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I. INTRODUCTIOH

_ It has long been known that tripositive rare-earth ions form
insoluble gelatinqus fluorides in agueous hydrofluoric acid solutions.,
Aside from some early work on the composition éf these fluorides,
there are no quantitative data in the chemical literature oﬁ the
subject,

In this investigation a method for the determination of the
solubilities of the rare-earth trifluorides has been developed.
;t was neceésary first to measure the extent of complexing of |
iron(III) by fluoride ion, These data were utiiized to investigate
the solubilities of cerium(III) fluoride and lanthanum(III) fluoride
and the extent of complexing of cerium(III) and lanthanum(ITI) by
fluoride ion, A calorimetric determination of the heat of pre-
cipitation of cerium(III) fluoride was also carried out,

.>Resﬁ1ts from similar experiﬁents involving gadolinium are
used in discussing trends in thé extent of complexing by fluoride
ion and in the solubility of the trifluorides through the lanthanide

series,



.(L.A

paraffin to prevent hydrofluoric acid from reacting with the glass.

-l

IT, THE COMPLEXING OF IRON(III) BY FLUCRIDE IONS IN AQUEOUS SOLUTION:
FREE ENERGIES, HEATS AND ENTROPIES,

A number of workers have investigated the extent of association of
ferric ions and fluoride ions by a variety of methods.4_8 If one knéws
the equilibrium quotients for the various complexing reactions of
ferric ion and fluoride ion, it is possible to investigate the extent
of complexing of some othér 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'lo‘ It is
also possible to use a ferrous-ferric concentration cell to determine
the solubility of a metal fluoride.

It is the purpose of this investigation to determine the equilib-
rium qﬁotients for the fluoride complexes of ifon(III) as a function
of femperatuje at an ionic strength of 0.50.7’9 These values will
thén bé uSed.in determining the solubiliﬁy of several rare-earth

flvorides.
Exverimental

The Geil, 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 eations and will be discussed in Chapter ITI). The
containers and caps vere made from 5 cm.ground glass joints. The

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

8

Half-cells B and C were 301ned by a 1,6M sodium perchlorate-agar-

, agar salt brldge in an effort to minimize junction potent1a1s°7 A

carbon dioxide atmogphere was_malntalned over the solutions to
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Fig, 1

, Band C = Containers

2 cm x 2 cm platinum electrodes
stirrers - :
Agar-Agar salt bridges
Inlet for pipetting NaF
CO, inlet.

o

o O

' Concentration Cells A-C and B-C,
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prevent air'oxidatipn.gf‘iron(II),ZMElectrodeS'made from spectroscopically

pure platinum sheet and wire were stored in distilled water when pqt in

use, ﬁsﬁéﬂdafd'édéiﬁm fluoride sdlutioh was addéd té“héif—cell B by

1

means of calibrated, "dri-filmed" micropipets.
The ﬁoﬁential of the cell was measured b§'a Rubicon type B, high
precisidn potentiometer with a D.C° spotlighﬁ”galvanometer (sensitivity
0.009?pa/hm, period 3.2 sec and eritical damping resistance 830 ohms)
for indicatién 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 tﬂe assembled cells and the stock
solutiéns wgré brought to the temperature of the experiment, The
ground glass joints were sealed with "Lubriseal" to prevent thérmostat
wgter from entering the -containers. |

One huhdred 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 reépect to réference half-cell G.

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 Ep_ became constant (within

 O,Q2 mv)ivery shortly after each addition, The stirrers were left on
‘both while ddding sodium fluoride solution and while reading the

tpoténtial;*:j
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Experimental Results ~— ~ =77

The variation of poteptlel w1th (ZF )B for cell B—C at 25° C aﬁd
35° C as well as the 1n1t1al concentratlons of perchlcrlc a01d ferrous
perchlorate and ferric perchlorate are glven in Tables l and 2, In all
the runs sodlum perchlorate was used to make the total ionic strength

, O 50, EB c = measured potentlal after each addltlon of sodlum fluoride
minus the 1n1t1a1 potentlal | | *

! , (VB) = 1n1t1al volume 1n half—cell B, VB = volume in half~cell

B after addlng sodlum fluorlde.

Table 1

Temperature = 25,00 + 0,01° C , Ju = 0,50
(ZF ) x 104 P,
(moles/l) (mv) (ml)
Run I o

(3H;) = 04946 M * 7 378 13,83  105.,0
St L TS5 26,32 105,1
(ZFe*?)=. 6,338 x'107% M 11,31 36,65 1051
i 15,07 45,17  105,2
Fetd) = 42 x 1074y 18,83 52,57 105.3
1 L L2871 68,22 . 105,5
(Vg);, =104.9ml ) 38,68 80.24 7 105,7
* | | 48455 90,28 | 105,9
168,18 107,32 "106.3
87,66 121,46 1067
7107,0 7133.84 0 F107.1
126,2 144,98  107.5

"Run IT e T
(ZH.;) = 0009443 M ) - " W 2,4‘8 PR 6°38 wid 10501
| o . . 49k 12446 . 105.3
(Fe*?) = 6,338 x 1074 © 9.8 23,09 105,7
N S TN 71 . .31.86 . . 106,1
(IFe;”) = 4o277 x 107 1 2694 748,260 106,3
: 39,12 60,16 106,5
(Vg); = 1049 ml 51,25 69,66 106,7
' ' 63,34 77,88  106,9

75,39 © 85,20 107.1
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Ll Table 1 (conty)

| Lo |
(ZF7), x 0% Ep o vy
(moles/1)  (mv) (ml)
Run III
(3]) = 09246 ¥ 2.38 - 61 <110,
I R S 475 1243 0 110.3
(ZFe:“) = 6,050 x 1074 1 946 22,95 110,7
' +3 R - 11@-013 R 31058 . 11101
(3Fel”) = 4,083 x 2074 ¥ 25,88 47.68  111,3
o S 37.59 59,51 111.5
(Vp); = 109.9 ml 49,26 68,96 - 111,7
3 . 60,88 77.01  111.9
| 72,47 84,23  112.3
Bun
'(ZH;) = 09490 M 8.31 17,95 " 1100
+2 - TR 16,47 32,05 110.2
(3Fe;®) = 9.09 x 1074 1~ 2,32 j2.66  110.3
I N R 33.76. 58,87 110,5
. (Wei”) = 6,133 x 1074 522 62,01  110,6
T o 54,53 .. 69,58 110.8
(Vg); = 1099 ml 73425 81,61 111.1
Table 2
~ Temperature = 35;00 £ 0,02° C . | '!p.= 0.50
| (F-)p x 106 By 5 Ty
(molés/i) | (mv) Gnl)
Run I
(3E) = L0975 M | 3.9, 10,06 100.,0
s : 7,88 18.83  100.1
(3Fei) = 6,717 x 107 1 11,82 26,42 10,1
3 : 15,7, 32,9, 100.2
(ZFe(”) = 4.367 x 1074 N 19.66 38,65 100,3
- 2749 48,17 100.4
(Vg)y = 99.9 ml 37.95 56,37  100.,6
, 48437 66,95  100.8
58,75 74,25  101.0
69,09 80,74 101,2
89,64 91,92 1016
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.. _Iable 2 (cont,)

. R L .’
(ZF ‘»)-'B x 10 EB-C‘ VB

(moles/1) (mv) (m1)

Bun IT

. (3H7) = 0,0957 ¥ 3.9% 12,38 100.0
e ) 7.88 0 21,90 ©  100,1
" (ZFei") = 2,635 x 1071 11,82 29,61 . 100.1
+3 . 15074 l 36015 ' lOO.2
(TFei”) = 1748 x 1074 1 19,66 4177 100,3
L ; : 30,14 54.08 ¢ 100,5
o (Vg)y = 99.9 ml : 40459 - 63.68 100,7
o : 50,99 71.55 . 100,9
61,36 78,35 101,1
81,96 90,06 101,5
Run ITT
- (2H;) = 0.0975 ¥ - 2,10 5,26 - 100,1
o . +2 ‘ . Zi—olg ’ 10057 ! 10003
~ (Be(?) = 6,717 x 1074 M 6.28 1548  100,5
o 10,17 23,63 - . 100.6
- (3Fe}?) = 4,367 x 107% 1 14,06 30,63 100,7
24 48 4540 -100.9
(Vg); = 99.9 ml 34,86 56,50 101,1
R : : - 45,19 65,57 . 1013
Jun IV
(3H) = 0,05975 ¥ 0,78 2,50 100,0
P 2,89 .. 9,62 100,2
(Fe}?) = 6,717 x W07% 1 4,99 16,27 1004
o . 8,80 27.48 100,5
(3Fel3) = 4,367 x 1074 xf 12,78 36,77 100,5
a : T 16,68 4 69 100.6
(V) = 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 . 1013

62.09 95.73 1015



O

Table. 2 (contil...n_yﬁ R

(@), =100 By Ty

(moles/1) (mv)  (ml)

Run ¥
(307) = .1060 1 150 3.80  109.9
' o -, 6.34 14,96 110,0
(2Fe}?) = 6,050 x 107" 1 13,44 28,32 © 110.1
3 22.42 40,71 110.3
(SFe.”) = 4,083 x 107% ¥ 30,70 4987 110.5
ot o 43.68 61,05 110.6
(Vg)g = 109.9 ml 63,94 74 089 1110
| 76,99 82,40 111.2

Run VI

o | _

CT{(2H4) = 05645 M T he5T 14,69 - 105,0
L . : 13.21 38,76 105.1
C(sFel?) - 6,338 x 1074 W 20,06 51,91 105,2
e e 3 27,03 62,54 105.3
3K ‘___-(sze° ) = L.27T7 x 10-42\‘-{ 34.18 . 71,30 105.5
o 43.16 81,12 105,6
(Vg); = 104,9 ml | 56,93 93.39  105.8
o 7995 110,35 106,2
104e3 125,56 - 106,6
119.8 13,17 . 106.9

133.4 141,51 107.1

Analvsis'gg Results

The eXpefimehtal results may be systematically interpreted by

_considering the following equilibria:

- Fe*? + HF = FeF*™2 + H' K | . L)

FeF*2 + HF = FeF} + H* K, _ - (2)

: FeF§.+;BF.= FeF; + H* Ry | (3)
oA K @)

- . Fe'3 4 H,0 = Fe(H®R + BT Ky . (5)
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The K's are equilibrium quotients, for example:

(FeF*2) . (H%),

(Fe*?)g (HF)3

where ( )B signifies concentration in moles/1 in half-cell é.

Both Brosse£ and Gustaver5 and Babko and Kleiner6 were able to
iﬁterpret their experimental data 6n the compleking of iron(III) with
fluoride by assuming the presence of such speciés as FeFfz, Fng, FeFB,
EeFA‘ and FbFéE, Dodgen and Rollef80n7 discuss the nature.of thé con-
pléx fluoride ions present in solutions similar to ours. Based upon

their conclusions we havé assumed the presence of FeF+2, Fng and
FeF5 and were satisfactorily able to explain our éxperimental'results.

The equations necessary for the numerieal evaluation of[Ki, Ko

and KB will now be developed, From stoichiometric considerations we

;obtain:

L (3F7)g - (HF) g+ (F7)g + (FeF*2) 5 + 2(FeF£)‘B + 3(FeFg)y (6)
(™), = (Fe*d)g + (FeOH*R)p + (FeF'2)p + (FeF3)p + (FeF5)p (7)
(re*3), = (Pe*3)y + (FeOHYR)y @

Thé'potential of the concentration cell B-C:is given by: -
+3y +2
RT (Fe B)B (Fe ")
BCTF (me")y (me™?),

Now if we let V; equal the initial volumes in half-cells B and C and

E (9)

let V equal the volume in half-cell B.after addition of sodium fluoride

solution, we obtain from equation (9):

vy  -3B/RT
: e :

(F?.-FB')B - (Fe+3)c_ 5

(10)
v |

Combining equilibrium expression (5) aﬁd equation (8), one obtains:
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o (re*?),
- (Fe 3)0 = i (11)
, 1+ Ko
(H )
also: v
. (ZF?‘ )B =. - (3re )C , (1?)
Combining (10), (}1) and (12),_we obtains
zre*3 K | FE/RT
f__f__zﬁ -1- fE; = J1 + —§: e /' =1y (13)
(Fe+3)33 (H+)G (= )C

Gombining equilibria expressions (1) - (4) with equation (7) one obtains:

(we), | Ky N SRR
vt Sl A (BF/H)p + KoK, (/) + Tyl gl (E/ )
With the justifiable assumption that: N
R ; .
1. {H - )1 . KH | | | (15)
4 e N ;0 o
we can combine equations (13) and (14) to obtain:
P | ) |
{1 + f By e?E/RT -1y = Ky (HF/H")g + K1K2(HF/H+)§ N
‘ () . ' _
- 4 KKKy (HF/HY); (16)

B .
Also by using-equilibria. expressions (1) - (5) and equations (6) and
(7) we obtain:

(HF/H*)B;ﬁ | (ZF-)B - (zFe+3)B + (Fé+3)B (1 + Kﬁ/(H+)B)

'KHF‘+J(H+)B.

o K’lKZ(Fe#B)’B " (HE‘/H+)§ -2 K1K2K3 (Fe*2)g (HF/H%"')g ‘ (17)
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Reméﬁbering thats

‘ B - |
vt = . 18)
s 1+ (HF/HY)g (
and ’ +3 ‘
: . (ZFe™)
+3) 2 (19)

B <"’E/RT> (1+KH/(H>>

we are able to solve equations (16) and (17) for Kl, K2 and K by
success1ve approx:.matlons°

Negleetlng terms gontalﬂing Ko K and-KB;.we obtainva first

2
approximation for the ratio:(HF/H+)B from equation (17)., These values
are then used with estimated K's to obtain a better set'of‘(HF/H+)B

values from equatlon (l7)a

*

As seen from equatlon (16)y we are able to obtain better values

for Ky, K2 and K3 by plotting the quantity
e Ky ¥FE/RT ,
= (H+/HF)B [ e -1 wvs,
' (5, |

(HF/H+)B at 1ow?(HFVH+)é and’ the quéntity )
Z. = {1 . 2B ;{J’E/@ - 1} (H+/HE‘)B' (/%) =1 '-(H+/HE‘)B
10 @)y J - -
vs, (HF/H'); at high (fF/8*) . In Figure 2, Y is plotted vs.. |
(HF/H+)Bo The ihtércgpt and slope of the resulting stréight line
are eqﬁai to""Kl'andKletfespectivél;y° In Figure 3, Z.is'plcttéd VS,
(HF/H+)Bo Heré the intercept énd slope of the resulting straight
_vljne'are gqual toAKz and K2K3 respectijely. This procedure was
repeated ﬁntil consistent vélues for Ki, K2 and K3 were obtained,
In the above treatment we have made the justifiablg assumpﬁions‘ -

that:
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(a) 1+ KH/(H+)B =1+ K/ (%),

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

(e) (HF;)B can be neglected,

(d) There is no complexing of iron(II) and iron(III) b

perchlorate iom,

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

The values used for KHF and Kﬁ are given in Table 3,

‘Table 4,

Ryw

Table 3
250 ¢ __350°¢
1.9 x 10~2 3.2 x 1073

1,23 x 1073 1,01 x 107

Temperature = 35,00 £ 0,02° C
1 178 - 9.7
SR’ 175 o 9.7
3 179 10,6
A 179 10.3
5 178 9.5
6 178 10.2. 1,0
Average 178 10,0 1.0

The final values of Ky, K5 and K3 from each run are presented in

Table 4
Temperature = 25,00 * 0,01° C
1 184 11.1 1.0
2 185 10,1
3 183 10,2
A 184 10,0
Average 184 10.3 1.0
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Fig. 2

Graphical method for obtaining Ky and K> using data of Run IV
at 250 ¢, v
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Graphical method

MU - 5759

Fig, 3

for obtaining Kj using data of Run VI at 35° C.
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v These results were combined with those of TSa08 at 15° C and by
using the thermodynamic relations: w

AF = BT 1n K
d(R 1n K) _ - 0H
aa/ry

AS:‘Z = AH - AF
T

we were able to ealculate AF, AH and AS for reactions (1), (2) and

(3) (Table 5).

Table 5
. OPog  OMaos 4529
(kcal/mole) (keal/mole) (eﬁ.)
Fo*? + IF - FeF™2 + 1t | 23,09 0,65 8,2
FeF*2 + HF = FeF, + i | -1.39 -1,21 0.6
Fer + HF = FeFj + g 0,00 0.00 0

2
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- III, A CERIUM(III).FLUORIDE.. -

. It has long beén known that tripositive rare-earth ions form

~gelatinous precipitates in aquecus fluoride:solution, ~ Even though

these spafingly soluble rare-earth fluorides pldy an-important part

‘in many fields of chemistry,'there'iS‘bnly-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(IIT) fluoride, In the following sections we will treat
the :complexing of eerium(III) by fluoride ion, the solubility product
of cerium(III) fluoride and the heat of precipitation of cerium(III)

fluoride,
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A, The Complexing 6f Cerium(III) by Fluoride Ions in Aqueous Solution,

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

© acid solutions it is necessary to know 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(III), : This might be expected sinceﬁMEyerll'has reported
_*.the existence of CeF'%,

- The experimental technique. used to investigatenthe~nature“and
extent of this complexing of cerium(III).is based upon the .competition
. for fluoride ion between cerium(III) and iron(IiI).in an: iron(II)-

iron(III) concentration cell, -

Experimental

The Celle. The two 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° C and
at an ionic strength of 0,50. Before each run the assembled cells
and the'stock solutions were broughﬁ ﬁo the‘temperature of the:
experiment.

One hundred mlﬁaliéuots 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 GC.
A known volume of standard cerous 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 were measured with respect to reference half—cell C After the

small initial potentials had become constant allquets of . standard

CF .

vsod;um fluoride solution were added to half-cells A and B, The
botential EB_C,became eonstantVVery'shortly after each addition
(Chepﬁer II), This was also true for EA—C atvlqw total flﬁeride con-
eentratiens in half-cell' A, At high total fluoride concentrations

though, B, began to drift downward due to the s1§ﬁ precipitation
of cerlum(III) fiuorideQ:‘Several'runs were made with helf—ceil A

in the path of a beam of light, The noticeable onset of this down-

ward drlft in E, approx1mately coincided with the. appearance of a

_ “A-C
Tyndall bean,

B EXperimehtal Results

The:initiai conditions for each run as well as the variation
of potenfiel with total fluoride cencentration for-ecells A-C and
B-C are given 1n Table 6 The ferrous ion and ferrlc ion concen-v

trations for each run were approx1mately 5 x 107 = M.
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Table 6 .. ...
Temperature = 25,00 + 0,01°¢C 7 Y p 0,50

(F )y x 10k Ey g Ty, (3F)px 104 Ey g

(moles/1)  (mv) (ml)  (moles/1)  (mv)

(Ce}?), = 0,004207 1 3,32 9.91 105.0  3.32 10,67
LA R NI 19,73 -105,1 . 6,64 - 20,80
(Hf), = 0.05659 1 9,95 28,41 105,2 9.95 29,80
Son T - : 13,26 - 35.84 . 105,2 . 13,26 - 37.54
(Vg)y = 1049 ml 16,56 41,93 105,3 16,56 Uy o2,
. S 25,41 o 55,62 105,5 © 19,86 . . 50,16
' 23.16 55044
Run 11 ' o v
2 (ced?), =0.004340'H 3432 ¢ 7.52 105.0 3,32 . 8,09
- 6,63 14.82 105,1 6,63 15,57
(H7), = 0.0987 M _ 9.9% . 21,37 105.2 . . 9,94 ' 22,28
| 13,2/, 27,09 105.2  13.2% 28,18
(V4)y = 1049 ml 16,5 32,13 105,3 = 16,54 33044
- 19084 36,65 105.4 19,84 38,16
23.13 40,76 105.5 23,13 42,43
26,41 bhot8 105,5 26,41 46432
29,69 . 47.83. 105,67 29.69 49.91
32,97 50,89 105,7 32,97 53,21
LT 36424 . 053,62 105.8 . . - .ol '
Run III | .
(Ce*3), = 0,001785 M 3.42 10,78 102,0 342 11,31
R T 6,83 21,45 102.1 - 6,83 . 21,87
(Hi)K = 0,05073 ¥ 10,23 - 30,84 102.2 10,23 31.55
o 13,63 38,87 102.2 13,63 39.88
(V3), = 101,9 ml 17,03 45,76 102,3 17,03 47,05
A 20,42 5175 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
(cei’), = 0.00820 3,13 8,60 110,0 3,13 10,28
S » 6026 17.80 110,1 6,26 20,18
(H;), = 0,05614 M | 9,39 25,70 110,2 9.39 28,89
A 12,51 32,30 110,2 12,51 36,47
(V4), = 1099 ml 115,62 37,94 110,3 15,62 43,05

18,74 42,71 110.4
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Analysis -of Results .-

In Flgure 4, B-C and EA c (up to the point of precipitation) are
plotted as a function ‘of the total fluoride concentration, The fact
that the two ¢urves are not idertical, and also that: one does..not
observe a Tyndall beam in half-cell A over this range, indicates the
presence of complex fluorldes of cerlum(III)

It is possible to interpret the experlmenbal results satlsfactorlly

by assumlng the species CeF 2° The equlllbrla in quesblon ares’

Fe*3 + HF . = "FeF+2 + H oo T Ki : L o (go)
" FeF*R & HF = FQF; wEt K, (21)
PR B T2 L wh o

Fe'” +H0 = TFeOH™ + H" By (22)
HF = HR4FT o K Lo (23)

Ce*3 +HF .= CeF2 4+ EF Ky ()

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

| oy
(e )y (25)

ce™)y ()

Concentration in moles/1 in half-dell A is represented by ( )A'
The values of K, K .'KH and Kip aﬁ 25° C used in these calculations
are given in Tables 3 and 4 (Chapter I1),
We shall now define A(ZF~ ) ass -
A(ZF") = (F7),, - (ZF7)s (26)
_(. R N Bp¢ -

where Ey .~ = E; 4. Because Half-c¢ellsA and B Have the”Same'(ZHz),
(ZFeEB) and'(ZFegz),fA(ZFh) is a measure of the fluoride ions complexing

cerium(ITI),
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Stoichiometric cénsidera,tions give: .
+3y +3 +2
(07 = (0e7)y + (GF )y (27)
A(ZF-) = (CeF+2)A D A ;;.,;,; (28)
~.Combination ‘of equations (25), (27) and (28) yieldss .
A ZF‘- S : o . E AR |
(Z‘.Ce+3) - A(ZFT)
If we plo‘b (HF/H+) v Se — Q@) ) Ve, should ob‘bawn a straight
5 : (>3ce+3‘)A A(z;F ) e
line of slope KB“and intercept zero (Figure 5). In.arder to do this we
must know (uF/H*) j as a function of E, g Since (ZFe*B)"":’:' (E'F'e:BV),B,
(ZFeiz) = (ZFe.Z) and (ZHi)A = (st )B, the quantity (HF/H+) = (HE‘/H"’)B
when EAT—C = Ep o+ MWe can thus calculate (gF/H") , from equation (16).
The experimentally determined values. of: K3 are. givénsiﬁin Ta‘t;le 7o
© Table 7 )
. . Temperature = 25,00 * 0,01° C
" Run Ky
I 105
I 1,7
IIT . 1o
v 1,7
. Avex:agé” 7 1.6 l
Since A(ZF™) as well as (HF/H‘;F)A ‘are small in the experimental
(i range necessarily employed, their uncertainties are relatively:large.
- The resulting uncertainty in K; is estimated to be:15%, - - <7 .
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B. The Solubility of Cerium(III) Fluoride

1»ltvﬁas at first hoped that it would be possible to determine 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 pre01p1tated slowly and even after 24 hours, equlllbrlum was
not attalned The rate of dlssolutlon of solld cerlum(III) fluoride
was also found to be slow; Slnce, as shown by Tsao,8 the potentlal
of the 1ron(II)-1ron(III) concentratlon cell contalnlng hydrof luorlo
"acld is not stable over long perlods.of time, we were not able to use
these direct methods, o

An 1nd1rect cell method whlch enabled us to approach the equlllbrlum

ceiv3 . 1/2 ( ) + 3H o3 + BHF + 1/2 HPO ' Ks ' ~ (30)
from both sides was adopted Varlous solutlons (some 1n1t1ally
vcontalnlng solid cerlum(III) fluorlde, perchloric acid and sodlum
'perchlorate, others,-cerous perchlorate, sodium fluorlde, perohlorlc
acid and sodium perchlorate) were equlllbrated by shaklng 1n a constant
temperature bath for periods up to two weeks° Allquots from these
' oolutions were. analyzed for total fluorlde concentratlon by u51ng an
1ron(II)—1ron(III) concentratlon cell, Several of the solutlons initially
’contalnlng solid: cerlum(III) fluorlde were also analyzed speotrophoto—

metrically for - cerium(III)."

Experimental

Appa tUS, Two-huﬁdred—fiftybml polyethylenevbottles with polyethylene
serew caps were used to equlllbrate solid cerlum(III) fluorlde w1th

various stock solutlons.7 The filled bottles were sealed w1th paraffln,

«



: O 50 The freshly preclpltated CeFo 1/2 H
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monnted in a constant tenperatnre}bath-at 25,0 % O.l° G-and.were.
mechanically shaken, <4Aliquots from these equilibrated mixtures were
analjzed using the concentration cell A~C'described in -Chapter II (see

'FigUre 1),"- S A ""1': S L

fProcedure _ ‘ , _ _ N
Method 1 To approach the equlllbrlum represented by equatlon (30)

from the side of solld cerlum(III) fluorlde, freshly pre01p1tated
H CeF3 o 1/2 H O( 5 was added to various sodlum perchlorate-perchloric
acld stock solutlons. The total 1on1c strength of these solutlons was
2 (s) ‘vias prepared by
addlng sodlum fluorlde solutlon to aqueous cerous perchlorate and
perchloric acld After belng centrlfuged and washed the m01st

Ce}?3 . l/? HZO( ) was transferred to a polyethylene bottle contalnlng

' about 125 ml of sodlum perchlorateuperchloric acld stock solutlon,
| This solutlon was placed in a constant temperature bath and shaken.

VIt was found by varylng the tlme of shaklng, that in all cases -
“equlllbrlum was reached in less than seven days, ‘
| The equllibrlum solutlons were analyzed as follows. B lOO ml
allquot was taken from the polyethylene bottle and added to half-cell

A An equal amount of the or1g1na1 perchloric aC1d~sod1um perchlorate
stock solutlon was added to half—cell Co The stlrrers were aetlvated
and after 30 mlnutes one nl of a ferrous perchlorate-ferrlc perchlorate—
perchloric acid stock solutlon was added first to half-cell C and then

'to half-cell A, The potentlal wa.s read as a functlon of tlme.

TA=C

Slnce the solutlon in half—cell A stlll contalned a small amount of

c01101dal cerlum(III) fluorlde, the potentlal 1ncreased slowly° The
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experiments described in Chapfers;IIuand:III=K;shgw that the fluoride

A-C
eould be obtained by extrapolating .the measured Ek;c;baek,to zZero

R
[ty

oomplex;ng of iron(III)'is rapid, . Thus the 'true potentialy E2:. ,

time, These extrapolations were usually less than 0,10 mv, E o

as a function of time is given for. Run 1l in Table 8,

E;blé“é

Time( '”"TEA—G

(min) ~ ()
'O;OO;LLﬁ : (20,61) extrap.
1,40 20,69
ReR5 1 20,74

3410 20,78

- 3690, . .- 20,85

’Methodin In order to approach the eqnilibrlum‘repreeented by
equatlon (30) from the opp031te slde, stock solutlons contalnlng
perchlorlc ac1d, sodlum perchlorate, and cerous perchlorate were
prepared w1th a total ionie strength of 0 50 Known amounts of
standard sodium fluoride solutlon were added to. 125 ml allquots of
these solutlons contalned in polyethylene bottleso The bottles were
then placed in a constant temperature bath at 25 (O3- i°_G,‘and
agltated for 7 days. -

The equlllbrlum solutlons were analyzed in a manner Jdentlcal to
that deserlbed 1n_Metnod L. THowever, for use in half-cell G, tne
:6riginal percnloric aci&%eodium perehlorate-ceroue perchlorate stock
éolufionjhad to be diluted to compensafe for the rolume of sodium

fluoride solution added to the equilibrated solution,
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- Method III, Several of the solutions which had been equilibrated
with freshly precipitated cerium(III) flnnride were analyzed spectro-
phetqmetricallymfor cerimn( 11I), - The se.”curatedc_eolution :was".l, centrifuged
~and the ultre.—iri_olet adsorption spectra of the supernatant was ‘determined
on a Cery recording spectrophotometer, A one cn fused quartz .adsorption
cell was used for all the optlcal density measurements. The adsorption
blank was determined by us:.ng the original perchloric acid-sodium

perchlorate stock solution,

Experimentaj_, Resuli_s_

Method I. The experinentel. condit’ions and results for Method I are
presented in Table 9.“,‘ Sodium perenierate' wag used in all the runs to
keepv M ‘the total ionic 'strenéth; ‘éonstant, Vp is the volume of
equilibrated solution added to half-cell A, VA is the final volume_:
of solution in half—cell A, (ZE‘e"’3)A, (ZFe'*z)A and (zu* )A are
respectively the teta;l‘.iron‘(III), iron(II) and hydrogen fon concen-—
trations :Ln half—ce](.l"A. (ZH"') is the total hyd.rogen ion concen—

tration in the equillbrated solution,

Table 9

Temperature = 25,0 £ 0,1°¢ C p=05
Run =~ (moles/l1) (moles/1) - . (mv)
Vv, = 100,95 ml 1 J0,0964 -~ 0.0961 25,7
' : 2 0.0964 0,0961 25.3
Vp = 99.95 nl 3 0,0726  0.0721 25.8
. 0,0726 0,0721 24,0

(Wwe*?), = 5aL1x 1W07h N 5 0,0488" 0,0480 - 23.8
: ' ol 6 0,0488 0.0480 22,2
(IFe*?), = 3.902x 10 M 7 10,0726 0.0721 © 25,8

. R 8

0.0488  0,0480 245
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Uethod .II. The experlmental condltlons and revults for Method II are
presented in lable lO Sodlum perchlorate was used in all the runs to
keep the total ionic strength constant, V V It (ZFe+3) » (ZFe+?)
(ZH+) and (ZH ) have the same szgnvflcance as in Table 9. (ZF’)

and (ZCe 3) are respectlvely the 1n111a1 total fluorlde concentratlon
and the initial ;otal cerium(IIT) concentrat;en in the equll;brated

solution,



Table 10

Temperature = 25,0 + 0,1° C v, = 100;95 m
p=0s5 T, - 99.95 ml

(we'), x 106 (we?), x10F (), @), (@]Dpx10 (el x10® E
Run’ (moles/1) (moles/1) (moles/ J_.)‘ (moles/1) (moles/ 1) (moles/1) . (mv)
9 a1 3,902 0,105 0,105 40128 4384 1.0
10 - 5.111 3.902 0,1056  0.1054 4,128 he384 13,6
11 3,709 3.873 10,1036 0,1031 10,20 4,463i éo.@j
12 3,709 3.873 0.103% 0.1031 10.20 4463 © s
13 3,709 3873 0,064 0.0635 7.685 3.585( i18.1f
L 3,709 3.873 040454, 3.881 12,8

00442

3,615

-0¢-
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Method TII, The experimental conditions and results for Method IIT are
presented in Tablé 11, (Ge+3)P is the spectrophotometricallyadetermined

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

Table'li
- Temperature = 25,0 * 0,1° C
' }1 = OA5
| (2H+)P (Ce*3)_ x 104
'*Run | (moles/1) (moﬁes/l)
15 © 0,0961 425
16 0,0721 , 3613 .

17 00,0480 2.2
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'Analxgié of ﬁésuits>

CeFé_°,l/2 H29§s)° 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 precipifééed, hydrated cerium(III) fluoride has

1’12 The approximate data of Scottl3

the composition CeFy © 1/2 H,0.
on the hydratién of the cerium group fluorides agrees with this, We
shall vrite our equilibria in terms of CeF 5 ° 1/2 HZO (s)*

Several samples of-deF3%3~l/2 Hy0 were prepared by adding hydré»l
fluorie écidlﬁo aeidié céroﬁs gitr;té‘éolut£§nse After air drying
at room temperature, poﬁdei diffraetion patterns were takgn using |
CuKa x=rays. The ﬁatterns”obbained using hydrated ceriﬁm(III)}fluoride
were apparently identical to thosé obtained using anhydrous cerium(III)
fluoride, This was also found to be the case for the diffraction |
pattern given by a sample ofvfreéhly mrecipitated ceritm(III) fluoride
Vstill in contact with its supernatant solution, From x-ray diffraction

14

data on anhydrous cerium(III) fluoride, ' it is seen that vacancies.
existing in the crystal lattice are able.to accomodate molecules.of
water without appreciably chahging the rest of the structure, This
phenominon has been reported for aluminum(III) fluoride.l5 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_ o 1/2 H,0 was present in the form of finely

3
divided particles, The average size of these colloidal particles

was estimated with an optical microscope to be about 2 microns,
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.Eguilibria in Question. In analyzmng the data it- 1s Jecessary to consider

the followlng equlllbrla. e

Fe*? + HF - Fel'? + H* L - <Ky (31)
Per*? + ¥ - FeFy + B TS »' K2 (32)
Fe*3 + H20 = Fe0H+2 + u Ky (33)
6e*3 + HF - CaF™2 + gt o Ry (35)
CeF3 e 1/2 Bj0(g) + 3" = Ce*d 4 WF + 1/2 H20 R, (36)
CeFy * 1/2H0 gy = et 4 ™+ 1/2m0 K (37)

The K's are equilibrium quotients, for example:

(ee™), )]

X, - s (38)
o E = () (7)) - K, g (39)

where ( ) signifieS'concentration,in moles/1.in the equilibrated
solution, The values used for Kl, Ké, Kirs KﬁFEand KB at 25° C are

found in Tables 3, 4and 7,

Galculation;of;Kseand k1

Yethod .l K' can be Calculated from the experimental results of
Method I in the follow1ng manners: - o B
As was seen in Chapter III-A, we are“able to calculate the
‘quantity (HF/HT )A' since we know'E° o (ZH+) s> K15 K5 and Ky (equation
16). U31ng equatlons (17), (18) and” (19) and rememberlng that half-

f 4

cell A contains CeF 2, we obtaln'
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R T R (a3,

(2F7), - (CeF*2)y = (F/H"), |-
| 1+ (5F/H') [

(we*?)y |, (@), mE, Dy T T

- ' S (40)
TR efEZRT (1 + KH/(ZI~I+)A) B

e

FUR f . ‘TI'_

S:ane CeF3 ° 1/2 H50 (s) dissolves slowly under the condltlons of
this experlment, it is valid to assume that a 1%.volume,change and the

addition of a sma.ll amoun‘b of 1ron(III) does not cause, any more

cerlum(III) fluor:.de to dlssolveo .Therefore sto:.chlometrlg conmderations

yield: :
R VA e - .
SR @), = () )
LWVP‘H.W, _
- {(Ce+3) + (CeF+2)§ = (Ge+3)P + (CeF" )P (42)
.“i(ZFa)ég; 3(0é+32P'fﬁ310éF_ )?ﬂ- R : v (43)
S @) s @) v (g ¢ (CeFR), T ()

Combining equations (42) and (25), we’ obtain: -

1+ Ky (F/0)p, (45)

Vp
(ce™), = — (Ce*3) . = ,
A LN P + Ky (HF/H )y

P
el

From equatlons (43) and (25) we ob‘tain.

@) -3 (Ce ’)p {1 H K3 (I—]F/H )} | e

From equations. (44) and’ (25)~ and equilibrium (34) it follows that:
(mY)p (BF/ET)p
1+ (HF/H"*)P '

(@ )p = Ky (/50 v ey Ky (/R ()

Subtracting (V A/VP) (CeF"’z)A from both sides of (41) and rearranging

with the help of equation (25), we obtains

-
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/) @) - [l )y - (cer” )A} (:8)

(rrE'/H Y

(Ce+3}A =

Comblnlng equatlons (48), (46) and (45) glves.

( ) Vo /Vp {(zz«’ )A - (ceF+2)A}
C = - (
° r 1+ K': (HF‘/H )p {3 + 2Kq (HF/H )A} )

1 + Kg(BF/HY) g

Combining equatlons (46), (47) and (49) ylelds |
- VA/VP {(ZF )A - (CGF+2)433
P TRy @R/ )p 3+ K (W/H ) o, @)
e N R

(HF/H“")

(50)

We now have.the necessary equationS’to calculate Ky and Kl.

. + v
Knowing (HF/Hz)A, (ZH+)A”KHF3'K11 Koy Kﬁ,-(ZFe+3)A and:EX_C, we can
calculate the quantity {(2}.«‘."")A - (CeF+2)A} from equation (40), Then
after solving equatioh (50) by successive approximations for (HF/q+)P,
we can solve equation (49) for (Ce+3) K, and Kf are then obtained

“from equations (38) and.(39). The f:nal refults are found in Table 12,

Method II; , K and K' cdn'be calculated from the experimental
results of Method IT in the following manner: ’  ‘ ‘
~ The quantltles (HF/H )A and {(Z‘.F ) - (CeF"‘z)} are calenlated
as in Method T (equations (16) and (40)). Equations (41), (45)., 47) -
and (48) are also applicable here, along with: | |
(FT)p = 3(CeFy = 1/2 H0), + (F")p (51)

e}d), = (0o, + Y2 E,0), + (CoD)y + (G (52)
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Comblnlnc equatlons (51) and (52) g-We obta1n°:’-’=

(3F~ )P = 3(ce+3)P {1 + K3(HF/H+)1:] + (ZFJ_)P - 3(20e+3)P (53)

Combizatdon of equations (45) and (48) yields:

(= )P Ky’ (HF/H*)

0e+3)

P 1'ij,+ 1{3(@/5*)'&

14 Ry(HF/H)p

(54)

Equatlons (53) and (54) may now be solved for (Ce 3) .

i3y
6% -

VA/VP {(ZIF )y = (CeF+2)§ - (zm* )P + 3(zce 3)

| 1 - K (HF/H+)P
14 K, (HFV‘/H+)A:

{3 + 2K, (HF/H )}

(55)

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

"~ with equations.'(47) and .(55); we obtain: {

L,

AN

P

, Tfé {(ZF”) "b (CeF""%Q{l s KB( )3 . KB(%IF:)A '{3(209?);_..(;25’;)},} o

/N e
K-T% {(ZF )A.fe(CeF )}— (ZF ) + 3(2Ce; )p

1 + K =
LT 3 HYJp

1+ Ky (??)A {3 + 21‘{ (mF/ah) }

(56)

ol
. I

| Equatlon (56) can be solved for (H’E‘/H )P by successive approxi-w

mations. This value is 'I:hen used to solve equation (55) for (Ce )P.

B N
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~ The values obtained for Ks and Ké using eqUations,(BS)”ani:(39) are found

in Table 12,

Method IIT, The uitfa—violet abéorption spectra of cerium(III) in
perghlorat? solutions has beeﬁ determined by Stewart,l6 ?In énalyzing the
equilibrated mixturés'fof ceriﬁm(III);ﬂﬁe used the 252 micron and the
238 micron adsorption bands° {The cgriqm(III) cpncentratiqns_p?esented
in Table 11 are the averages of those célculated from the optical
densities at these twojwave_;engths,v The molar extinction coefficients
were given by Stewért as.755_l/mo1e cm at 252 microns and 650 1/mole
cm at 238 microhs° . -

Even after centrifuging the equilibrated mixture, -there was a
.. small amount of colloid present‘in the supernatant°‘ Since ths intensity

- of the light scattefed by colloidal particles is inversely proportional

“w:. - to the fourth power of the wave 1ength,17 it was possible to correct

f--.approximately for thié sqatter;ng:by measuring_theloptical;deqsity of
the éolution at 320 microns, At this wave length»the mglar_exﬁinction
coefficient is relatively smé}l and the optical densiﬁy waé taken as a
measure of the colloidal scattering at 320 microns,
(Ce+3)P was calculated at each wave length from the following
equations:
(ce*?)p = D/€1 | (57)

D =Dy - Dg - D, _ (58)

where € is the molar exﬁinction coefficient of cerium(III), 1 is the

cell length in cm, DP is the measured optical density of the equili-

brated solution after centrifuging, Dp is the measured optical density

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

calculated correction for colloidal scattering,
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We can now caleculate K  and K!. Stoichiometric considerations

yield:
(F), =3 (™), .‘ (59)
(@) = (F)p + (), N CY
(7)p = (11)p + (EF)p S (e

Combination of equations (59), (60) and (61) yields:
3(c‘e+3)
<HF/H o i S ()
("),
KHF T

1+ (HF/H+)

Knowing (C'e+3)P and having solved equation (62) for (HF/H+)P, we can
calculated K, and K} from equations (38) and (39)., These values: are
presented in Table 12, The results are only approximate since GeF*R
was' neglected, (About 1% of the total cerium(III) is'presenﬁ as CeF*?,)
For this'reéson the vesults of Method IIT were not averaged with those

of Methods I and II,

€D
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., Iable 12 N
' Temperature ='25,0 + 0,1° C ”'ﬁ.= 0450
R Kgx 1000 Kt x 1018
1 8.1 1.5
2 7.0 1.3
_ 3 9.1 1.7
"~ Method I 4 6ok 1,2
5 8,1 1.5
6 549 1,1
7 9.1 1.7
8 9,1 1.7
9 7.0 1.3
Yo -10 509 161 :
Method II _ 11 8ol 1.5
TR : 12 5,9 1.1
L _ v .13 765 1.4
18] —4‘ T . . ) ‘. R 14 705 Lo 1°4
‘Average 7.5 1,0 | 1ihix .2
_ : 15 9.7 1.8
Method TIII- 16T 7.0 1.3
17 5,9 1.1
Average 745 1.4

Discussion.: In Methods I and II the féilowing assumpfioné_weré"made:
- (a) The zero potential, EQA C,—can‘be\neglected. Cne is not

able to measufe E -

ohC directly in these experiments, but. measurements

on similar solutions (Chapter III-A, also see Tsao® and Hepler?) show
that EQA,& is less than 0,2 mv,

.~ (b) . The complex fluorides FeF*2, FeEE and;CeF+%;gr%1£ormed
rapidly, ;$F§ gxpéyimgnts discussed in Chapters II and'I;I*A,S?QW this
to be the case. ., -

(o) o CeF3 * 1/2 Hy0(4) dissolves upon adding one ml of iren
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o

stock solution to half-céll Ay Slnce it was found eXperlmentally that
CeF3 ° 1/2'H2O(S) dissolves slowly and thai EAFC_ingreased only slightly .
dgring the time required for a run, any error due to this approximation

is~negligible,*especiallf:since E was extrapolated back to zero

A-C
?ftime.‘ This;aifficulty could be eliminated by separating solid CeF3 °
"1/2 HpO from the supernatant solution, The; colloidal nature of CeFj e
_;1/2 H0, hoWever, made a cbmplete separation extremely difficult,

The uncertainties int;oduced by the above assumptions, as well as
“changes ‘in ionic strength and specific ion effects, could account far
 the rather 1arge spread in K and K' Th1s spread could also be
attributed in part to a chapge in solubili%&"ﬁiﬁﬁfparticle size,

| Method III served as élcheck on the concentration cell technique

. ~used in Methods I and II; In Methods I and II the fluoride concentréfiqn
'“w&é“determihed experimentally and'(Ce+3) calculated, In Meﬁhod ITY

(Ce 3) was measured dlrectly and the fluorlde concentratlon calculated.

The vaies of Ky and K' obtained from these two different methods agreed

C. The Heat of Precipitation of Cerium(III) Fluoride

B3
@

Tt iS'fﬁé'pﬁrﬁbse'of’this investigation to measure calorimetrically .
" the heat of p‘recipita‘bion‘of“CeF3 °'l/2‘H20(S)J
Experimental .
The calorimeter used in this ihvésﬁigation has*been}ﬁreviously
described. 18519 A1l heats were measured at 25.0 £ 0,5° G and are LK

reported in terms of the defined calorie (1 cal = 4.1840 abs, joules).

The uncertainty in the measured heats is * 0.3 ¢al, = Samples of con-
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qqncentrated hydroflqoric acid solutions were COntained in paraffin-
coated, small glass bulbs and were intfoduced into standéfd getous
perchlorate-perchloric acid sclutions by'shattering th?vbﬁlbé ﬁith a
ﬁé;;ffip—coated glass rod, - The glass surfaces of the calbriﬁeter

were coated with a thin layer of tygon paint (Series K, White, U. S.

Stoneware) .

Experimental Results

The experimental results are presented in Tablev13.~;(a;évmoles
HF in sample-bulb, b = moles water in sample bulb, ¢ = moles cerous
perchlorate in calorimeter, d = moles perchloric acid in calorimeter,
e = ﬁoles‘watér-in caldriﬁétef”éna Q %fmeéSﬁred heat evolved in

calories,)

Table 13 -
Rﬁn . d" “ blh" vvc b.d 1@3 .: id.v ; e o Q:
1 0,0509 0,509. 9,12 . 0,01250 55,2 92,7
2 090500 00500 ) 9912 0901250 5592 9305
3 0.0510 * 0,509 19,12 . 0,01250 55,2 - 92,7

Analysis of Results

A schematic representation of the calorimetric reaction is:
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AL ACGTLT R i,

a HE‘ N
b HZO e

bulb -

. .:c'*acel?B.;-- 1/2*'H20(S‘) .

“(a°+ 3¢) “H* and (@ +3c) €10,

3 -c’e""3~ and 3¢ G107

4 4
d 5" and d 0102 .(a c3e-y) HE
e H20 —_> y H and y F~
Fa (b + e~ c/2) Hy
“ calorimeter { o

Gt gy

"Final solution .in calorimeter

where ;11 and )12 are the total 1on1c strengths of the reSpectlve
solutlons,and the coefflclents 1ndlcate the number of moles of the
particular substance present,

The amount of ionized hydrofluoriec acid in the final solution was

calculated by successive approx1matlons from the follow1ng equatlons.

s

@) = @)+ @) . (63)

(ZF) = (F7) £.(HF) e Lo(64)

. mﬂWﬂﬂm)¥gF-67xlo4u5 L (65

where Y 51gn1f1es ‘moles/l. The total hydrogen ien'EEﬁeeﬁ%§etion,

‘(ZH+), and the total ?1ueg§@e}eoncentration, (3F7), were calculated
fromAthe data of Table 13, The density of the final solution was taken
ae'l.dO‘gme/ml. (HFS wes firef tekeh:ee‘app;oximately equal to (ZF“)
and () was calculated from equation (63), Equation (65) was then.
solved for (F~) and a better walue 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 ac¢id, The
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concentrations of CeF*2 and HF; were small and were neglected in all the

y
I I

i F:

calculations.

To obtain AHO _ for the reaction

298

Ce3 + 3HF + 1/2 H,0 = CeFy * 1/2 Hy0(g) + 38* - (66)

3

the experimentally observed heats were first corrected to infinite
dilution for all species. Utilizing the principle of ionic strength

we assume, for example,vthe heat of dilutién of HClOu at M= 0.1 equals
the heat of dilution of 0.1 M HCth. Then neglecting the heat of |
Jilution of unionized HF, approximating that of Ce(CiOh)3 as equal to
LaClB, and that of ionized HF as equal to HCl, we define:

Qp = heat evolved on diluting a moles of HF in b

~moles of water to infinite dilution plus the

heat evolved on association of a moles of H*
and a moles of F~ at ihfinite dilution.

Q2 = heat evolved on diluting ¢ moles of La013 in

-

ionic strengthJAl to infinite dilution.
Q3 = heat evolved on dilﬁting da moles of HC10) in
ionic strength44l to infinite dilution.

heat evolved on diluting 4 + 3c moles of

=
!

HCIOh in donic strength 4, to infinite
.dilution,

QS = heat evolved on diluting y moies'of HCL in
ionic strength 4, to infinite dilution plus
the heat evolved on assoéiation of y moles

of H* and y moles of F~ at infinite dilution,

Q° »Q=Q1=Q2=Q3+Qu"'Q5
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The heats of dllutlon of HF, LaClB, HC1Q, and HGl were obtalned from

Bureau of StandardS'data,ZO The heat of dlssoc1atlon of HF was taken

ds ~3,18 keal/mole,?t - | .
AHgég for reaction (66) can be calculated from the following
equation: | ,
AHO . . _QO c . \ (67)
298 / . - R .

"‘“Thé‘ré§ults of these caleulations are found in Table 14;  ‘TaKing into

‘account uncertainties in heats of dilution, we fmdAngéé‘?f"-lozo *
0,7 keal,
| Tablle 1
Run I _Run IT | _Run IIT
Q) feal) T 8 a6 6.4
Q) e 6.1 6.1
Q (cal) - © =0 - =0.4 0.4
“Qp (eal) e c08 0 -0.8 -0,8
Q; (cal) SR - T B -1,2
Sy x 0% (moles) T 385 T 3.7 3,87
AHO (kcal/mole) - - 210,00 £10,1 ~10,0

298
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IV, LANTHANUM(III) FLUORIDE

B The purpose. of this 1nvest1gatlon 1s to determlne both the eXuent
of comnlexlng of lanthanum(III) by fluorlde ion and the solublllty of
1anth§num(III) fluoride in aqueous solutions, The experimental
techniques employed are exactly fhe same as those used with qerium(III).
vBoth the apparafug and procedure have been described in detail in |
Chapter III,,Sections:A and B, The freshly preéipitated lénﬁhanumKIII)
:flugride used in solubility method I was prepafed‘By adding @queous
“sodium fluoride to a lanthanuﬁ_chloride—hydrochloric acid stock

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

,“‘i was transferred to a perchloric acid-sodium perchlérate'solution to

. be equilibrated.

Experimental Results

Complexing, The experimental results used to'determine fheﬁextent of
.>complexing of lanthahﬁm(III) by fluoride ion at 25° C are presented in
Table 15, (VA = volume of solution in half-cell A, (LaEB)Ai=,initial
lanthamum(III) concentration in half-cell 4, (H;)A = initial hydrogen
A,B ~ total fluoride concen-
trations in half-cells A and B, and Ey  and Ep 5 = potentials of

ion concentration in half-cell A, (JF~)

concentration cells'ArC and B-C.)
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Tabie 15
Temperature = 25,00 % 0,01° G O g =0.50

" =y by ’
(ZF )A,B X 10 VA EA—C 'EB-C

(moles/1)  (m1) - (mv) (mv)

Run I. : B _ v
. (La;B)A = 0,00888 M 3,19 - 110.0 10,06 10,58
i | 6,38 110.1 19,72 20,73
.o (Hydy = 0405451 1 | 957 1110,2 28,22 29,70
. | o 12,75 110,2 35,49 37.45
(Vy); =109.9m1 15,92 110.3 41.34 44,19
+ . ;Run IT : : L
 (1a}”), = 0,00888 ¥ . 3,19 | 110.0  7.52 . 7.7
o - . | 6,36 110.1 14o54 14.98
(H})y = 0.0996 M | 9454 110,2 20,83 21,48
12,71 110.2 26.42 27.25
(V)); = 109.9 ul | 15.88 110,3 31.32 32,40
| 19,04 1104 35.73 37,00
22,20 1105 39.64 41,17
© Run IIT
C(Lal?), 000277y 3,05 1150 9.5 1010
T 4 | 6,10 115,1 18,62 19,82
'(HT)A = 0,05615 M ‘ 9,14 T115,2 26,63 28,42
ta . ,« 12,17 115,3 33,10 35,87
(v,); = 1150 ml 15,21 115,3 38,3 42,37
Run IV . | |
(ta}?), = 0.004649 ¥ 335 105,0 10,72 10,84
S : 6,69 105,1 21,01 21,41
(H;), = 0,05273 ¥ , . 10,02 1 105,2 30,08 30,74
o 13.35 105,2 37,87 38,79
(Vy)i = 1049 m1 | 16.68 105.3 44.58 45,75
, 20,00 105.4 50026 51,86
Solubility

Method I. The experimental conditions and the results obtained
- by using Method I (Chapter III-B) to determine the solubility of

lanthanum(IIT) fluoride'are presented in Table 16, Sodium perchlorate
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was used in all the runs-to:keep m, the total ionic strength, constant,
‘(VP is the volume of equilibrated solution addedltqzhalfqullfég= VA

‘ is the final volume of solution in half-cell A, (EFeT?)A, (ZFe+2)A
and (2H+)A are respectively the total-iron(III), iron(II) and hydrogen
ion concentratioﬁs in half-cell A, (ZH+)P is the total hydrogen ion

concentration in the equilibrated solution,) .

Table 16
Temperature = 25 0 £0,1°¢C VA = 100595 ml
p-0.5 | o Vp = 99,95 m
"l" 4 +2 + + '
- (ZFe?)A x 104 (JFe )A X’lOA (zH )A (ZH )P EA G
Run (moles/1) (moles/1)  (moles/1l) (moles/1) (mv)
1 5,111 » 3.902 0,0726 0,0721 25,3
2 : 5,111 3,902 0,0.88 0,0480 22.8
RO 31 L . C 3 0709 v 30873 . 000998 O 00992 2’7'2;—
A : 3,709 : 3,873 0,0998 0,0992 ”26Q8f
~u2A-~ : - 3.709 ~3.873 0,0752 0,0744 2649~

3,709 3.873 0.0506  0.0496  27.9

ML
L N5

, Method II, The experimental condltlons andvthe results obtained
by using Method II (Chapter ITI-B) to determine the solublllty of :
lanthanum(III) fluoride are presented in Table 17, Sodlum perchlorate
was used in all the runs to keep the total ionic strength constant.
"CmP, L/ (2Fe+3)A (ZFe+2)A, (ZH*)A and (ZH"*)P have the same siénifi—
cance as in Table 16, (ZF-) aﬁd (ﬁiaTB)P are respectively the initial
total fluoride concentratlon and the 1n1t1al total lanthanum(III) con—

iy

centration in the equilibrated solutlon,)
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o Table 17 .~
Temperature = 25,0 £70,1° G . St oo A = 100,95 ml
SR : R RS L (2F8+3)1(3: 23,709 x 10-4 M
| (3Fe*R), =3.873 x 1074 1
(), (D, (@) x 100 (Zaj’), x 10 E, .
Run (moles/1) (moles/1)..- - (moles/1) (moles/1) (mv)
70,1020 0.,1015 10,20 4781 194
80,1020 © 0:1015 10,20 4781 18.8
9 0,063  0,0622 7,685 3.841 16,7
10 0,0440 0,0429° . - .  3.881. = 3,873 12,1

'Aﬁaizfsis’ of Results

ey

Complex1ng.w ks in the case of cerlum(III) EA G

functlon of the total fluorlde concentratlon do not give 1dentlcal

and EB G plotted as a

. CUrVES.,- The absence of a Tyndall beam in half—cell A over thls range
1nd1cates the presence of complex fluorides of lanthanum(III).

5 The experlmental results could be satlsfaetorlly 1nterpreted
zessﬁmlng the equlllbrlum : | |
. B e I R SUR o)
" The equilibriwm qeotienf.'? | L o S
R R P "”i}-rk ==(LaF+?)A‘(H+)A_

"’(La*?_)A‘f (HF)y

(69)

‘Was calculated by the method descrlbed in Chapter III—A (" )A
represents concentratlon in moles/l in half-cell A, oo o
The values obtained for K3 are presented in Table 18, The un-

certainty in K, is estimated to be 10%.

3
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L L et Pable A8

Temperatﬁre.=‘2$.00 + 0,01° C

Run K3
S | ' 0,62
O IT 0,60
IIT T 0655
o T 0657
Average = 0,59 |

Solubility, The composition of hydrated lanthamm(III) fluoride is

2,12

reported in the liﬁerature as LaF3 ° 1/2_5203 . i -As was the case with

ceriu@(III) fluoride; the inF3

equilibrated solution was céiloidal in nature,

° 1/2 HZO(S) in contact with the

The equilibria to be considered in analyzing the data are the
'samemqsuin Chapte? III-B. Those involvingvlahthahum(lll) are:

2

o Tat3HHR = IaFC 4 H' K (70)
< e o" gy Sl PRI AR S + _ +3 T .
LaFy ° 1/2 HZQ(S) + 3" = 1a™ + 3HF + 1/2H0 Ky (71)
e = +3 = ’
LiFBV 1/2 qu(s) =ILa"” + %E +1/2 Hy0 K; (72)

The K's are equilibrium quotients, for example:
(12*3), ()3 -
K. = PP | (73)
" v
@)

’ 3
Kt = (La*3)p (F), = stgF (74)

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

solution,
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K; and K§ were 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 p = 0.5
. K x1010  gpxa0®
- Run
2 7.0 1.3
Method I 3 75 1.4
4 7.0 1.3
5 705 104« '
6 8.6 1.6
' 7 8.1 1.5
9 - 7.0 1.3 °
10 7.5 1.4
" Average 7.6 * 0,4 1.4 * 0.1

[
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V, TRENDS IN FLUCRIDE COMPLQXING AND SOLUBILITY THROUGH THE
LANTHANIDE SERIES
Some preliminary experiments on the extent o eomplexing of
gadolinium(TII) by rluoriee ien and on the solubility of gadolinium(III)
‘fluoride are reported in this chapter. The results are used in
dlscuss1ng the trends to be expected in the lanthanide series for
both the extent of complx1ng by fluorlde ion and the solubility of

the trivalent fluorides,

Gadolinium(ITI) Fluoride
- - The-apparatus, procedures and methods of calculation used to

" ‘determine the extent of complexing of gadolinium(III) by fluoride ion

1553 “the “solubility of gadolinium(III) fluoride are identical to those

5190 9dgeribed ih Chapter III. The freshly precipitated gadolinium(IIT)

' fluefide used in solubility Method I was prepared by adding aquebus
sodium.fluoride to a gadolinium perchlorate-perchloric acid stock
solution, After centrlfuglng and washing well, the moist precipitate
was transferred to a perchlorlc a01d—sod1um perchlorate solutlon to
.be equlllbrated,

Popovi013 hés repo;ted that gadolinium(IIT) fluoride precipitated
from aqueous solutioﬁ has the compesition GdFB. We will therefare
write the expre551on for the solubility equilibrium in terms of GdFB.

The experlmental results are found in Tables 20 and 21,
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‘Table 20

.-

Temperature = 25,00 £ 0,01° C } = 0.50
e TSN SR CLls S NN I SR S S (ZF)A:BX lOL o1 VAEA-CEB'C

B >(m§1é§71) ‘_ @) A(§§)"-(mv)

e e e . 3e35 0 105.0  12.,31 13.34
Sl et i P L 6,69 0 T 105,10 23,18 - 25,18
- (Ga;7)y =0.,002765 4 - 10,02 105.2 32,31 35,00
Lo T A SR e T T T35 T 105,20 40,017 43,22
(H;)p = 0,04981 1 16,68 105,3 46,67 50.20

20,00 7 105,447 52,527 56,32
= 104.9 ml Co. : 23,31 105.5 57,74 61,78
45.32 . 106.0 83.40 83,3
67612 o *106,5 5201407107, 3

=
[N

Sr?
i
1

¥y = volune of solution in half-cell 4, (6dj”)y ., initial gadolinivm(ITT)
eunconcentration in. half-cell A; - (H;) I ;ini,’gial_, hydrogen ion concentration
--in half-cell A, (Z‘EBE)A,B' = botal fluoride concentrations in half-cells
=-Aand B, and By o and Ep g = potentials of concentration cells A-G and

B"C°) Coohi e Teel Tromes e mop gty

O o S P

I BRSNS T E S TableZl TN N

 Senperabure <250 1 Sasg

1

= 0.5 - nwkﬁxgéﬁﬁim%y

(we*?), =387 % 107k

PR PR

i

vy =.100;95'mi ’

1

|4

99,95 ml

Ay ROTEEE VR PR §

T S S
Run  (moles/1) =~ (moles/1) =~ “(mv)"
1 0.,0752 0.0744 52,7
2 0.0506 0,0496 5307

(Sodium perchlorate was used to keep }» the total ionic strength, constant. s

VP is the volume of equilibrated solution é.d.ded to half-cell A, VA is
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the ©inal volume of solution in half-cell A, (Fe*3) , (2Fe*?), and
(ZH+)A are respectively the total iron(III), iron(II) and hydrogen ion
concentrations in half-cell A, <2H+)P is the total hydrogen ion con-
centration in the equilibrated solution.) |

The results calculated from the above data are summarized in

Table 22,
Table 22
Tenperature = 25,00° G : p = 0.50
ea*? + wr - car™® 4wt | K3 = 2.9
Run Kt x% 1017
GarF, = ad* + - 1 6.5

3 2 6.9

Average 6;7 + 0,2

The K's are equilibrium quotients, for example:

(Gar*?), (@) -
K3 = — (75)
: (Gd+3)A (#F),

K! (6a*?)p (F"); o (76)

where ( )A:and ( ')P signify concentrations in moles/l in half-cell

A and in the equilibrated solution respectively.,

- Complexing of Trivalent Rare Earths by Fluoride Ion.

It has been suggested that bonding in the fludridé complexing of
tripositive metal ions is mostly ionic,s’9 This seems reasonable
because the fluoride ion is relatively unpolarizable and will therefore
hav§ little tendency to form covalent bonds with the cation, The
relative stability of the complex fluorides will depend upon the radii

of the respective cations,
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‘The crystal radii of the tripositive rare-earth®ions decrease going
from lanthanum to lutecium, ZachariaSeh22 has caleulatéd ﬁhevfollowing

values from crystal data on the raremearth fluorides: -

1a*3 ¢ = 1,04 A° C Na*2 r = 0,99 A°
Ce+3 r = 1,02 AP . Csn*3 r - 0,97 A°
pr*3  r = 1,00 A° Eu*? r = 0,97 a°

We haveestimated that of Gd*> to be 0,95 A° from the data of Templeton
and Zalkin,>”
From Table 23 we see that as the crystal radius of the tripositive

ion becomes smaller MF+2 becomes; more stable,

Table 23
M*3 Crystal Radius
K (i)
1a*3 ¥ o = LaF*® + gt 0459 1,04
Ce*? + HP = CeF*2 + HY | 1.6 102
6a*3 + #F = aaF*? + BT 2,9 0,95

When analyzing solubility data on the rare-earth fluorides, it
becomes apparent from ﬁhe valﬁes for Kq in Table 23, that one must
consider the species MF*z; In ﬁhe éxperimenﬁs deécfibed ébé&érﬁith
gadolinium(IIT) fluoride, foz exéﬁﬁlé, approximateiy 10% of'fhe-total
gadolinium(III) was present as Gdezf ,If_gadolipium(lil)_ﬁ}uqride
were equilibrated with pure water instead of the perchioric acid-

~sodium perchlorate stock solution used above, this amount would increase

to 18%, -
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Solibility of Trivalent Rare'Earth Fluofides =~ ““9%fu

Moeller and Kremners= have measted the solubility of the tri-

“poéitive rare-earth hydroxides, They found that the solubility product

DKy = ()’ ~ (77)
decreased' in going from lanthanum to lutectium, This does not appear
to be the case with the fluorides, |

K = (r3) (F)° S (78)
was found to be approximately the same for lanthanum and cerium,
Instead of having decreased, however, Kg for gadoliniwm(III) fluoride
was found to be 50 times as large, |

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

fluorides (Table 24).

N
Table 24 5
M*2 Grystal Radius?® Solubility (18° C) Crystal
(A°) (g/100 g H2O ) Type

BaF, | | 1,35 0,163 fluorite
SrFé 1,13 : 0,012 fluorite
CaF, 0.99 0.0016 fluorite
MgF, 0,65 0.0076 rutile

;n going from barium to calecium there is a decrease in solubility of the

alkaline-earth fluorides with a fluorite type crystal structure, MgFy,

" however, which has a rutile type structure is found to be more soluble

than Gan.
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23ihave.found that lanthanum, cerium, praseo-

Templeton and Zalkin
dymium, neodymium, samarium and europium.trifluorides.prepared from
.solution-have a hexagonal type.crystalistructﬁre,;‘Trifluori@gs of

gadolinium, terbium and dysprosium, however, prépared from solution

.~ were found to be orthorombic,; It is thus not surprising,-in wiew of

the change in crystallstructure,;to fiqd gadolinium(lll),flupride more
soluble than lanthanum(III) fluoride,

PP
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VI, SUMJARY OF THE CHEMICAL THERMODYWAMIC PROPERTIES DETERMINED IN THIS
TNVESTIGATION
In the preceding sections we have determined thermodynamic data
for the trifluorides of lanthanum; cerium and gadolinium, These data

are summarized in Table 25,

Table 25
(l)“~oeF3»§ 1/; 329(5) =:Ge+3 +.3s*f+ 1/2,ﬁ2° ‘AH298 = 0.5 keal/fuole
, SR T s g9 e
(2) Ce *+3 T = Cel"+2 o AF =7—4.3vkéa1/mole
, - 208 °
3) LaF3 . 1/2 Hzo(s) = ;gf? + gF” f'1(2.H29 iAFzgs - 5649, kcal/moTe
4) Ia*3 +F - 1aF2 OF,gg = =347 kcal/nole
(5) Gdﬁ%(ﬁ) Gat> +v3FP o AF298.- 24,.6 kgal/mo,e
(6) Gd*3 + F = Gar*? S AF 4 = =46 keal/mole

The AF,q0's for reactions (1), (3) and (5) were obtained by estimating
activity coefficients at p = 0,5 (v % CeFs3 = 0.23, LaF3 = 0,34

and v = GAF., = 0.34). For reactions_(Q), (4) and (6) AF298 was

3
calculated from the measured K3 using K. = 1,23 x 107 to correct for
the ionization of hydrofluoric acid,

From the data in Table 25 one is able to calculate the following

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

: ed : ' o . ° a
values tabulated for CeF 1/2 Hzo(s), LaFy 1/2 HZO(S) and GdF4 ()

refer -to the solid in an apparently reproducible colloidal state.
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298’_ ~171.,75 kcal/mole. ‘The partial molal

28 From these values we calculate v

Ce+3'5 Latimer?/ glves AF
(ag)

entropy is estimated to be -40 eu,
'Anggg = -173.8 keal/mole,

CeF+2 Negleétiné’activity coefficient corrections, we calculate

(aq)

AF0 = -
298 242 keal/mole,

ceF3 . 1/2 H,0 (s) 4F;987= -425.3 kcal/molg, §H398 = ~44d ok keal/mole

and S° = 50 eu, The uncertainty in S° _is approximately 7 eu.
298 : 298 :

ﬁUsing.Latimer's method for estimating the entropy of solid-compounds,_29

[»)
‘one obtalns 8298

+2
IaF ( ) Neglectlng activity coefflclent.correctlons, ye calculate

31 eu, for macroscopic CeF, * 1/2 H0 2s)e

AO

AFSg - 244,3 kcal/hole. o

L ° AFC = -

aFB 1/2 HZO( ) '_F298 428,1 kcal/mole A
h GdF ) Neglectlng actlvlty coefflclent corrections, we calculate
e X
N"AF298 = 236f5 keal/mole,
AF® = - _ ;

V GdE3(S) Fzgs 388,7 keal/mole,

&)



VII, PREPARATION AND ANALYSIS OF REAGENTS
All solutions were preparéd with water redistilled from alkaline

permanganate, : !

HE, A stock solution of 5 molal hydrofluoric acid waSJprepafed;by
»diluting~the40ps 48% acid.  This solution was stored in a polyethylene
containértand»analyzed as_followé: A five gram aliquot was weighed
into a paraffin-coated glass bulb which was then immersed in an -excess
of standard sodium hydrox1de. After breaking the bulb, the unreacted
sodium hydrcx1de was tlurated w1th standard perchlorlc acid to a

.phenolphthaleln end p01nt.

Ce(ClOA) - HClOA A stock solutlon of cerous perchlorate and

perchlorlc acid was prepared in the follow1ng manner'b Analytlcal

=]

reagent ammonium hexanltrato cerate was dissolved in dlstllled water.
This solutipn was added slogly;with,vigorous stirring-to'Z.M;a@monium
hydroxide, The light yellow precipitate was filtered and rinsed until
the wash water gave negative tests-fér NHZ and NO;? The hydrous ceric
hydroxide was dissoived in perchloric acid and reduced_with‘analytical
grade 35% hydrogen peroxidejpﬂihiS“solution was boiled and after
several da§S<was:ﬂiltered»throughﬁgin?ered glass,

Tﬁe cerium(III).conceﬁtratipn‘wag‘determined in a manner similar
to that éeseribed by Smith§?pwvCerium(III)'was'oXidizednby‘ammonium
persulfate to cerium(IV)o After the addition af_an exéésvof.standard
sodium arsenite, the solution was back titrated with a,standard cerie
sol;,tion° Osmium ﬁetroxide was used as a catalyst and "ferroin" as
an indicator,

After adding an excess of sodium fluoride to precipitate all the

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

-end point, - IR B G

La{QlOA)B = HC10, A lanthanum perchlcratgfperChloric'acid stock

4
solution was prepared by dissolving a known ﬁeight*offpure La203.

f’i@'stahdard_perchloric acid, Speetrographic analysis-showed that
- the La2Q3 contained no other rare earths and 1eSs*than'0¢Ol% of -Al,

Ca, Fe and Si,

Gd(ClOA) - HClOA A gadollnlum perchlorate—perchlorlc a01d stock

solutlon was prepared by dlss01V1ng a known welght of Gd O3 (Research

Chemicals, Inc, - 8% Sm and ,1% Dy) in standard perchlorlc acld.

NaF Gp° sodium fluoride, 1gn1ted in platinum, was dlssolved in

conduct1v1ty water to make a standard fluorlde solutlon°

7?@0;94 A-stock: solution of: sodium perchlorate was' prepared by °

"—adding'gnleXGess”of double vabuum4distilled:72% peréhloriC’acidxto
- analytical reagent.sodiﬁm carbonate, The solution was boiled to
- expel carbon dioxide and the pH adjusted to 5 with carbonate-free
sodlum hydrox1de sclutlonoi After several days this solutlon was
dlluted and filtered through sintered glass, The solution was
. “standardized by evaporating aliquots to-dryness .in-the pre;encg
" of 4n exééss-bf‘sulfurid'aéid*and-wéighing the residue as sodium
: sulfaté,Bl ‘Several aliquots ‘wére evaporated to dryness and weighed
‘as NaClO; after drying at 160° C for two hours, The two methods of -

yA
analysis gave results that agreed within 0,1%.
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HC10, Double vacuum~disti11ed-72% perchloric acid was diluted with
'

conductivity water to yield a stock solution which was stgpdardized

against mercurie. oxide using methyl red as indicator,

Fe(ClQA)3v~>Eb(QIQA)2.-,HCIOAf:A stock solution of~ferroﬁs.pefchlorate,

ferric perchlorate and perchloric acid was prepared by‘reactingfélectro-

‘lytic iron with a standard perchloric acid solution, . Hydrogen peroxide

was added to the resulting solution to. oxidize a portion of the ferrous

perchlorate to ferric perchlorate, The ferrous ion :concentration was

determined by titrating to a "ferroin" end point with a standard ceric

‘solution, Since the ferrous perchlorate, total iron and -initial

perchloric acid concentrations were known, we were able to calculate
the final ferric perchlorate and perchloric acid concentrations,
These agreed with those experimentally determined using the methad of

Schumb, Sherrill and Sweetser,

'
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