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In the Hall-Héroult process for the industrial production of
aluminum, iron oxide impurities are known to lower the cur-
rent efficiency as well as the metal quality. Iron can be pres-
ent in the di- or trivalent form. The nature of dissolved Fe!!
and Fe'' species and the reactions taking place in cryolitic
melts have been investigated by high-temperature NMR
spectroscopy. The evolution of ?’Al, 2®Na, and F NMR
chemical shifts are reported in the NajzAlFe—FeO and
NazAlFg-Fe, O3 systems for different iron oxide contents.
They express the formation of oxofluoroaluminate species.
For the Na3AlFs-FeO system, the !°F signal appears only af-
ter 14 minutes at 1020 °C. The line position is shifted with

heating time. This evolution is associated with a narrowing
of the ??Al signal due to a decrease in the content of para-
magnetic compounds in the sample. This effect is probably
caused by the evaporation of an Fe' compound, as already
mentioned in the literature. For the NazAlF¢—Fe,O3 system
we have never observed the 'F NMR spectra over the full
heating time (ca. 30 min). This could be due to the influence
of paramagnetic Fe'™ nuclei, probably in FeFg3~ species pres-
ent in the melt.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Aluminum is produced industrially by the Hall-Héroult
electrolytic process. The impurities present during the pro-
cess represent a critical problem because they negatively in-
fluence the current efficiency and may lower the metal qual-
ity.[l-2 Iron is one of the predominant impurities in the in-
dustrial production and can be present in the di- or tri-
valent state, especially as oxides (FeO, Fe,O5). Iron is intro-
duced with the raw materials and/or by corrosion of the
different cell parts. The nature of the dissolved species and
different reactions taking place upon dissolution of Fe,O3
and FeO into cryolite (the major component of the electro-
lyte) is a crucial question. Because of the experimental diffi-
culties due to the corrosive properties of fluoride melts at
high temperature, only a few data have been reported,
mainly deduced from solubility measurements.>*! From
cryoscopy measurements, Diepl! has suggested that Fe,O;
dissolves in cryolite to form nonvolatile sodium hexafluo-
roferrite (NasFeFg), while for Fe'O the formation of
Na,FeF,., complexes has been assumed by Jentofsen.3!
In both systems, the formation of oxofluoroaluminate com-
plexes (AlLOF¢*> and Al,O,F,*) has also been proposed
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depending on the iron oxide concentration in the melt. Up
to now, no direct detection of the ionic species formed in
both kinds of melts has been attempted. Therefore, we pro-
pose in this paper to present their in situ NMR description.
This spectroscopy is sensitive to the local environment
around a selected nucleus, therefore it allows both qualita-
tive and quantitative information about the different species
existing in the bath to be determined.['%!!] The presence of
Fe'' in the melts can cause some paramagnetic effects on
the NMR signal of the different nuclei, mainly broadening
and shift and shape distortion of the line. These effects can
be large enough to dramatically decrease the signal intensity
and make any observation impossible. We will try to take
advantage of this interaction and its effects on the spectra
that we can associate with the detection of Fe!' formation
in the melt, and its implication on the ionic species.

We report in this paper 2’Al, *Na, and '°F NMR mea-
surements at high temperature in the Na;AlFs—FeO and
NazAlF¢-Fe,O5 binary systems. The combination of the
structural information given by the NMR signal of the dif-
ferent nuclei enables us to give the first experimental evi-
dence of the formation of new species due to dissolution of
iron oxide in these high-temperature melts.

Results and Discussion

27A1 NMR Spectra

The HT Al NMR spectra of molten Na;AlF, with dif-
ferent amounts of FeO are shown in Figure 1.
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Figure 1. HT Al NMR spectra of Na;AlFs—FeO melts at 1020 °C.

Because of the dynamics existing in the melt, and the
rapid exchange between the different possible species in-
volving the nucleus under observation, all the HT NMR
spectra consist of a single Lorentzian-shaped line. In pure
cryolite, a sharp line at 6 = 18.3 ppm is observed, in good
agreement with the value reported by Lacassagne et al.l'!]
Upon addition of FeO the signal is shifted towards higher
chemical shifts and broadens progressively with increased
FeO content. For 1 mol-% added FeO, the line position is
moved slightly to 6 = 21 ppm, and the linewidth is un-
changed. For 14 mol-% FeO, however, the peak is centered
at 0 = 34 ppm with an important modification of the line-
shape (A;» = 900 Hz; Table 1). We observe the same kind
of evolution for very low Fe,O3 additions (Figure 2), with
a shift of 7 ppm for 1 mol-% added Fe,Os.

Table 1. Composition, ?’Al and >*Na NMR chemical shifts, and
linewidths in Na3;AlFsFeO and NasAlF¢Fe,O5; melts at 1020 °C.

x(FeO) [mol-%]  6(7Al) [ppm] A, [Hz] d(*Na) [ppm] A, [Hz]
0.0 18.8 149 0.5 130

1 21.0 179 -6.4 179

5 27.3 398 - -

10 30.9 765 - -

14 34.3 903 - -
x(Fe,03) [mol-%] - d(7Al) [ppm] Ay, [Hz] 6(**Na) [ppm] A, [Hz]
0.0 18.8 149 -6.5 130

0.5 222 256 -5.5 199
0.75 24.2 326 -5.0 262

1 26.0 361 4.8 296

These shifts can be caused by a) a modification in the
local environment of the aluminum nucleus and the forma-
tion of new aluminum species with higher chemical shifts
and b) the existence of unpaired electrons in the system that
affect the local magnetic field around the observed nucleus
and cause a shift and broadening of the line.

Let us discuss the first point. In the liquid phase, the
observed peak position is the average of the chemical shifts
of individual species present in the melt weighted by their
respective populations [Equation (1)] and > XA/(4,) = 1.

6A]mcs = EXA](Ai)'éAI(Ai) (1)
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Figure 2. HT 2’Al NMR spectra of Nas;AlFsFe,O; melts at
1020 °C.

where X*1(4,) is the atomic fraction of Al atoms in the 4,
species and 62(4,) its chemical shift.

The 27Al chemical shift range for aluminum in oxide and
fluoride materials is known to correlate strongly with the
nature and number of the nearest neighbors around the alu-
minum atom and thus to its coordination. For {AlO,} tet-
rahedral sites in oxides the J values fall in the range 6 = 55
to 90 ppm and in the range 6 = -20 to +20 ppm for the
{AlOg¢} octahedral sites. {AlOs} groups have been charac-
terized in different aluminosilicate structures with ¢ values
of about 30 to 40 ppm. In fluorides, significantly different
chemical shift ranges have also been reported for AlF,,
AIFs?>", and AIF¢> units. They are clearly shifted towards
lower chemical shifts: § = 4 to —15 ppm for AlIF¢>, 6 = 40
to 35 ppm for AIF,, and around 6 = 20 ppm for AlFs>
(Table 2).[10]

Table 2. ?’Al chemical shift ranges for AI-O and Al-F coordina-
tion. 1

Al coordination 0(*’Al) [ppm]

AlO, 90-55
AlOs 40-30
AlOg 20 to 20
AlF, 3540
AlF; 20

AlF 4t0-15

These chemical-shift ranges will help us to better under-
stand the chemical-shift evolution measured in the melts.
An increase of the >’Al chemical shift can thus be related
to a decrease of the average coordination number of the
aluminum atoms and the formation of species with a lower
coordination number.

It is also expected that the addition of oxides (Al,Os,
FeO, Fe,03) to molten cryolite will result in the formation
of oxygen-containing entities, the most probable being the
oxofluoroaluminate species AlLOF>~ and AlLO,F,> de-
pending on the oxide content. From an NMR point of view,
the local configuration around the aluminum atom in each
of these two anions corresponds to tetrahedral environ-
ments {AIOF;} and {AlO,F,}. Lacassagne et al.l'll

have determined the 2’Al chemical shifts of these
species as 0y or2 = 50.0£0.5ppm and 0y ok =
www.eurjic.org 4529
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58.5%0.5 ppm, which lic between the chemical-shift ranges
of {AlO,} and {AlF,} tetrahedral units. The formation of
such oxofluoroaluminate species in the melt by dissolution
of iron oxides should thus contribute to an increase of the
measured 2’Al chemical shifts in molten cryolite, where alu-
minum atoms are essentially involved in pure fluoride envi-
ronments.

Because of the line-shape distortion observed for high
FeO amounts it is difficult to interpret the position of the
line unambiguously. This distortion can be assigned to a
paramagnetic effect that causes a line broadening and
should certainly contribute to the shift of the line observed.

Iron in the +2 and +3 oxidation states may exist in a
low-spin or a high-spin state, depending on the ligand-field
strength. In both systems, F~ and O®" ligands create a rather
soft ligand field.'? Thus, the high-spin state will be pre-
ferred [(f2)* (e)* for Fe'' and (t5,)* (e,)* for Fe'']. This is
also supported by the increasing Boltzman distribution of
the higher states with temperature increase. The important
line broadening indicates that the distribution of local mag-
netic fields is spread over the sample. The broadening of
the resonance signal reflects the extent of interaction be-
tween the unpaired electrons and the nucleus.!!*

We can calculate the 2’Al chemical shifts in the
NazAlF¢-10 mol-% FeO system, by taking into account
only the aluminum species involved in the suggested reac-
tion (A).

2NagAlF6(l) + 2FCO(S) = 2N32F6F4(g) + N32A1202F4(1) (A)

At this FeO concentration, the Al,O,F,>~ anion is sup-
posed to be formed in the melt in addition to the fluoroalu-
minate species AlF¢>, AlFs>-, and AlIF,~ due to a dissoci-
ation reaction of unreacted molten cryolite.[':!4 18 Thus,
starting from 90 mol of NasAlF4 and 10 mol of FeO, we
assume the formation of 5 mol of Al,O,F,> by reaction
with 10 mol of Na;AlF4. After the reaction our system
would contain 5 mol of Al,O,F,> and 80 mol of unreacted
Na3AlF6.

From the mass-balance equation expressed for alumi-
num, we can calculate the anionic molar fractions of the

. . N; .
different species in the melt. x; = N—l, where N, is the

T
number of mols of the species i and N the total number

of mols. The atomic fractions can then be easily deduced
and substituted in Equation (2) to give Equation (1).

oxi(caled.) [ppm] = 0.0588:031(AlLO,F,>) + .
0.9412:6%( 3 AIE,)  (2)
x=4

In this calculation, the contrilzution of unpaired electrons

is not taken into account. 6xj( > AIF,*3") = 18.8 ppm is
x=4

the chemical shift measured in molten cryolite, and

Ox(ALO,F>) = 58.5 ppm is the 2’Al chemical shift value

reported by Lacassagne et al.l''l for the AlLO,F,>~ species.
This gives Equation (3).

o%j(calcd.) [ppm] = 0.0588 % 58.5 + 0.9412x 18.8 = 21.1 3)
4530 www.eurjic.org
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This calculated value is different from the experimental
chemical shift measured in the melt of 6 = 30.9 ppm. This
difference can be associated with the presence of the un-
paired electrons of iron in the oxidation state +2, as men-
tioned above.

In the (Na3;AlFsFe,O3) system the formation of two
oxofluoroaluminate anions should be considered even at
such a low iron oxide content according to reaction B.['8:1]

4Na3A1F6 + Fezo3 = 2Na3FeF6 + N32A1202F4 +
Na,ALOF, + 2NaF  (B)

Addition of 1 mol of Fe,O; to cryolite results in the for-
mation of 1 mol of ALOF¢> and 1mol of Al,O,F,> by
reaction with 4 mols of Na;AlF,. After the reaction, the
system contains 1 mol of ALOF¢>, 1 mol of ALO,F, >,
and 95 mols of unreacted Nas;AlFg and other species that
do not contain Al atoms and thus that will not contribute
to the 2’Al chemical shift. Normalization gives Equa-
tions (4) and (5).

dXi(caled.) [ppm] = 0.0103-031(A,0,F4>) + 6
0.9794-0%)( = AIF,*3)  (4)
x=4

oX)(calced.) [ppm] = 0.0103 x50 + 0.0103 x 58 +
0.9794%18.3 =19.0 (5)

The difference between the calculated and the experimen-
tal chemical shift of & = 26.0 ppm can again be attributed
to the presence of unpaired electrons of iron in the oxi-
dation state +3.

23Na NMR Spectra

No significant modifications of the 2*Na chemical shift
were observed in both systems. In the Na3;AlF¢FeO sys-
tem, when the amount of FeO is increased, the line is en-
larged and distorted. This indicates the proximity of a para-
magnetic element to the ?*Na surroundings but no direct
bonding in a defined ionic species.

9F NMR Spectra

No '""F NMR signal was detected on melting. This can
be explained by the existence of a strong paramagnetic ef-
fect that can disturb the signal and make it disappear. For
Na3AlF4-10 mol-% FeO a small '°F signal was observed
but only after 14 minutes of heating. This means that some
reaction has started that changes the local environment
around the fluorine atoms.

In order to follow the kinetics of the dissolution of iron
oxides in both systems, NMR spectra were recorded suc-
cessively for the 2’Al and "F nuclei during 30 minutes at
1020 °C.

The evolution of the 'F NMR spectra of the Na3AlFg-
10 mol-% FeO mixture at 1020 °C is shown in Figure 3 as
a function of time. When the heating duration is increased
the position and the shape of the signal are modified. The
signal position moves towards the position measured in
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pure cryolite and at the same time the line becomes nar-
rower (Table 3). This evolution can be explained by a con-
tinuous evolution of the nucleus shielding due to a decrease
of the concentration of paramagnetic compounds in the in-
vestigated sample.

t(min)
25 ——y ﬁLB&
e o
TN T
20 VA "
W
151
101
5.
Na3A1F5
20 60 00 140 180 220 260
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Figure 3. HT "F NMR spectra of NazAlF¢-10 mol-% FeO at
1020 °C vs. heating time.

Table 3. Time dependence of 2’Al and '°F signal position () and
linewidth (A;5) in the Na3zAlF¢-10 mol-% FeO and Na;AlF4-
1 mol-% Fe,O5 systems at 1020 °C.

Na3A1F6*FeO

Na3A1F(;F6203

t Al Ay 1 0(PF) A t (Al Ay
[min] [ppm] [Hz] [min] [ppm] [Hz] [min] [ppm] [Hz]
4 30.9 762 6 - - 3 24.6 336
7 31.2 1052 11 - - 11 24.6 313
12 31.5 717 14 -61.5 9618 16 25.1 323
16 27.6 394 19 -126.2 2100 24 25.5 379
20 22.8 302 20 -1452 1859 28 26.0 366
25 22,6 488 21 -160.5 1835

30 232 441 22 ~172.0 1494

31 232 475 23 -184.4 1183

24 -193.1 971
25 -194.8 829

The decreasing concentration of paramagnetic iron in the
sample is probably caused by the volatilization of Fe!! com-
pounds from the melt. The solidified sample was investi-
gated by X-ray diffraction and no crystalline phase contain-
ing iron was detected. This confirms the formation of vola-
tile compounds of the type Na,FeF,, . (x = 1, 2),[1%20] a5
already proposed in the literature.®°]

The same kind of measurements were made for the sec-
ond system with Fe,O3 oxide (Na3;AlF¢ + 1 mol-% Fe,05).
In this case we were not able to observe any '°F signal even
after more than 30 minutes in the melt. The non-observa-
tion of the '°F signal suggests the presence of stable, non-
volatile fluoride species in the melt involving the paramag-
netic nuclei, probably in the form of FeF¢* ions.[>1°1 The
paramagnetic effect seems to be strong enough to strongly
affect the signal detection.

In the case of 2’Al in Na3AlF¢ + 10 mol-% FeO, we ob-
served a particular behavior of the spectrum with time
whilst heating, with a shift of the line position and a pro-
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gressive broadening of the line up to 14 minutes of heating
(Figure 4). This evolution is then inversed and we observed
a decrease of the chemical shift and a narrowing of the
peak. This modification appears approximately at the same
time as the '°F signal is observed (Figure 3). These observa-
tions support the suggestion of a continuous decrease of
the concentration of paramagnetic iron in the sample with
FeO caused by evaporation of Fe!' compounds from the
system.
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Figure 4. HT 2’Al NMR spectra of Na3AlFs10 mol-% FeO at
1020 °C vs. heating time.

As mentioned above, the calculated value of the 27Al
chemical shift (NaszAlFg + 10 mol-% FeO), assuming reac-
tion B and no influence of the unpaired electrons, is 6 =
20.6 ppm. This calculated value is in good agreement with
the experimental value of 6 = 23.0 ppm for the sample after
30 minutes of heating.

In the case of Fe,O5 (after five minutes of heating), the
27Al chemical shift remains constant during further heating
(Figure 5). This observation confirms the presence of stable,
nonvolatile fluoride species in the melt involving the Fe!!
paramagnetic iron nuclei.
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Figure 5. HT ?’Al NMR spectra of Na;AlFs—1 mol-% Fe,O5 at
1020 °C vs. heating time.
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Conclusions

High-temperature NMR experiments have been per-
formed in molten cryolite with addition of different
amounts of FeO or Fe,O;. The selective observation of the
27Al, >Na, and '°F signals in the melts at 1020 °C and their
evolution with increasing iron oxide content has allowed us
to confirm the formation of oxofluoroaluminate species.
The non-observation of the '°F signal caused by the para-
magnetic influence of the Fe!! ion in the melt is associated
with the formation of “fluorinated iron” species. Even
though this paramagnetic effect causes a strong broadening
and distortion of the signals, we can still take advantage of
this interaction and follow the formation and/or loss of the
Fe'! species. In the Na3AlFFeO melts, the '°F signal was
finally detected after 14 minutes heating, which would coin-
cide with the evaporation of Fe'l species. However, it was
not observed at all in the Nas;AlFs—Fe,O5 system due to the
presence of stable, nonvolatile species involving the para-
magnetic iron nuclei.

Experimental Section

Samples were prepared by mixing Nas;AlFy (natural, from Ivigtut)
and FeO or Fe,O; (reagent grade, Aldrich). The compositions
ranged from 0 to 14 mol-% of FeO and from 0 to 1 mol-% of Fe,O5
(see Table 1).

All NMR experiments were carried out using a Bruker DSX 400
(9.4 T) NMR spectrometer operating at frequencies of 104.2 MHz
for 27Al, 105.8 MHz for >Na, and 376.3 MHz for '°F. 7Al, ?*Na,
and "°F chemical shifts are referenced to 1 M aqueous solutions of
AI(NO3);, NaCl, and CFCl; at room temperature, respectively.
High temperature (HT) NMR experiments were performed using
the previously described laser-heated system developed at the
CRMHT (Orléans, France).'3] Every sample was placed in a high
purity boron nitride (Carborundum) crucible tightly closed by a
screwed BN cap and placed inside the RF coil, in the center of the
cryomagnet. The crucible was then heated with a CO, laser beam
(4 =10.6 pm, 120 W). The HT NMR spectra were obtained using
single-pulse excitation with 20-, 30-, and 18-ps pulses for 2’Al,
23Na, and '"°F measurements, respectively. Recycle delays of be-
tween 500 ms and 2 s (for '°F) were used, and 64 scans were mea-
sured to obtain a reliable signal-to-noise ratio. The powder mix-
tures were heated and melted up to 1020 °C. ?’Al, *Na, and °F
NMR spectra were recorded for every composition after 4 min for
temperature stabilization. In order to follow the kinetics of the iron
oxide dissolution, 2’Al, 2*Na, and '"F NMR spectra were recorded
repeatedly up to 30 min at 1020 °C.

The NMR parameters (chemical shifts, line widths, quadrupolar
coupling constants) were fitted to the experimental spectra with the
Winfit program.[?!]
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