·., 

···'' 
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Table 12 

Run 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 

Average 

15 
·16'' 
17 

Average_ 

7.5 

8.1 
7.0 
9.1 
6 .. 4 
8.,1 
5.9 
9 .. 1 
9.1 

7.0 
5.9 
8.,1 
5.9 
7.5 
7 .. 5 

±'1.0 

9.7 
7.0 
5 ... 9 

7e5 
·" 

1.5 
1.3 
1.7 
1.,2 
1.5 
1.;1 
1.,7 
1.7 

1.,3 
1.1 
1.5 
1.1 
le4 
1.4 

. 1:>V± 

. i ~- '\, i 

1.8 
'' '1.3 

],..1 

1.4 

.2 

Discussion. In l1ethods I and II the follm.ring assumptions ~.rere; made: 

. (a) The zero potential, E0 , -can be .neglected. 
. :A.-C . 

One is not 

able to measure E0A-G directly in th~se experiments, but. measurements 

on similar solutions (Chapter III-A, also see Tsao8 and Hepler9) show 

that E0A.-C is less than 0.2 mv. 

(b) The complex flu,orides FeF+2, FeF2 and GeF+~.~are,,/ormed 

rapidly. ·The experiments discussed in Chapters II and IJI~.ti show this - ,_ -- - -- ~- -,_ ..... '. : 

to be the 1case •~ !' ._ , 
. l .... ;. -•• ,. . - . .;_. '- ~· 

(c) No CeF3 • 1/2 H2o(s) dissolves upon adding one ml of iron 
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stock solution to half-c~ll A; Since it 14'as found experimentally that 

CeFj .. 1/2 H20 ( s) dissolves slowly an?- that E_A!""o increased only slightly . 

during the time required for a run, any error due to this approximation 
,. . 

isnegligible,especially "since EA.-C was extrapolated back to zero 

time. This d~fficulty could be eliminated by separating solid OeF3 • 

-1/2 H20 froin the supernatant solution.. The_:: coll~i~l nature of o·eF3 o 

.: 1/2 H2o, however,; made a complete separation extremely difficult .. 

The uncertainties introduced by the above ~ssumptions, as well as 

changes· iri ionic strength and specific ion effects, could. account far 

the rather large spread inKs and K~o This spread could also be 

a-ttributed in part to a change in solubility .. :With particle size .. 

Method )II served as _a check on the concentration cell technique 

•. ~ed in Methods I and II.. In Hethods I and II the fluoride concentration 

·wa.s .. 'determi"ned experime·ntally and· (oe+3)p calculated.. In Hethod III 

. ( Ce + 3)p was measured direc_tiy and- the· flu~~id: "q,?Z?:_centra tion c~lcula ted. 

The vailes of Ks and K' obtained from these two different methods agreed 
s 

....... 
very well~ 

c. The Heat of Pre<:Jipita~ion of Cerium(I_II) Fluoride 
.... · .. 

It is the purpose of this in~estigiltion to meas'ure calorimetrically 

the heat of p~ecipitation'of·ceF3 " 1/2 H2o(s)• 

Experimental _ 
.·;. 

. . . . . . . ' 

- · The calorimeter 11Sed in this investigation has been previously 

described .. l8,19 All heats were niea·su'z.ed a·t 25.,0 ± 0.5° C anc:l are 

reported in terms of the defined calorie (1 cal =· ·4.l84Cfabs., joules). 

The uncertainty in the' measured heats :is '± ·o .. 3 'c~L Samples of con-

··~· 



concentrated hydrofluoric acid solutions were contained in pa~~ffin-
. /: 

coated, small glass bulbs and were introduced into standard cercus 
·. .· 

perchlorate-perchloric acid solutions by shattering th~ bulbs with a 
... •..! 

paraffin-coated glass rod. The glass surfaces of the calorimeter 

were coated \ilith a thin layer of tygon paint (Series K, ltJhite~·U. s. 

Stoneware)~-

Experimental Results 

The experimental results are presented in Table 13.· . {a = moles 

HF in sample-bulb, b = ~oles water in sample bulb, c =moles cercus 

perchlorate in calorimeter, d = moles perchloric acid in calorimeter, 

e = moles water in calorimeter and Q = measured heat evolved in 

calories.) 

Table 1,2 

Run a b C X 103 d e Q 

1 o.o509 0.509. 9.12 0.01250 55.2 92.7 
2 0.0500 0.500 9.12 0.01250 55.2 93.5 
3 0.0510 0.,509 9.12 0.,01250 55.2 92.7 

Analysis of Results 

A schematic representation of the calorimetric reaction is: 

,, 

" 

~:· 
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) : :a]· l. -' --~ . 

.. J .""· t 

+ .:.>: .· ,- .. ,• I ' 

•.i- .. -." ; ·' ~- ~- . 

bulb 
·. c cCeF3> 1/2 H20(~·) 

-3c· cio--·: .. 4 - .. ·'(d. + 3c) ··-Ht. and {d +·Jc) ClO 
4 

+ dH andd 

; calorimeter -

Cl0-
4 

) 
. ; ... '-' 

' .. . . ....... ·-·~ 

(a - 3c ~ y) HF. 

+ y H andy r 

(b + e - c/2) H2o 

P2 
r Final solution-.in calorimeter 

........ ,: ....... . r. ( ~--·.; . , . 

wh~re p.1 and p2 are the total ionic strengths of the respective 
·'· •' ;; .. . ' .. 

solutions,and the coefficients indicate the number of moles of the 
1 , , ~ r' . ... , _ ·· t' 

particular substance presento 

The amount of ionized hydrofluoric acid in the final solution was 

calculated by successive approximations from the following equations: 
~ - . . 

.;.· 

{Zit.) . (H+Lt (m') ~---·- .. ·-· --~ .. ·---···· 
(ZF~J = (F-) +.' (HF) .· ·;,_ .1. · .. 

· .. •. . ' ' .. ··· ','·4~( ... u 
(H+)(F-)/(HF) ,; ~ = 6o:/ X 10- ·:- ' 

' '• ., ' . . . ' . ., ... ~-- ... -~· . 

(63) 

(64) 

(65) 

\rhere . { )' signifies nioles/lo .The- total hydrogen ion concentration, 

(ZH+), and the tqt~l ~lu~r_i~~- concentration, (ZF-), vrere calculated 

from the data of Table 13o The density of the final solution was taken 

as 1.00 gm.s/ml. (HF) was first takena~ app;oximately equal to (ZF-) 

and (H+) was calc~lated from equation (63)o Equation (65) was then 

solved for (r) and a better value of · (HF) was obtained from equation 

(64)o This procedure was repeated until a consistent value for (F~) 

was obtained. Knowing the total weight of solution and its density 

one can then calculate y, the moles of ionized hydrofluoric acide The 

Q 
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, · f.-.;:~:) r :-: , _,,--: ~-·dT 
concentrations of CeF+2 and HF~ were small and were.neglected in all the 

.: . ·;,;: '" .. , • '' ~ ,• r ' . 

·'.I 

calculations. 

To obtain .6H298 'for the reaction 
·;: .. 

(66) 

the experimentally observed heats were first corrected to infinite 

dilution for all species. Utilizing the principle of ionic strength 

we assume, for example, the heat of dilution of HClo4 at P= 0.1 equals 

the heat of dilution of 0.1 ~ HClo4 . Then neglecting the heat of 

lilution of unionized HF, approximating that of Ce(Clo4)
3 

as equal to 

LaC]3, and that of ionized HF as equal to HCl, we defineg 

Q1 "" heat evolved on diluting ! moles of HF in £ 

. moles of water to infinite dilution plus the 

heat evolved on association of a moles of H+ 

and a moles of F= at infinite dilution. 

~ g heat evolved on diluting £ moles of LaC13 in 

ionic strength ,«l to infinite dilution. 

Q3 = he~t evolved on diluting ~ moles of HCl04 in 

ionic strength-« 1 to infinite dilution. 

Q4 = heat evolved on diluting d + 3c moles of 

HC]04 ~ ionic strength A-{ 2 to infinite 

dilution. 

~ = heat evolved on diluting l moles of HCl in 

ionic strength~2 to infinite dilution plus 

the heat evolved on association of l moles 

of H+ and l moles of F= at infinite dilution • 
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The heats of dilut~on of HF:, _Lac13, HC~04 and. H~l toJ'e~e. :~?~~~~~-d from 

B'ureau of Standards datao20 

I 21 as -3 .. 18 kcal mole. ·· 

The heat of dissociation of HF was taken 

~H298 for reaction (66)' can be calculated from the following 

equation: 

~Ho = -Qo/c 
298 

(67) 

rLi;~_dThe· resUlts of these calculations are found in Table 14e' T\iki!ig into 

·< ;,vo·:' 'accoUnt uncertainties in heats of dilution; we firid. ~H~98 .. ';J-:;;..:ro:o ± 

0.7' kcal •. 

Table J4 

Run I Run II Run III 

-Q' 
1 (cal) -6-~4 - -6.3 -6.4 

.. 
Q 2 (cal) 6.1· . 6.,1 6.,1 

Q3 (cal) .;..Q~4 -0 .. 4 -0.,1~ 

· Q
4 

(cal) .;..0.8 -0.8 -0.8 

Q5 (ca:l) ·-1~2-
.. 

-10 2 -1.2 
~ 

· y X lo4 (moles) 3.85 3o71 3.87 

b.Ho 
' 298 

(kcal/mole J -10.0 L10.,1 -10,.0 

_, 

• 
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IV • LANTI-IA.NUN(III) FLUORIDE 

The purpose.of this investigation is to determine both the extent 
·.' .·· ' '; : -. 

of complexing of lanthanum(III) by fluoride ion-and the solubility of 

lanthanum(III) fluoride in aqueous solutions. The experimental 

techniques employed are exactly the same as those used with cerium(III). 

Both the apparatus and procedure have been described in detail in 

Chapter III, Sections A and B. The freshly precipitated lanthanum(III) 
. -- . 

fluoride used in solubility method I was prepared by adding aqueous 

sodium fluoride to a lanthanum chloride-hydrochloric acid stock 

solution. After centrifuging and washing well, the moistprecipitate 

was transferred to a perchloric acid-sodium perchlorate solution to 

be equilibrated. 

Experimental Results 

Complexing. The experimental results used to-determine the extent of 

complexing of lanthailum(III) by fluoride ion at 25° C are presented in 

Table 15. (VA= volume of solution in half-cellA, (La~3)A, =initial 
+ 

lantham:un(III) concentration in half-:-cell A, (Hi)A = initial hydrogen 

ion concentration in half-cell A, (zr-)A B = total fluoride concen-
' 

trations in half-cells A and B, and EA-C and EB-C potentials of 

concentration cells A-C and B-C e) 
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Table 15 

Temperature = 25e00 ± 0.01° G Jl ::: 0.50 

(ZF-) A ,B X 104 VA EA-G EB-C 

(moles/1) (ml~· . (mv) (mv) 

Run I· 

( +.3) Lai A = o.oo888 M 3.19 110.0 10 .. 06 10.58 
6.38 110.,1 19.72 20,.73 

~:· :. (H~)A ::: 0.05451 H 9.57 110.,2 28.22 29.70 
12.75 110.2 35.49 37.45 

(IJ 

(VA)i = 109.9 ml 15.92 110 • .3 /+1.,34 4LI-ol9 

;Run II 

( +3) 3 .. 19 110.0 7.52 . 7 .. 74 '· Lai A = o.oo888 .tl 
6.,36 110.,1 14 .. 54 14.98 

(Hj)A = 0.0996 .!:1 9.54 110.2 20 .. 83 21.48 
12.71 110.2 26.42 27.25 

(VA) i = 109.9 ml 15.88 110.,3 31.32 32.L .. o 
19.04 llOo/+ 35 .. 73 37.,00 
22.20 110.,5 39.64 41.,17 

Run III 

( . +3) . . 3.,05 115.,0' '9 .. 54 10.10 La. A = 0.01277 M 
~ - 6.l0 115.1 18.62 19 .. 82 .. 

(H"!") A = 0.,05615 M . 9.14 .· 115.2 '26.,63 28.42 
~ - 12.17 115.3 33.10 35.87 

(VA )i = 115.0 ml 15.;21 115.,3 38.3 42 .. 37 

Run IV 

(La~3)A = 0.004649 ~ 3.35 105.0 10.,72 10.,84 
+ 6 .. 69 105.1 21.01 21.41 

(Hi)A = Oe05273 ~ 10.,02 105.,_2 30.,08 30.74 
13.35 105.2 37.87 38 .. 79 

(VA)i = 104.9 m1 16.,68 105.3 44.58 45 .. 75 
20,;00 105.,4 50.,26 51,;86 

Solubility 

Method I. The experimental conditions and the results obtained 

by using Method I (Chapter III-B) to determine the solubility o~ 

lanthanum(III) fluoride are presented in Table 16. Sodium perchlorate 

~ 
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was used in all the run~_,to_,~eep p, the total ionic strength, constant. 

(Vp is the volume of equilibrated solution added _t;o~,ha~f-;.cetll. :.f!,~_ VA 

is the final volume of solution in half-cell A. (~e+3)A, (ZFe+2)A 

and (za+)A are respectively the total,iron(III), iron(II) and hydrogen 

ion concentrations in-half-cell A. (ZH+)p is the total hydrogen ion 

concentration in the equilibrated solution.) 

Table 16 

Jl = Oo5 Vp = 99.95 ml 

(ZFe +3) A x 104 (ZFe+2)A x lo4 em+) A (~H+)p EA~C. 
. 

Run (moles/1) (moles/1) (moles/1) (moles/1) (mv) 

1 5.111 3.902 0.0726 0.0721 25.3 
2 5.111 3.902 0.0488 0.0480 22.8 

2.c .::~~::~~!3~: c_::;_- 3.709 3.873 0.0998 0.0992 27 .• 2'· 
·· 26.s·:·. 

t_, ~ .. -.. . ; ~ 

4 3 .. 709 3.873 0.,0998 0.0992 
I.·~;· 5 .. 3.709 3.873 0.0752 0 .. 0744 26-•. 9 

6 3 .. 709 3 .. 873 0.0506 0.0496 27.9 
- . ~ .. :- . ~ ~, 

.--,: ·;_f._~ 

Method II. The experimental conditions and the results obtained 

by using Method II (Chapter III-B) to determine the solubility of 

lanthanum(III) fluoride are presented in Table 17. Sodium perchlorate 

was used in all the runs to keep the total ionic strength constant. 

(Vp, VA, (ZFe+3)A (ZFe+2)A, (ZH+)A and (~H+)p have the same signifi­

cance as in Table 16. (ZF-) arid (ZLa~J)p are respectively the initial 
i p ~ 

total fluoride concentration and the initial total lanthanum(III) con-
--~<'(.J :~--~- ~ sc[-J . · 

centration in the equilibrated solution.) 

\ '. 



· ... ·. 

;··, 
'. 

)i -~ 0.5 , .... 

. '' 

(.~:Ft)A em+) p 

Run (moles/1) (moles/1) ... · 

7 0.1020 0.1015 
8 .. ·· 0.1020 0~1015 
9 o.0631 0.0622 

10 0.041~0 0.0429 

c j. 

•. t 
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Table 17. · 

:VA\:= ·100.95 m1 

. ;lfp ::: .. 99.95 m1 

(L:Fet3) I :e .3. 709 x lo-4 H 
A -

· · (ZFe+2)A. = '3.873 x lo-4 !::! 

(ZF7) X lo3 cia~3)p · x 1o3 ·· 
EA,...C J. p 

· {moles/1) (moles/1) (mv) 

10.20 4.781 19.1 
10.20 4.781 18.8 
7.685 3.841 .16.7 
3.881 3~87.3 12.1 

. '"\ 

!. 

Analysis of Results 

Complexing~ As in th~ ease ·of .cerium(III), EA~p a~d EB-C plotted as a 

fUn:c'tion._ or. 'the total fluoride concentration d~- ~0~ give identical 

.. curves .• - The absence of .a Tyndall beam. in half~.cell A over this range 
• ·- - • • . • • ' • • ,. ~ • •• • • •• • • .•• ' ~- ><·· • • ... ' ~ ·- .• - .... "''•• • 

indicates the presence of complex fluorides of lanthanum(III). 
.... . ·' 

The experimental results could be satisfactorily interpreted 
... ; :. .· ; .. · '· .. '· 

assuming the equilibrium: 
,. ;, 

(68) K3 
. . . : . . ~- .. 

The equilibrium quotient 
. . ~ . •• r·;" 

(69) 

. _r. • ~ :. . . ;,. ·. ·- . , _; ~-

WaS calculated by the method described in Chapter III-A. ( )~ 

represents concentra tior{ in- m~l~s/1 in h~lf-ceri A.· · 

The values obtained for K3 are presented in Table 18. The un­

certainty in K
3 

is estimated to be 10%. 

. 
'l 
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"T .b ·1~-.• '· ~·:. a le ' o · .. : 

' . ....!. •• •• ··:. 
. ~ r . . . . ~· .. , 

Temperature = 25.00 ± 0 0 01° C 

Run K3 
.. i .::.: : .... ·' ~·· 

·I o.62 
. ~' . II' o.6o 

III 0.55 
' 

IV, . Oo57 
.· . 

Average 0.59 

Solubility0 The composition ,or hydrated lanthanum(III) fluoride is 

reported in the literature a.s LaF3 o 1/2 I12o.2~~~ ;As was the case with 

ceri~(III) fluoride 1 the LaFJ • 1/2 H20(s) in contact with the 

equilibrated solution was colloidal in natureG 

The equilibria to be considered in analyzing the data are the 

same ~s. in Chapte:r_-. III-B. Those involving lanthanum(III) are: 

3 +2 + ra+ ;+ ·HF = LaF. + H 
. ' 

· :;.w3 ~- 1;2 H:~o:c~) :;-.:3H+ = 1a +3 + 3HF + 112 H2o 

LaF
3 

• 1/2 H20(s) = La+3 + JF- + l/2·H2o 

The K1s are equilibrium quotients, for example: 

(la.+3)p (HF)~ 

(70) 

(71) 

(72) 

(73) 

(74) 

where ( )p designates concentration in moles/1 in the equilibrated 

solution. 
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Ks and K~ '-Tere calculated from the data in Tables 16 and 17 by the 

methods described in Chapter III-B. The results are presented in 

Table 19. 

Table 19 

Temperature ; 25.0 ± 0.1° C 

Run 

1 8.1 1.5 
2 7.0 1 • .3 

Hethod I 3 7.5 1.4 
4 7.0 - 1.3 
5 7.5 1.4 
6 8.6 1.6. 

7. 8.1 1.5 
8 7.5 1.4 
9 7.0 1'.3 

10 7.5 1.4 

Average 7.6 ± 0.4 1.4 ± 0.1 

i ('< .· ·_,. 

~. . . . , ... 
• r .· . ..' ~' ,!. ' ' 

·-

• " \,,) 
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V. TRENDS IN FLUORIDE. COi;1PLEXING AND SOLUBILITY THROUGH THE 
L&}ITHANIDE SERIES 

Some preliminary experiments on the extent af complexing of 
' ' 

gadolinium(III) by fluoride ion and on the solubility of gadolinium(III) 

fluoride are reported in this chapter. The results are used in 

discussing the trends to' .be expected in the lanthanide series for 

both the extent of complXing by fluoride ion and the solubility of 

the trivalent fluorides. 

Gadolinium(III) Fluoride 

.·. The-apparatus, proced'ures and methods of calculation used to 

dete·rffiine the extent of complexing of gadoliniuin(III) by fluoride ion 

· ' :'r. ;~Jfa·'-thei ·solubility of gadoliniu:m(III) fluoride are identical to· those 

c.i:J'n·-ci~~c~ibed in Chapter III. The freshly precipitated gadolirlium(III) 

.1,!.•" . flubride used in solubility Method I was prepared by adding aqueous 

sodium fluoride to a gadolinium perchlorate-perchloric acid stock 

solution., After centrifuging and washing well, the moist precipitate 

was transferred to a perchloric acid-sodium perchlorate solu~ion to 

be equilibrated., 

Popovici3 has reported that gadolinium(III) fluoride precipitated 

from aqueous solution has the composition GdF 3• I.J'e will therefc:re 

write the expression for the solubility equilibrium in terms of GdF3• 

The experimental results are found in Tables 20 and 21 • 

. \ . 
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Table 20 
., .. .. ~ 

·., .. '. 

Temperature == 25.00 ± 0.01° C )l == 0.50 

,_,: .: , .. '! 

. ';- - ~. ,. i. ;'" ~- . ·.-

~-~ . !. J -~ ' • ' ';J,.' 

+3 
. _(09.1) A ~ 0.00276511 ... 

+ 
(H. )A == 0.04921 H 

J. -

(Vi)A = 104.9 ml 

· r .. 1 

, • . • 
1
° ' i?) ~,,Jlc x l~ 1 ;A gA-G " EB-C 

(moles/1) (ml) (mv) (mv) 
•·; ,, ~----;~,---:~~--~.;~:-,-:---....... -.-----

3.35 
.· 6.69 
10.02 
13~.3:) '· .. 
16.62 
20 .,-·Ob;' ' :~' 

23o:31 
45.32 . 
67.:12 ~·'-· ' .. 

105.0 12o31 13.34 
.rlb5.1 ···23~12 ·25.12 

105.2 32.31 35.00 
icf5·. 2· ;4b. or·· 43.22 
_105.3. 46.67 50.20 
ros~4" ·5;2'~52 ... 56.32 
105o5 57.74 61.72 
l06cO 23.40 22.3 
:io6.:5· ,'ldr,;4o 107.3 

(~a_: == volt~me.: of solu~io~, .~n balf~c~~\A 1 (G,d~3 )A >;:;, i31it~a,.~ g~do:liniurn(III) 

~~; ,,, .. (,conceptre~;tion in: ha:J-f:-:oell. A;.; (H~)A_·= ,initial_ hydr?gen,:io!!. ~onoeptration 

~~- ·,:t.n p.a)f:;·cell A7 (L)F'-)A,B == ':t;9~1fluoride conc~l:ltrat~qns ~~ h1l.lf_-cells 

~·- _A_, a,.nd. l3; a!}d :E;A-C anP. ~B-C = -pot_entia=\.s of 9o1;1,ce~tra tion .cell~ .A:-C and 

_B_,..p.) 

~, ·-: . ' . .' .. '·. 

p == 0.5 

VA.:~ ·100~95 ·m1· 

VB =·· 99~9·fmi'· 
f .. 

.:..;,· .. 

Run 

1 
2 

... 

Table 21 

·em+>! .. 
A 

(1lloies/l') 
; 

0.0752 
0.0506 

··.--· 

' . ' ~ . 

(~Fe +3) ~ :·==. 3.7o9 ;c 10""4 tl 

(ZF.e +2)A = ·3~873~ lo-4 11 
•. J ·_: ! :. 

em+) E p A.-C 
_, (rnoles/1) . (rm!) 

0.0744 52.7 
0.0496 53.7 

.. 
'· 

(Sodium perchlorate was used to keep p1 the total ionic strength, constant. J 

Vp is the volume of equilibrated solution added to half-cell A. VA is 
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the iinal volume of solution in half-cell A,. (l:Fe+.3)A., (2:Fe+2)A and 

(~1+)A are respectively the total iron(III), iron(II) and hydrogen ion 

concentrations in half-cell A,. (lli+)p is the total hydrogen ion con­

centration in the equilibrated solution.) 

The results calculated from the above data are s~~marized in 

Table 22. 

Table 22 

Temperature = 25e00° C 

Gd+.3 + HF = GdF+2 + H+ 

Run 

1 
2 

p = 0.50 

K.3 = 2.9 

K~ X 101~ 

Average 6.7 ± 0 .. 2 

The K's are equilibrium quotients, for example: 

K' s 

= 

= 

(GdF+2)A (H+)A 

(Gd+3) (HF) 
A A 

(75) 

(76) 

where ( )A and ( ·)p signify concentrations in moles/1 in half-cell 

A and in the equilibrated solution respectively. 

Gomplexing of Trivalent Rare Earths by Fluoride Ion. 

It has been suggested that bonding in the fluoride complexing af 

tripositive metal ions is mostly ionic .. 8,9 This seems reasonable 

because the fluoride ion is relatively unpolarizable and will therefore 

have little tendency to form covalent bonds with the cation. The 
~ 

relative stability of the complex fluorides vrill depend upon the radii 

of the respective cations. 

c . 
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The crystal radii of the tripositive rare-ear'thCiofis decrease going 
. . 22 . . - .. ·. 

from lanthanum to luteciumo Zachariasen has calculated ~he following 

values from crystal data on the rare-earth fluorides: 

ra+3 r = 1.,04 A0 Nd+3 r - 0.,99 A0 

ce+3 r = 1.02 A\0 sm+3 r - 0.97 A0 

Pr+3 r = 1.,00 A0 Eu+3 r = 0 .. 97 A0 

'\ile haveestimated that of Gd+.3 to be 0.,95 A1° from the data of Templeton 

and Zalkin., 23 

From Table 23 we see that as the crystal radius of the tripositive 

ion becomes smaller MF+2 becomes; more stable., 

Table 23 

w3 Crystal Radius 
K3 (Ao) 

.. +3- .. LaF+~ + H+ 0.,59 1 .. 04 La + HF = 

ce+.3 +HF = GeF+2 + H+ 1.,6 1.02 

Gd+3 +HF = GdF+2 + II+ 2o9 0.,95 

When analyzing splubility data on the rare-earth fluorides, it 

becomes apparent from the values for K3 in Table 23, that one must 

consider the species 11F+2 o • In the experiments described above with 

gadolinium(III) fluoride 9 forl examplei approximately 10% of the total 

gadolinium( III) was present as GdF+2., . If gadolinium(III) fluoride 

were equilibrated with pure 1vater instead of the perchloric acid-

sodium perchlorate stock splut.~on used abovep this amount would increase 

to i8%., 

. ' . ; : ~ 

.. 
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r.· ~-
Solubility of Trivalent· ':Rare' Earth Flu~rides · 

- Hoeller and Kremmers24 have meas~ed the so111D:i.tity af the tri­

positive rare-earth hydroxides., They found that the solubility product 

(77) 

de-creased.' in going from lanthanum to lutectium~ This does not appear 

to be the case td th the fluorides. 

K' = (W"3) (F-)3 s . (78) 

was found to 9e approximately the same for lanthanum and ceriume 

Instead of having decreased, however, K~ for gadolinium(III) fluoride 

was found to be 50 times as large e 

A similar change in solubility is found for the alkaline-earth 

fluorides (Table 24) .. 

'. 

1 24
25 

Tab e _ 

M+2 Crystal Radius26 Solubility (18° C) Crystal 
(Ao) (g/100 g H

2
0 Type 

BaF2 1.35 00 163 fluorite 
,-

SrF 2 1.,13 0,.012 fluorite 

CaF2 0.99 0.0016 fluorite 

MgF2 0.,65 0.0076 rutile 

~ going from barium to calcium there is a decrease in solubility of the 

alkaline-earth fluorides with a fluorite type crystal structure., MgF2, 

however, Y1ich has a rutile type structure is found to be more soluble 
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• 23" 
Templeton and Zalkin have found that lanthanum, .cerium, praseo-.. ~ - -· . - ' ~ .. ~·- .~.~;;-;.;:.:.. .. .:. . ...:.;. ,.. 

dymium, ~eoc,lymiurn, samarium and ~1;1I'~pium- triflu()rides pr.epared from 

solution·have a hexagonal type crystal-structureo ,_Trifluoriti_~:3 of 

gadolinium, terbium and dysprosium,_ however, prepared from solution 

.·' were foUlfd to be orthorombiCe·i I;t cis -thus nC?t surprisingr in :view of 

the change in crystal structure,.to f:Uld gadolinium(;EII) fluoride more 

soluble than lanthanum( III). fluorideo 

. ·. -~~ 

'~ .· '~- \ .... 

_ ... ,;'. 

L . 

• 
\:· 

.. .. 

·• 
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VI. S!HTL1IARY OF. THE CHEHICAL THER110DYIM.HIC PROPERTIES .DETERMINED IN THIS 
. INVEST.IGATION . . .. . .• · ... 

In the preceding sections we have .. determined thermodynamic data 

for the trifluorides of lantharmm, cerium and gadolinium. These data 

are s~~ized in Table 25. 

Table 25 

AF298 ::: 27.0 kcal/mole 
').~, 

(1) CeF
3 • 1/2 H2o(s) ::: ce+3 + .3F ... + 1/2 :H2o AH298 = 0.5 kcal/niole 

~8298 -89 eu 

(2) +" = CeF+2 -4.3k~al/mole Ce,;) + r AF298 = 

(3) LaF
3 

0 1/2 H2o(~) ::: La+3 + 3F- + i/2 H20 '~F 298 26.9. kcal/mole 

(~) 1a+3 + F- ~ LaF+2 6F29S = -3~7 kc~l/mole 
.. 

(5) GdF3(s) = Gd+3 + 3F"" AF298 = 24.6 kcal/mole 

(6) Gd+3 + r = GdF+2 .• 

.;;_ -4~·6 kcal/mole AF · 
2'98 

The AF298 rs for reactions (1), (3) and (5) were obtained by estimating 

activity coefficients at p. = 0.5 (y ± CeF3 == 0.33, y ± w 3 = 0.34 

andy± GdF
3 

= 0.34). For reactions (2), (4) and (6) ~F298 was 

calculated from the measured K
3 

using ~ = 1.23 x 10-3 to correct for 

the ionization of hydrofluoric acid. 

From the data in Table 25 one is able to calculate the follm-ling 

free energies of formation, heats of formation and entropies. The 

values tabulated for CeF3 o 1/2 H20(s)' LaF3 • 1/2 H20(s) and GdF3 (s) 

refer to the solid in an apparently reproducible colloidal state. 



Ce+3 . Latimer2'7 giv.es. /)..F2
98

· ~. -171.75 kcal/mole.- The partial molal 
(aq) 

entropy is estimated to be -40 eu.28 From these values we calculate 

· L1H298 = -173.8 ·kcal/mole. · 

CeFC=q) Neglecting· activity 

liF0 

8 
= -242 kcal/mole. 

coefficient corrections, we calculate 

• : r • ~ ' ••. 

29 

CeF 3 • 1/2 H20 (s) !J.F0 
. == -425 • .3 kcal/mole1 IJ.H0 == -444.4 kcal/mole 

• 298 ' . ·. 298 
and S0 == 50 eu. The uncertainty in S0 is approximately 7 'eu. 

298 . 298 . ' 
.Using Latimer's method for estimting the entropy of solid compounds, 29 

one obtains s298 = _31 el?-• for macroscopic .CeF3 •1/2 H29(s)•. 

LaF+2 
(ag) Neglecting activity coefficient corrections, we calculate 

!J.F2
98 

== - 244.3 kcal.fmole. 

L~ 3 • 1/2 H2o (s) IJ.F298 == -428.1 kcal/mole . 

GdF{~q). Neglecting activity coefficient correction:s~ we calculate 

L1F298 == -236.5 kcal/mole. 

GdF ) !J.F0 == -3880 7 kcal/mole. 
· · 3(s 298 

• 

.. 

" .. ) 
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VIIe PREPARATION AND ANALYSIS OF REAGENTS 

All solutions were prepared i..rith water redistilled f~on1 alkc1.line 

permanganate., 

g;[., A stock solution of 5 molal hydrofluoric acid was .prepared .by 

diluting, the Gpo 48% acid •. This solution vras stored in a polyethylene 

containe.r and analyzed as follows: A, five gram aliquot was weighed 

into a paraffin-coated glass bulb which was then immersed in an excess 

of standard sodium hydroxide. After breaking the bulb, the unreacted 

sodium hydroxide was titrated with standard perchloric acid to a 

phenolphthalein end pointe 

Ce(Cl04)
3 

- HC10
4 

A stock solution of cerous perchlorate and 

.. · ..... " 

reagent ammonium hexanitrato cerate was dissolved in distilled water., 

This solutit;m was added slowly t;Jith vigorous stirring to 2 £.1 :a:mmonium 

hydroxide .. , ·The light yellow: precipitate was filtered and rinse(j. until 

the ,wash water gave negative t.ests for NR4 and NOjo The hydrous eerie 

hydroxide was dis$olve4 in perchlor~c acid and reduced with analytical 

grade 35% hydrogen peroxide c; , •. ~This :solution was boiled, and after 

several days ·:Was filtered .through:.;'~-in~~re<i glasso. 

The cerium(III} concentra:tion wa$ determined in a- manner similar 

to that described by Smith.,39. Cerium(III) was oxidized by ammonium 

per sulfate to cerium(I\T)., After the addition of an exess of. standard 

sodium arsenite$' the solution was back titrated vrith a. standard eerie 

solutiono Osmium i;.etrox:i.de was used as a catalyst and t1ferroin11 as 

an indica tor., 

After adding an excess of sodiun1 fluoride to precipitate all the 

cerium(III) the perchloric acid concentration was determined by 
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titrating vrith carbonate-free sodium hydroxide to a phenolphthalein 

end pointo 

~(_~104) 3 -_- HClo
4 

A lanthanum perchlorate-:-perchloricacid stock 

solution was prepared by dissolving a lmown weight ·of pure ra2o3 . 

in standard perchloric acid. Spectrographic analysis showed that 

t~e La2o3 contained no other rare earths and less than OoOl% of Al, 

Ca, Fe and Si.o ,.-. 

~~(Clo4)3 -:-: HClo4 _A gadolinium perchlorate-perchloric acid stock 

solution was prepared by dissolving a known weight of Gd
2

o3 (Research 
- ' ' # .-.· •• •• 

Chemicals; Inc. - .8% Sm and ol% Dy) in standard perchloric acid • 

. ' ... 

~~-- Gpo sodium fluoride,. ignited in platinum, was dissolved in 
: . ' ~ 

conductivity wate"r to make a standard fluoride solutiono 
... ,,,.· 

- NaClO-
- -4 A' stock solution of. sodiilm ·perchlorate was ·prepared by 

· ·-adding an exce·ss of double va:cuum-distilled 7Z/o perchloric acid .to 

analytical reagent sodium carbona te;o The solution was boiled to 

~xpei._carbon dioxide arid the pH adjusted to 5with carbonate-free 

sod~iml :hydroxide solution·o After several days this :solution was 

diluted and filtered through sintered glass·o ' The solution was 
-- . " 

· · standardized by evaporating aliquots .to dryness in_ the presence 

· · of an excess of sulfuric· acid and 't-reighing the residue as sodium 

sulfateo 31 Several aliquots were evapomted to dryness and weighed 

as Ni:l.ClO 4 after drying at 160°. C for two 'hours~ The two methods of 

analysis gave results that agreed '\oTithin Ool%. 

• 

'·' 
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HGlo4 Double vacmun-distilled 72% perchloric acid -vras diluted ivith 

conductivity 1va.ter to yield a stock solution which was standardized 

against mercuriu. OY~de using methyl red as indicatoro 

!e(Cl0.
4

)3 - F~(~lo4) 2 - .HClo4· A stock solution of ferrous pei'chlorate, 

ferric perchlorate and perchloric acid was prepared by reacting· electro-

. lytic iron with a standard re rchloric acid solution., . Hydrogen peroxide~ 

was added to the resulting solut-ion to-. oxidize a portion of the ferrous 

perchlorate to ferric per:Chlorateo- The ferrous ion concentration ivas 

determined by titrating to a 11ferroinnend point with a standard eerie 

solution~ Since the ferrous perchlorate, total iron and ;initial 

perchloric acid concentrations wereknown, we were able to calculate 

the final ferric perchlorate and perchloric acid concentrationso 

These agreed Hit h those eXperimentally determined using the methcd of 

Schumb~ Sherrill and Sweetse~G.32 
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