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DP-ME-68-104

CETERMINATICN OF STABILITY CONSTANTS OF EYDROGEN
AND ALUMINUM FLUORIDES WITH A FLUORIDE-3ELECTIVE ELECTRODE*

by

ELTZABETH W. BAUMANN

Savannah River Laboratory
E. I. du Pont de Nemoures and Co.
Atken, South farclina 29801

Abstract=—S8Stabllity guotients for the hydrogen-flucrldée and
eluminum-flucride systems in NH NOs were determined from messures
ments of f'ree [luerlde lon concentratlon by the lenthanum fluoride
membrane electrode. Stablllty quotlients at 0.5, 0.3, ¢.1, and
0.01 M ionle strength were extrapolated to infinite dilution
through the Debye-Huckel equaftion to obtaln fthermodynemle
etabllity constanta at 25°%C for HF, HF. . A1RET, A1F§+, AlFa, and
AIF,".

#The information contained in thisz erticle was developpad during
the ecourae of work under Contraat AT(OT7-2}-1 with the U. 8.
Atomie Energy Commlsslon.
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DP-MS8-68-104
INTRCDUCTION

The lanthanum flucride membrene electrede[l], which reBponds
gpeclilflcally and theoratleally to changes of flucrlde lonm sotivity
in sclution, 18 a new tool for potentiometric investigation of metal-
fluoride somplexes[2,3]. An earlier flucride-responalve electrode,
ths reverelble lezd amelgam-lead fluorlde slecstrode, was usged by
Broene and DeVries[4] to investigate the hydrogen-fluorlde system.
Uncomplexed fluorlde hae alsc besn determined indirectly from
chenges in hydrogen lon concentration or from potentlial changesa

in the ferrous-ferric couple[B].

The abllity to directly determine free fluorlde 1on ooneen-
tration (or memn activity) simplifies gethering and interpretation
of experimental deta for studles of metal complexes. In thils work,
the new lantharum flucride electrode was used to msasure free fluoride
izn in an investigation of the hydrogen-flunride and aluminum-fluoride
gyateama in NH NO,. Stabllity quotiente cobtained at 0.5 M corrochorate
the elassle work of Broaset and Orring{5]. Additional dzte at fonic
strengthe down to 9.0l M were extrapolated fto Iniinite dllutlion to
obtain thermodynamiec etability constants.

1. M. 8. Prant and J. W. Roes, Jr., Scishce 154, 1553 (1966).

2. K. Srinivesan and . A. Rechnitz, A&nel. Chem. 40, 509 {1968,
3. R. E. Mesmer and C. F. Bses, Jr., Beryllium Fluorlde Complexes
in 1 M NaCl snd 1 M NaClQ,. 156th American Chemical Soclety
Naticnal Meeting, Heptember 1968,

H. H. Broene and T. De¥ries, J. im. Chem. Sce. 63, 1644 (1947;.
. . Broeset and J. Orring, Svensk Kem. Tidekr. 55, 101 {1943},

L I
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DP-M5-68-104
EXPERTMENTAL

Regpent-grade chemlcals were used. Solutione were made 1n
delonized water., Glass volumetric ware was used to prepare eclutlons,
but solutlons were stored in pelyethylene to avoid prolonged contact
wilth glase.

standard NaF sclutlons were preparsd from NaF that was drled
several hours at 120°C. HF and HND, were standardised by titration
to pH 7 with standard NadH. NH P wss prepared by precise neutrall-
zatlon of the standardized HF with NH,OH. AL{NO,), Bolutions were
standardized by tiltrating the aclé dlpplaced by & mespurad volume
passed through & column of "Amberlite"* IR-120 in the hydrogen form.

The experimental eclutiones were determinete miztures, squilibrated
in a water bath at 25x0.1°¢, of acid {HF or HNQ,) and fluocride
(HF or NH,F), plus Al{NQO,)s in the flucroeluminate investlgation.
Ionls strengths of 0.5, 0.3, 0.1, or 0.0l M were maintalned constant
with NH.NCg. During measurement, the 50-ml solutions were stirred
in pelypropylens beakers with "Teflon"+**-coated magnstlc atirring
kara. In some c¢cases 8 Alngle polutlon wes used for & single messure-
ment, but 1n other cpsen, date were generafed by titratlon of the
inltial solution with flucride or aluminum.

Tha flucride indicator electrode {(Orion*+** $4-09) wes used with
a paturated galomel refepence eleatrode {Beclman®*#»# 30170) that was

protected from flucrlide by p paraflfln ¢oatling, save for the Iflher

» Trademark of Rohm and Heas Co.

**  Tpademark of the Du Pont Co,

#%¥ Oprion Repsarch Inccrporated, Cambridge, Mass.
##*#Bankman Ihatrumenta, Tne., Fullerton, Californis

1/2/69 -3 -
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Junetion at the tip. Potentlales were measured to #0.1 mV wilth an
Orion digital pH Metar, Model 801.

The electrodes were callbrated daily in stendard sclutions of
Fluoride (HH,F or NaF} In the concentiaticn renge and at the lonie
ptrength in NH. HNOs cof the experiments. Experimentsl concentratlons
were galeulated by tha Nernst equation, which was obeyed over the

range of concenfratlicns used.

INTERPRETATION CF DATA

The experlmentsl resulte were Interpreted asceording to the
Bjerrum formulation[6] in terms of T, defined as the average number
of fluorlde ligands bound per complexing atom. This B cah be
expregeed ap a8 funation of the free flucride ion concentratlon, F,
and the atability quotients, kn’ of the successively formed Tluoride
complexes with the atom MXT:

koF + 2k, KgF2 + +v0 + nlgkp 01 KpRY

= . 1
n 1+ P + IGkFE + e 4 Kakp vor K FT (1)

The stablllty gquotient, kn, i given in terms of the concentrations
of the squilibrium compohents!

kK = (2}

Por the hydrogen eystem, 1 was calculated from the totsl

fluoride and hydrogen lone added, P, and H gnd the measured free

ity T+

fluoaride lon concentration, F:

B, J. Bjerrum, Metal Ammine Formation iIn Aqueoua Zcluticn. Theory
of the Revergible Step Reactlons, F. Hease and Son, Copsnhagen

[1941) .

1/2/69 TR



LP-M3=-68-104

T _ {OF) + 2(HF.")

(3)
H Hy Hy

Stabllity gquotienta were caleculated by fltting the experimental
n and F values to Equation (1), as described below.

For the aluminum-flucride syeatem, whlch includes the hydrogen-

fluoride eguilibris, Hﬂl was calculated by

_ Fpo- F - (HP) - 2{HFs")

n,, = (4)
a1 AT,
F.-F -1
_ Iz o (e}
.FL].T

Valusas of ﬁﬁ were caloulated by Equation (1) for each experimentel
F uslng stablllty quotients determined for the hydrogen-fluorilde
gyetem 8t the same ionlc strength.

The experimental date were Iltted by computer to Equation {1,
reing 2 method that numerlcally determines leoecal minima of posltive-
valued differentisble functlons of several varia%laa[?]. Eetimates
were made for sach set of stebillty quotienta,zig_kﬁ. whlch were
uged for computation of the £inal valuss. The range of experimental
data was not sufflclent to define kg and ks, experimentelly: therefore
the reasonable valuas of 30 and 3, wers choeen for kg and ke to

esteblish this end ¢f the curve and improve the accurecy of the

calculated k..

{7] W. G. Davidon, Variseble Metric Method Por Minimization.
Argonne Natlonal Laboratory Report No. ANL 5990, [19%9),

1/2/69 -5 -



DP-ME-68-104
RESULTS  AND DISCUSSION

Stabllity Quotlents

Bjerrum fomatlon curves for the hydrogen-fiuvceride and
lluminum-flucride gyetems in 0.5, 0.3, 0.1, asnd 0.01 M NH.NC.
ars preesented 1n Flgures 1 and 2, where the ordlnates have been
1ndividualized to avold overlap of the curves. The fltted curve
ia drawn through each set of data. The fit wﬁs evalugted through
the W reslduals; the standard deviatlon wae 0.05 or below for every
" gurve, and the sum of the residuals was glways less than 0.1,
indicating that the {1t was patlelactory. ‘

Experimental dats in Tables 1 and € iliustrate the conoen-

tratlon ranges of the several componsents.

Gomputed stabllity guotilentes are gilven in Tables 3 and %, where
they are compared with those obtainsd by Brosset 1n 0.53 M NH, NO;.
On the basis of the known experimental errors and the Titting of the
SUMFSE, reiative preciasions of these gquotlients are esetimated to be
5 to 10%.

Experimental results were not conslsfent et higher flucoride
congentrations, for definition of ks and ks, Flucride vyelues werse
gometimes high, suggesting that HF, may interfere with electrode '
reaponge, but this could not be demonstrated conelusively. In
the complieated fluorsaluminate system, the formatlion of specleas
nther_than thoee poetulated oould aléc'héve caused the lrregularitles.

'i/z/ﬁg -6 -
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Stabllity Conefante

The atability quotlents chtained at¢ the four lenie strengtha
provide the bamle for esleulation of thermodymamic stability
constante [Kﬁ} in both the hydrogen-fluorlde end aluminum-flueride
syetems by extrapolation to infinite dilution. The Debye-Huokel
equatlon wass uped, wilth 1.5 88 = ressconable factor to acoount
for the lon elze parameter. The fitting wae done through the
conatant ¢ of the liﬁear Cerm.

az;{o.ﬁll} N

log X = log k- + Gl {5}
n I 1+ 1.54¢1

where

2 . 2 - 2 &
AZE E: fcharga}produata E:EGharEE}reactants ()

which comea from the Debye-Hiekel formuletleon; for example, 1n
the gluminum system, AZ,2 = -6,

Results sre given in Tables 5 and 6, together with published
atablllty constents. The stsbllity c¢onstants in the hydrogen
system were determined directly by Broene and DeVries[4]. Those
of the aluminum syetem are PBrosset's[5] data converted to infinilte
dilutlion by numerilecal correctlons used by Peul(9) for other
polyvelent metal fluorlde complexes. The present extrepolaticns
agree remarkebly well wlth the published wvaluse. The fact that
the experimental data at the four lonic sfrengths fall iInte the
proper segquence for extrapolatlon by the Debye-Hilckel equation
lende walldity fto these measursments by the lanthanum Ilusride
electrode.

9., A. D, Paul. Unlvereglty of CGalifornla Radlablon Laboratory
Report No. UGRL 2926, {1955).
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Table 1.

. Experimental Datay

DP-M3-68-104

Hydrogen-Fluorlde 3ystem

goneentration (mM)

F

E

T iy T T

In 0.5 M NE,NDg
0.978% 9,902 ©0.137 0,085
1,953 9.883 0.205 (©.168
L.761 19.630 D.422 0,221
5.000  20.612 0,417 0.223
B.00C . 20.6i2 0.409 0.223
2,924 §.863 0.475 0,248
3,891 ¢.B44 0,680 0,326
4,854 9.825 0,530 0,399
b, 854 9,825 0,900 ©.402
3,433 19,445 1.109 0,428
10,00 20,612 1,080 0,433
5.335 g.816 1.070 0.434
5.814 9,806 1,220 O.468
6.262 g.797 Ll.410 ©.498
G.770 g.788 1.580 0.530
7.722 a.768 2.000 0.5B6
8.670 9.749  2.450 0.5638
9.615 g.731 2.950 0.685
5,615 9,731 2,800 0,700
18,518 19.085  &.001 O.7HE
20.00 20,612  &.170 Q.768
20,00 20,612 4.100 0.771
24,93 22,14 6.555 0.830
27.272 18.738 10.271 0.807

In 0.3 M NH.NOp
0.294 5,876  0,0320 £.045
D.687 5.871 ©0.119 ¢.080
0.590 Aoazn 0.151 ©.099
1.172 5,858 0,283 0.187
0.597 0.904  0.381 C.z217
0. R87 G.8B2g  0.411 0.22d
1.754 5,848  0.403 0.231
0.5097 0,664  C.440 0.235
0.538 0.504% 0,472 0.250
0.598 0.339 0.511 0.287
2.335 5.836 0.B77T 0.3M

-9 -
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Table 1.

(Continued)

Goncentration {mM)

FT Hrn B T
1.478 2.96 0.886 0,301
2,913 5.825 0.773 ©.367
2.913 5.82 0.768 ©.369
3.488 5.814 1.003 0.h427
4,062 5,803 1.257 0.483
2.541 2,641  1.429 0.514%
k.e33 5.792 1.533 0.535
5,208 5,780 1.812 0.886
5.7T68 5.76% 2,176 0.623
B5.7T 5.77 2,162 0.685
L,3g0 2,927 2.494 ©.648
17T 5.742  3.150 0,701
5.825 2,912 3.693 0C.732
8.571 5.714 4.185 0.768
$.983 5.687 5.325 0Q.814
8,654 2.885 6,240 0.834

25.21 22,69 6.090 0.843
11.32 5.66 6.533 0.846
11.32 5.660 6.522 0,847
25,64 17.95 9.500 0.899
i6.67 5.56 11.57 0,917
26,09 13.04 13,76 0.946
16,822 2,804 1%,10 0.8971
26,79 5.357 21.02 1.077
In 0.1 M NH.NOg
0,0706 0.0706 0.0659 0.053
0.0540 0.0240 ©.0872 0,072
0,1904  0.0906 ©.178 0©.132
0.232 0,232 0.195 ©.160
0.289 0.288 0.23% ©.189
0,400 G400 £.310  0.224
£.509 0,508 0.377 0.261
1.183 2,980 0.350 0.268
0.720 0.720 0.503 0.302
¢.998 0.998 0,669 0.329
1.772 2,053  0.650 0.380
1.342 1.342 0.797 0.406
1,780 1.780 0.968 0,486
- 10 -
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Table

1. (Continued)

Goncentration {mM)

Frp Hy F n
2,358 2,947 0.960 0.474
1.993 1.993 1.046 0.475

In 0.01 M NH.,NQ.

0.0921 0.6004 0.0543 0.063
C.1838 1.199 (Q.O07%6 0.087
¢, 1840 0.6910 (,1044 0,115
¢.1888 0.1988 0.1671 0.160
C.3668  1.3797 C,1531 0.1%55
©.3972 1,518 ©Q.1568 0.188
¢.2754 ©.7831 RQ.1506 0.189
0.2136 0.2136 0.1755 0.178
0.3976 1.013  0.2014 0.19%
0.3672 0.8742 0.1940 0.158
¢.5481  1.560 ©.221B 0.210
C.4585  0,9650 0.2347 0.232
Cc,3980 Q.5070 ©,2763 0,240
0.7307  1.7396 0.2872 0.255
G.4263  ©.4263 0.3063 0,281
C.BE02  0.5502 0.3830 0.30%
0.6382 0.6382 0.4182 0.345
©.8492 0.B452 0.5130 0.395
1.059 1.059  0.6025 0.431
1477 1.477 O.7580 0.487
1.8¢92 1.8¢2 0.8026 0.528

- 11 -
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Table 2. Experimentsal Data: Aluminum-Fluoride System
__Ceoncentration (mM)
P A Al 7 n
In 0.5 M NH.NC.
9.17k 4,760 13.762 . 0.00112 0.66A
1.000 5.153 1.250 Q. 00200 Q.79%3
9,259 4,804 11.574 0.00152 0.759
§.259 L.804 11.574 0.00180 0.799
4.900 19.908 4,902 0.00360 0.589
9.345 4,848 3.345 ¢.00276 0.599
9,416 L .885 7.533 0.00544  1.247
9.4695 4.913 &.155 ¢.01189 1.530
9.805 4.931 5.228 0. 02510 1.797
2.500 5.153 1.250 0.03640 1.870
g.525 4,542 4.762 0.08117 1.963
9,525 4,042 4,762 0.04247 1.5968
8,540 4. 649 4,293 0.07RS 2.147
g.560 4.960 3.824 0.1360 © 2,353
g.578 4,969 3.352 0,2448 2.563
5.000 5.153 1.250 0.3430 2.675
18,182 18.887 4,546 0.5340 2,757
9.597 4.979 2.879 0.4373 2,778
41.667 17.293 12.800 0.5590 2,895
20.361  18.878 4.525 0.7379 2.918
19.€10 19.508 k,902 0.4510 2.939
$.515 4,583 2,404 0. TYRO 2.980
0.615 4.988 2.4%03 C.7235 3.003 .
41,840 17.365 11.510 G. 7960 3.087
22,523 18,695 4. 504 1.0075 3.058
Lo,017 17.439 10.504 1.130 3,I58
9.634 4,998 1.927 1,217 3,171
24,663 158.611 b 4BL 1.34%9 3.175
42.192 17,612 9.453 1.629 3.284
26,786 18,528 4,464 1.771 3,289
28,889 18,446 4.4k 2,300 3,354
. TH.630 15.100 18.660 2.000 3.416
42,372 17.586 B.AT4 2,367 3.411
30.973 18, 364 4,425 2.961 3.487
b2.553 17.661 7. 447 3.520 3.522
33,040 18,284 4,405 3.771 3.573
75,760 15.330 15.150 5,650 3.795
1/2/6g - 12 .
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Tsble 2,

{Continuea)

Concentpation {mM)

by

oy

DP-M3-68.104

oy |

T Al F
In 0.3 M NH.NO,
0.600 5.153 1.250 0.00040 0.478
1.000 5.153 1.2580 0.0015%3 0.794
1.500 5.15% 1.2%0 0.00268 1.180
1.470 2,540 1,220 0. 00460 1.193
1.760 2.940 1.220 0.00870 1.220
2,050 2,940 1.220 0.0186T 1.640Q
2.350 2,930 1,220 0.0z2720 1.856
2.500 5.153 1,250 £.03056 1,884
2.640 2.930 1,220 0.0481 2,042
3.000 5.153 1.250 0.0593 2.179
2,927 2,927 1.220 0.0812 2.196
3.216 2,923 1.218 0.1281: 2,334
3.794 2,918 1,216 Q.2397 2,560
4.369 2,913 1,214 0.395 2,726
5,000 5.153 1.250 0.388 2. 745
4,642 2.507 1.211 0.598 2,846
5,760 I,320 1.200 0.713 2,955
6.000 5.15% 1.850 0. 626 2.986
5.797 2.839 1.208 0,558 3,002
8,570 4,290 1,180 2.033 3.302
10.000 5.153 1.250 2.274 3.562
20.000 5.153 2.500 &.06% 3.844
In 0.1 M NH.NO,
1l.012 1.012 1.242 0.00089 0.813
1.214 1.21% 1.8%2 0.00145 0.975
1.416 1.416 1.242 0.00275 1.135
1,618 1.618 i.242 0, 00368 1.296
1.618 1.618 1.242 &, 00401 1.295
1.820 1.820 1.242 0.00532 1.455
1.820 1,820 1.242 0. 0057y 1.4583
2,082 2,082 1,241 0.00730 1.61%
2,022 2.082 1.241 0.00827 1.610
2.022 2,022 1.241 0.01086 1.606
2.223 2,283 i1.241 0.01230 1,762
2.223 2.223 1.241 Q.01340 1,760
2.425 2.425 1.248 0.01550 1.895
2.425 2,425 1.241 0,02057 1.903
_13_
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Table 2.

{Continued)

Goneentration (mM)

H

DP«M5-68-104

T T Al F n
1.015 1,015 0,498 0.02678 1.936
2.627 2.6827 1.841 0.02787 2,044
2,828 2,828 1.240 L 04210 2.165
2,828 2,828 1. 240 0, 04996 2,144
3.029 3.029 1.24G 0.06047 2,271
3.029 3. 029 1.2%0 0.07%55 2.932
3,831 3.231 1.240 0.08162 2,360
1.482 1.482 0.494 0,1250 2.450
3.634 3.634 1.335 Q.1287 2,530
3.033 3.033 0,993 0. 1568 2,526
4,036 4,036 1.239 0.1862 2,645
4.036 4,036 1.239 0.1934 2,687
2.028 2.028 0,408 0.2715. 2.740
5. 040D 5.040 1.238 0.3226 2,905
4,040 i .00 0.592 0. 3400 2.787
2.071 1.479 0.493 0.3350 2.837
6,041 .6,081 1.236 0. 4987 2,588
7.034 7,094 1.481 0.5231 2.895
6.041 &.041 1.236 D.5354 2.882
5. 044 5.044 0.991 0.5354 2.912
3.017 3,017 0.497 0.5R70 2.4941
T.041 7. 001 1.235 ¢,6552 2,961
6.048 6.048 0,890 £.71%9 £.597
7.048 7.048 0,989 0.86R2 3,065

10.019 10,019 1.476 0,9226 3.066
8.03% 8,039 1.234 0.8111 3.124
10.029 10.029 1.231 1.105: 3,191
12.01% 12.012 1.22% 1.374 3.240
13.986 13.986 1,227 1,618 3.288
15.953 15.953 1.22% 1.847 3.324
19,844 19.844 1.462 2.039 3.308
18.108 18,108 1.222 2,084 3.351
19.863 15,863 1.21% 2,879 3.338
21,807 21,807 1.217 2.474 3.349
- 14 -
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DP=-MA-GE-104

Table 2. (Continued)
Cencentration {(mM)
Fro s Al F n
In 0.01 M NH.NO.
1,000 5,153 2.800 0.00014 0. 400
1.000 5.183 1.250 0, 00046 0.797
2.500 5.1583 2.500 0.0Q086 0.598
3,212 3.212 2.711 0.00150 1.182
3,218 3.218 2,223 0.00337 1.440
4.000 5.153 2.500 0,00515 1.585
2,022 2,082 1.841 Q.0GEER 1.613
3.024 3,024 1.733 0.00836 1.723
3.205 3.285 1.732 0.01150 1.829
2. 500 5,153 1.850 0.01560 1.912
5,000 5.153 2.500 0.01840 1,548
3.030 3.030 1.240 0.0881: 8,837
3.030 3.0%0 1.240 0,050 2.247
4,036 L.036 1.23% 0.1682 2,572
T.500 5.153 2.500 0.,1598 2,603
5,040 5, 04O 1.238 0.2968 2,756
5.000 5.153 1.250 0. 2600. 2.807
6.041 &.041 1.236 0. 4247 2,884
T.041 7.041 1.235 ¢.5579 2.948
8.039 8.039 1.234 0.6795 3.015
10.000 5.153 2,500 0. 496 3.028
10.029 10.029 1,232 0.908 3.120
la.011 12.011 1.229 1.132 2,163
13.898 13.856 1.227 1.344 3.156
15.952 i5.952 1.224 1,517 3.273
17.912 17.912 L.222 1.711 3.262
19.863 12.863 1.219 1.887 3,271
23,743 23,743 1.215 2,2043 3,306
27.593 27.593 1.210 2,486 3.352
38,966 38.966 1,186 3.240 3.362
- 15 -



DP-M5-68-104

Table 3. BStablillty Quobiente of Hydrogen-Fluorlde System
in NH,NO, at 25°%C

Ionie Strength,

M o ks
0.53[8] 658 3.9
0.5 09z 5.0
Q.3 The 3.7
0.1 878 6.8
0.01 1203 5.8

[8] ¢. Brosset, Bvensk Kem,Tidekr. B4, 155 (1942),

1/2/69 - 16 -



DP-M8-63-104

Tahle 4. S&tahllity Quotients of Aluminum=-Fluoride Sysbtem
in NH NOp at 2590

Ionle Strength,
M K Xz L ¥
0.53(5] 1.36 x 10% 1.04 x 10% 7.16 x 10% 5,50 x 102
0.5 1.21 x 10* B8.53 x 10% 4.8% x 10® .18 x 10%
0.3 1.96 x 10° 9,38 x 10* 5.32 x 10° 3.15 x 102
X
x

0.1 2,40 x 10® 1.86 x 10% B.10 x 10® 2.86 x 10°
0.01 L 47 % 108 2,73 x 10¥ 8.41 x 10® 2.38 x 10%

1/2/69 - 17 -



DP-M3-6E-104

Table 5. Stabllity Conetents of Hydrogen-Fluoride System

This Work
_lpg K F2g% g Rafarence [4]
log K, 3.164 . 010  -0.05 3.17
log Kg 0.7 10,2 o .59

*g le gtandard devistion or s caleulated from the
four K, values used 1n the eXtrapolation

Table 6. Stability Constents of Aluminum-Flupride System

This Work
log K +2g% C References [5,9]
log K, 6.98 10.16 -0.4 7.00
log K. 5.62 10.04 0 Z.,55
log Kg 4,05 $£0.10 0 b.23
icg K4 2.38 $0.02 ~0.2 2.74

*3ee footnote, Table V.

1/2/69 - 18 -
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