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Potentiometric Investigation of the Oxide Behavior in NaCI-AlCl3
Melts at 175°C
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Chemistry Department A, The Technical University of Denmark, DK-2800 Lyngby, Denmark

J. H. von Barner

The Institute of Mineral Industry, The Technical University of Denmark, DK-2800 Lyngby, Denmark

ABSTRACT

By potentiometric measurements in concentration cells with chlorine/chloride or aluminum electrodes, it is shown
that the experimental average chloride coordination number of AlO" is 1.01 corresponding to the formation of a complex
(AIOCD(AICL ), (with n = 2 as the most likely value according to recent cryoscopic measurements) in basic, neutral, and
weakly acidic NaCl-AIC], melts at 175°C (1.128 < pCl < 4.25). In more acidic melts (4.25 < pCl < 5.0; 0.503 < X' pic15 < 0.5186),
the experimental average coordination number decreases. The measurements in this pCl range can, based on a least
squares fitting procedure, be explained satisfactorily by the equilibrium

(AIOCI)(AICL,), 2 (ALO),(AICL ), + 2C1-

with m = 4, 2, and 0. For these three values of m pK-values between 9.5 and 9.9 are found for the equilibrium. From a statis-
tical point of view solvated (m = 4 and 2) and nonsolvated (m = 0) versions of the equilibrium are equally good. The
nonsolvated possibility is not considered to be a realistic one for structural reasons. Proposed structures for a number of
solvated oxochloro species of the type Al,0,Cl; and Al;0,Cl,s?~ are given.

The behavior of oxide ions in NaCl-AlCl, melts has been
the subject of several investigations (1-6). The problem is
important since oxide contaminations are responsible
for oxide coatings on aluminum cathodes and consump-
tion of carbon anodes in electrolytic production of alu-
minum from melts (7) containing aluminum chloride.

In the field of fundamental chemistry, oxide contami-
nations can lead to misinterpretations, e.g., in dilute
chloroaluminate solutions, since oxochloro complexes
rather than chloro complexes are sometimes formed (8).

There has been some dispute as to whether AIOCl,~ (or
solvated forms thereof) exists in basic NaCl-AlCl; melts,
whereas AlOQCI has been commonly accepted as the alu-
minum oxochloro species present in neutral and moder-
ately acidic melts (1-6).

In some previous works (1-3, 5) oxides have been
added in such a way that foreign cations were introduced
into the NaCl-AICI; melts (e.g., BaCO, and Ba(OH), as ox-
ide donors). Also, a nickel electrode was assumed to be
an oxide indicator electrode (2). It was later shown that
this electrode was in fact a pCl indicator in NaCl-AlCl,
melts containing oxide at 175°C, (3, 5) and that Ba*' ions
had acidic properties relative to chloride ions in basic
NaCl-AlCl; melts (9). As a result, Taulelle et al. (5) con-
cluded that the only aluminumoxychloro species pres-
ent in the pCl-range 1.13-4.25 (molar units) was A10Cl.
Recently, cryoscopic measurements by Berg et. al. (6)
have shown that AlIOClis dimeric in nearly neutral NaCl-
AIC]; melts, i.e., exists as (AIOCI),(AlICl,”), where m is an
unknown number, probably greater than zero.

We have previously (4) potentiometrically investigated
the oxide behavior in NaCI-AlCl; melts, but at two com-
positions only. We found that the chloride/oxide ex-
change number, (i.e., chloride ions liberated for each ox-
ide ion added) was 2.51 for a basic melt (pCl = 1.29) and
for an acidic melt 2.90 (pCl = 4.59). These measurements
were, however, performed with electrode cells equipped
with a ceramic material frit (main components: Al,Q,,
Si0,, and K,0; 47.4, 45.8, and 2.9 weight percent, respec-
tively), which was not entirely stable towards attack by
NaCl-AlCl; melts (especially when acidic), and the
proper composition correction procedure described
later in this article was not applied.

The aim of the present investigation was to perform
potentiometric measurements in acidic NaCl-AlCl; melts
with pCl higher than 4.25, where no data exist, and with
the discussion concerning the possible existence of
AlOCI,™ in mind, we also decided to reinvestigate the ba-

sic melts using Na,O and AlOCI as oxide donors (which
contribute no foreign cation).

Experimental

NaCl(analytical grade from Riedel-de Haén) was pur-
ified by passing first HCI gas and then dry N, through the
molten salt, using the procedure described previously
(4, 10). AlICl; was made from molten aluminum metal
(99.999%) and dry HCl-gas by the usual method (11).
NaAlCl, was prepared by reacting equal amounts of
NacCl and AICI; for 24h at 200°C. AIOCI was made accord-
ing to the method given by Schifer (12), in which V,0; is
reacted with excess AICl;. As in previous work (4) we
used commercial Na,O from Merck AG. All handling of
the chemicals was performed in a nitrogen atmosphere
dry box (water content less than 10 ppm). The chemicals
were always kept under vacuum in sealed borosilicate
ampuls.

The dual-compartment concentration cells used for
the potentiometric measurements were of a construction
developed by von Barner and Bjerrum (13) modified as
described below: The separation of the measuring and
reference compartments was made by a sintered borosil-
icate disk (the ceramic pins from Radiometer used previ-
ously (4, 11) corroded in oxide containing melts, espe-
cially in the acidic range). Before filling the cells, the
porosity of the disk was tested with a 0.10M aqueous KC1
solution at room temperature in both electrode compart-
ments. A resistance of between 20 and 80 kQ was consid-
ered sufficient. Furthermore, the cells used in this work
were without a pressure leveling tube between the two
compartments. This was a necessity because of the AICl,
vapor pressure difference between the two compart-
ments when investigating acidic melts.

The electrodes were either of pure aluminum or of
glassy carbon in both compartments (i.e., aluminum or
chlorine-chloride cells). The aluminum cells were sealed
under vacuum and the chlorine-chloride cells under 1/2
atm 99.9% pure Cl, (at room temperature). The furnaces
and other types of equipment used have been described
previously (13-15).

General Considerations and Definitions

The formality C’ of a component is defined as the ini-
tially weighed molar amount divided by the volume of
the molten mixture in liters. The pCl and equilibrium
constants in this work are given in molar units'unless
otherwise stated. For the NaCl-AICl; solvent, the density
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expression by Berg, Hjuler, and Bjerrum (16) and a three
equilibria model by Fehrmann et al. (4) were used to cal-
culate concentrations of the aluminum-chloro species

2AIC1- = ALCl,~ + Cl1- [1]
3ALCL~ = 2Al,Cl,,~ + Clo [2]
2Al1,ClL,~ = 3ALCI, + 2C1- [3]

The equilibrium constants at 175°C were (4): pK, = 7.052,
pK, = 6.9, pK; = 14.0. In the calculations on the oxo-
chloro complex equilibria it is of no importance whether
a three or two equilibria model are used for the solvent,
since they give equally good mathematical descriptions
(4). The reference melt (NaAICl, saturated with NaCl)
was assumed to have a pCl value of 1.128 at 175°C taken
from the same work (4).
The experimental average coordination number n, o+

for the AlO* unit is defined as
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pCl range. The experimental variance of n..+ was
2.59 - 1073

As reported previously (8), the results obtained were
quite independent of whether chlorine/chloride elec-
trodes (Cl, + 2e~ 2 2C1") or aluminum electrodes (AICl,~
+ 3e~ 22 Al + 4CI-) were used. The fact that the average
experimental AlO* chloride coordination number is one
reflects the occurrence in the melt of species of the gen-
eral formula (A1OC1), - (AlCl, ), where n and m are un-
known integers. Previously, Berg et al. (6) found that one
cryoscopically active “particle” was formed for each two
AlOCI1 “particles” added to near neutral NaCl-AlICl;
melts. They concluded that the most likely value of n
was 2 in this pCl range. The (A1OCI), species thus found
is probably solvated by AlCl,~ forming (AIOC1,(AICL ).
A value of m = 1 corresponding to the species (I, Fig. 2)
has previously been suggested (6), and recently two salts,
containing the ion Al,0,Cl,,>~ corresponding to m = 2

3C"sic1; + C'vact + C'sioc1 —4[AICL ] = T[ALCL 7] — 10[AL,CL,, 7] — 6[ALCl] - [C1]

Talo+ =

where C'ci.and C' 4500 are corrected for the presence of
AlOCl in the AICI,.

As mentioned previously, it is of utmost importance to
know the oxide content of the NaCl-AlCl; solvent. This
was calculated in the following way: Equal molar
amounts of NaCl and AICl; were reacted as described in
the Experimental section. The potentiometric cell was
filled with the NaAlCl, obtained, and the chloride con-
centration was determined from the Nernst equation
(13).

For an equimolar melt free of oxide, {C1-] should be
equal to [AL,Cl,7] (due to Eq. [1]). By the potentiometric
measurements on actual melts of equimolar composition
(according to the weighings) it was normally found that
[C1-] was greater than [Al,Cl,"]. A value of [CIT] —
[Al,C1,7] greater than zero would arise from an AlOCI1
contamination of the AICl;. As we shall see later, A1OC1
does not react with chloride in the basic region and the
region around the neutral point (1.28 < pCl < 4.25).
Therefore, the difference [C17] — [Al,Cl;"] corresponds to
the fraction of the originally weighed AICl, that was ac-
tually AIOCI. The amount of AIOCI, W01, can be calcu-
lated as

Waroa = (CI'] = [ALCL 1) X V X My, [5]

where V is the volume of the melt and My, is the molar
weight of aluminum chloride. Typically, [C17] — [Al,Cl,7]
was around 0.03M. Hence, nearly half of the A10CI pre-
sent in the samples originated from the NaAlCl, solvent,
whereas the rest of the oxide was added as AlOCI1 or
Na,O. In the evaluation of the measurements it is as-
sumed that the reaction

Na,O + AICl; — 2NaCl + AlOC1 [6]

proceeds quantitatively [in the CsCl-AlCl; system it has
been shown spectroscopically that the kind of oxide
source is unimportant (17)].

Two kinds of mole fractions are of use: X; (i = AICl,,
NaCl, AlOCI]) is the usual mole fraction, whereas X’; is
the binary mole fraction within the NaCl-AlCl; solvent
only (i = NaCl, AICl;). The latter mole fraction is useful
when comparing to cryoscopic results (6).

Results and Discussion

The measured equilibrium voltages of the cells are
listed in Table I as a function of the compositions. From
these values the pCl and the experimental average
coordination numbers for AlO* were calculated (Eq. [4]).
The calculated results are given as circles in Fig. 1. It is
obvious that the experimental average coordination
number 1,0+ is one in the pCl range from 1.128 to 4.25,
which excludes the formation of AIOCl,~ even in the
most basic range in accordance also with conclusions
reached by Taulelle et al. (5). From the ten first composi-
tions in Table I the experimental value can be calculated
to be 1.01 = 0.05 assuming that n, o+ is constant in that

[4]

C,AlOCl

have been characterized by x-ray crystal structure deter-
minations (18, 19). The structure of this ion is shown as
(II). These two kinds of oxide species are closely related
via uptake/release of an AlCl, -ion, see (III).

Unfortunately, the cryoscopic method offers no possi-
bility for distinguishing between nonsolvated (m = 0) or
solvated forms (m > 0) of (AlOCI),(AlCl,"),. Further-
more, no conclusion can be drawn from the
potentiometric measurements in the pClrange 1.128-4.25
regarding the solvation problem because of the low solu-
bility of A10CI in the NaCl-AlCl; melts. Nevertheless, we
think that solvation is probable and that (I) and /or (II)
are very likely structures. However, other possibilities
exist, e.g., for Al;0,Cl,~ and Al,0,Cl,,* three and seven
isomeric forms, respectively, can be imagined, etc.

In acidic melts, for pCl values > 4.25 or X'y, > 0.503,
the average experimental coordination number n,o+
drops below one (Fig. 1). Hence, at least one new species
must be formed in that range. It is likely that this species
contains the AlO* unit. The AIO* unit is known from the
ion Al;0Clg, t.e., (AIO*)(AICl,™),, see (IV), which has re-
cently been identified in a crystal structure (19).

We have previously (15) developed a computer pro-
gram which by means of a nonlinear regression proce-
dure (see Appendix) and from initially guessed pK
values is able to find optimized equilibrium constants for
different sets of equilibria.

Table 1. Values of cell potentials® and mole fractions®
for NaCI-AICI;-AlIOCI melts at 175°C

~AE Oxide
(mV) source Xnaci Xaic 1a X aoc1
6.70 Na,O 0.4979, 0.4948, 0.0071,
9.26 Na,O 0.4994, 0.4961, 0.0044,
14.31 Na,O 0.4988, 0.4958, 0.0053,
18.11 Na,O 0.5001, 0.4976, 0.0021,
22.63 Na,O 0.4985, 0.4961, 0.0053,
36.20¢ Na,O 0.4989, 0.4973, 0.0036,
80.90° AlOC1 0.4997, 0.4991, 0.0011,
116.03 Na,O 0.4970, 0.4972, 0.0057,
249.20 Na,O 0.49617, 0.4999, 0.0034,
260.45 Na,O 0.4957, 0.4998, 0.0043,
290.93 Na,O 0.4933, 0.5033, 0.0033,
292.00 Na,O 0.4942, 0.5043, 0.0014,
297.79 AlOC1 0.4934, 0.5052, 0.0012,
311.43 Na,O 0.4909, 0.5076, 0.0014,
315.64 AlOC] 0.4901, 0.5086, 0.0012,
326.68 Al1OCl 0.4865 0.5114, 0.0020,
344.53 Al0C1 0.4799, 0.5180, 0.0019,

2 Reference electrode NaAlC], melt saturated with NaCl.

® Corrected mole fractions. Xy, and Xaoc are corrected for
AlOCI present in the weighed AlCI;.

¢ Measured in Al electrode cell. The value has been multiplied
with 3/4 to compare with chlorine/chloride cell values.
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Fig. 1. Average experimental chloride coordination number n for
AIO* in NaCI-AICl, solutions at 175°C as a function of chloroacidity
(pCl, molar scale) or mole fraction (X' 4,c1,, nonlinear scale}, compared
with calculated curve for the reaction

(AIOCI), 2 (AIOY), + 2CI~

0.06 F AIOCI (total oxide level including the background oxide con-
tamination). The vertical dashed line shows the limit due to saturation
with NaCl.

Consequently, using the seven last acidic composi-
tions in Table I, we tested, as described in detail in the
Appendix, the simple nonsolvated models involving
(AIOCI), and (AlO*%),, i.e., the equilibria models in Eq. [7]

q(AlOC), = Q'Tn (A1O%), + q - nCIL- (71

Since we have fairly dilute solutions of AIOCI, it is un-
likely that we are-dealing with complexes with more
than two AlO*-units linked together. This restriction
gives the four models shown in Table II.

The discrimination between these four nonsolvated
models is performed by means of an F-test in which the
minimum variance for each model is compared to the ex-
perimental variance (see Appendix). Models 2 and 3 have
a significance of more than 90% and may thus be consid-
ered acceptable explanations of our seven measure-
ments in the most acidic range. The following considera-
tion may help when it comes to distinguishing between
these two models. Since AlOC1 will probably also be
dimeric in the acidic range, it seems as if model 3 is more
likely than model 2. Hence, having left out solvation, the
conclusion is that the best way to account for the behav-
ior of oxide in quite acidic NaCl-AlIC]; melts (4.25 < pCl <
5.0) probably will be by the equilibrium

(AIOC]), = (AIOY), + 2C1~ [8]

The pK-value in molar units was found to be 9.88 at
175°C.

As for (AIOCI), in the near neutral range, it is from a
structural point of view not likely that the (AlO™), spe-
cies exist in nonsolvated forms in the acidic (pCl > 4.25)

Table 1l. pK-values and variances for different nonsolvated models for
the oxochloro complex formation of Al(lll) in acidic NaCI-AICl; melts

at 175°C
Model
number Equilibrium pK Variances Foge®
1 AlOCl = AIO* + Cl- 5.14(8) 8.5-107 3.3
2 2A10C1 2 (A10%), + 2C1- 8.50(7) 3.2-107 1.2
3 (AIOCD, = (AlO*), + 2C1-  9.88(6) 2.8- 107 1.1
4 (AIOCD, =2 2A10* + 2C1-  13.60(13) 11.3-1073 44
apK = —log K, where K is the molar concentration equilibrium

constant with the standard error on last digit indicated inside pa-
rentheses.

b Fmoser = Variance of model (7 points) divided by the estimated
experimental variance 2.59 - 1073 (10 points). The 90% significance
level value of F, F,,4(6.9), is 2.55.

OXIDE BEHAVIOR IN NaCl-AlCl; MELTS
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melts. It is more likely, we think, that species of the gen-
eral formula (A10%),(Al1CL,"), occur in this range; p and s
are integers.

This leads to equilibria of the general type

q(AIOCD),(AICL, )y, + % (n-s - p-mAIC],-

= %ﬁ (AIO"),(AICL), + ¢ - nCl- [9]

Our present computer program is only capable of calcu-
lating equilibria with n - s = p - m, i.e., equilibria in which
the number of AlCl,” solvent ions bound to oxochloro
species is restricted to be the same on both sides of the
equilibrium arrows. Of course, models with a different
number of bound solvent ions will be possible as well,
but these cannot be treated in the available program.

The results of the computations on the solvated mod-
els are shown in Table III. In order to be able to compare
with the nonsolvated models investigated above (Table
II), only solvated models with n and p being 1 or 2 were
taken into consideration.

The F-tests show that a number of models are not able
to explain the measurements on a 90% significance level.
This is the case for models 1a, b, 4a, and b, for which the
corresponding nonsolvated models (1 and 4 in Table II)
also gave poor fits. Among the models 2a, b, 3a, b, and ¢,
only models 2a, 3b, and c are able to explain the measure-
ments on a 90% significance level.

However, model 2a, involving an oxomonomeric spe-
cies in the near neutral pCl range where (A1OCl), is stable
(i.e., when Eq. [9] is displaced to the left), is not able to
explain the previous n = 2 cryoscopic evidence (6). Mod-
els 3b and ¢, on the other hand, are both perfectly fit to do
this. Model 3b has the lowest variance of all models
taken into account in this work. The pK-value for this

Downloaded 02 Oct 2009 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms _use.jsp
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Table I1l. pK-values and variances for different solvated® models for the oxochloro complex formation of Al(II1) in acidic NaCl-AICl, melts at 175°C

Model

number Equilibrium pK Variance Froae®
la (AIOCI(AICL,") =2 (AIO*)(AICL,) + Cl- 4.99(9) 13-10 5.0
1b (AIOCI)YAICL, ), =2 (AIOH)AICL,), + Cl- 4.85(10) 17 - 103 6.7
2a 2(A10CIXAICL, ) 22 (AIOH),(AICL, ), + 2C1- 8.28(9) 54103 2.0
2b 2(A10CIXAICY, ), 2 (AIO*)(AICL, ), + 2C1- 8.08(11) 9.6 -10- 3.7
3a (AJOCD,(AICL,) = (AIO*),(AICL,) + 2C1- 9.75(5) 9.8-10-3 3.8
3b (AJOCD,(AICL, ), =22 (Al0*),(AICL), + 2C1- 9.69(5) 2.46 - 103 0.95
3c (A10C1),(AICL, "), =2 (AlOH),(AICL, ), + 2C1 9.52(5) 33-10 1.3
4a {(AIOCD,(AICL, ), 2 2(AI0M)AICL) + 2C1- 13.17(12) 15-107 5.6
4b (AIOCD)(AICL, ), =2 2(AI0)AICL, ), + 2C1- 13.25(10) 16 - 103 6.3
@ Solvated with AICl,".

® Froae = variance of model divided by the estimated experimental variance, 2.59 - 10-%, obtained for the nonsolvated AlOC! form. The
experimental variances for the solvated forms of AlOCI do not differ markedly from this value. The 90% significance level value of

F, Fy14(6.9) is 2.55.

model is 9.69 which is hardly different from the 9.88
value of the corresponding nonsolvated equilibrium (Eq.
[8]). The “acidic” species of model 3b (AlO*),(AICL,™), =
Al1,0,Cl; can be visualized in the 6 isomers shown as
(V)-(X). Acidic species corresponding to the one of model
3¢ (Al;O,Cl,¢*7) has been proposed by Rytter (21), see XI,
but other isomers can be imagined, e.g., XII and XIII.

Support for the formation of Al,0,Cl, molecules
should be obtainable from mass spectroscopy of the gas
phase over the melts. Indeed, an Al,0,Cl;* fraction has
been identified previously by mass spectroscopy (20).

As mentioned, our program unfortunately is not capa-
ble of calculating on models with differences in numbers
of associated solvent ions on the two sides of the
equilibria.

To do this a new algorithm is needed. This would en-
able us to study equilibria like

Al;0,Cls~ + 3AICL = 2A1,0Cl; + 2C1-
[10]

and

ALG,ClL,* + 2A1CL, = 2A1,0CL, + 2C1-
{11]

that involve simple known ions. In addition to a new
computer program, which is able to calculate such mod-
els, more measurements of high precision are needed to
obtain a significant discrimination between all the likely
equilibria, at least on the basis of potentiometric mea-
surements alone.

The cryoscopic measurements of Berg et al. (6) only
covered the near neutral melts (X' ;c1, < 0.504; pCl- < 4.3)
which means that no data is available in the acidic pCl
range where n,,o+ drops below one.

From cryoscopic measurements in the more acidic
range where the species (A10%),(AlIC1,"), are the major
aluminum oxochloro complexes formed, it should how-
ever also be possible to determine the degree of polymer-
ization of these species.

From such measurements, v,,0c; can be evaluated and
the number p, occurring in the general equation

pAIOCI + pALCl,~ — (AlO),(AICL ),
+(2p — AICY [12]

can be obtained since va0c0 = (1 — p)/p.

According to Fig. 1 more than 90% of the AIOCI added
should react to give (A10*),(AICl,"), species in the pCl re-
gion 5.4-6.0. In this area, two preliminary cryoscopic
measurements have been performed so far (22), yielding
vaocs Values near —1/2. According to these preliminary re-
sults, a p-value of two is obtained, i.e., a dimeric species
should be formed. When this result is combined with the
model calculations on the potentiometric measure-
ments, it seems very likely that (A10%),(A1Cl,~), is the
acidic oxochloro species in Eq. [9].

In conclusion, it can be said that only (AIOC1),(AICl)m
exists in basic and weakly acidic NaCl-AIClL, melts. (1.128
< pCl < 4.25) at 175°C. This is in agreement with the re-
sults of Taulelle et al. (5). In more acidic melts, probably
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dimeric species of the kind (AlQO*),(AlCl,"), starts
forming. A value of two for both m and s seems a reason-
able guess taking into consideration the model discrimi-
nations based on the potentiometric measurements in
this work and previous structural determinations on alu-
minum oxochloro compounds (18-20).

From a strictly statistical point of view the
potentiometric measurements are explained equally
well by the best solvated and nonsolvated models, but it
remains that dimeric species are significant, that is, Eq.
[8] or solvated forms hereof.
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APPENDIX

The program for testing the different model equilibria
is based on the following equations for the nonsolvated
aluminum oxochloro complexes. The formality C’;,
where i represents NaCl, AlICI, (corrected for A10CI con-
tent), or total AIQOCI, respectively, is calculated from
[A-1]

Ci=W/M,- V) = W, - p/(Mi > Wi> [A-1]
(W, M;, V, and p are weights, molar weights, volume, and
density (16), respectively.) The problem is then for each
experimental composition to solve eight equations

[A2-A9]

K, = [ALCL, I[CI"/[AICL,~ [A-2]
K, = [Al,Cl,,"F[CI"1[ALCL, B [A-3]
K; = [ALCLFICITJALCL, 12 [A-4]

K = [(AlO"),]**[C17]/[(A1OC]),]* [A-5]

[Na*] + n[(AlO™),]
= [AICL,7] + [ALCL 7] + [ALClL, 1 + [C17] [A-6]

C'yacr = [Nat] [A-7]

,
C AlCIy

= [AICL;7] + 2[ALCL, 7] + 3[ALCl,, ] + 2[Al,Cl] [A-8)
C’ soc1 = n[(A1IOCY),] + pl(A10¥),] fA-9]

The above equations [A2-A9] are four mass action ex-
pressions corresponding to equilibria [1], [2], [3], and [7],
the charge balance and two independent mass balances.
These equations in the unknown concentrations [AlCl,"],
[ALCL ], [ALCL,1, [ALCL], [(AIOCD),], [(AlO%),], [CI-],
and [Na*] can be solved for fixed values of K using a
standard computer routine. Next, for each composition
the coordination number corresponding to the chosen
model and K-value, ny.(K), is calculated using Eq. [4].
Finally, the sum of squared deviations

N
8.8 = E (nmodel,j T Rexperimental, ]_)2

i=1

[A-10]
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(where N is the number of measurements, here the seven
most acidic points) is minimized allowing K to change,
using the Marquardt iterative principle. The final opti-
mized value of K for a given model is then obtained and
the whole procedure is repeated for the next model (see
Table II). _

The final variance of n for each model is

%on = S8/ — 1) [A-11]

This variance forms one part of the basis for a statistical
evaluation (F-test) of the different models. The other part
is the experimentally determined variance, which can be
calculated from

M
Ty = Dy (= Tup (K — 1) [A-12]

k=1

where the summationoverk =1,2,..... M does not in-
clude the data used in [A10-Al1] and where n, is the aver-
age value of n for the M measurements, assumed to be an
estimate of the true n . (For the present case a o?,,, value
of 2.59 - 1073 was calculated from that part of the mea-
surements, where n was assumed to be constant and
found as 1.01 assuming further that the experimental
precision does not vary with pCl).
For each model, F 4. can now be found from

[A-13]

and compared with the statistical table value of F(\N — 1,
M - 1) corresponding to the chosen significance level.
For a model to be considered as acceptable, the F e
value should be less than F.

For the case of solvated aluminum oxochloro com-
plexes the equations [A-5], [A-6], [A-8], and [A-9] must be
changed, but the procedure is in principle the same.

) 2
Frogel = 0 min/0 exp
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