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ABSTRACT:

In situ high temperature NMR spectroscopy has been used to characterize the interactions between aluminum metal and cryolitic
melts. 27Al, 23Na, and 19F NMR spectra have been acquired in NaF-AlF3 and NaF-AlF3-Al melts over a wide range of compositions.
The evolution of the signals evidence a chemical reaction between the metal and the salt. The different samples have been also
described after solidification at room temperature by Environmental Scanning Electronic Microscopy, high resolution solid state
NMR, and X-ray diffraction. The combination of in situ high temperature NMR characterization of the melts, with experimental
description of solidified samples after cooling, evidence an enrichment of the melts with AlF3 and different reactions with metallic
aluminum depending on the initial bath composition.

1. INTRODUCTION

Aluminum is produced industrially by the Hall Heroult
process. In this process, alumina is electrolytically reduced to
aluminummetal and oxygen, in a bath containing mainly cryolite
and different additives.1,2 The density of molten aluminum is
higher than the bath, and it falls to the bottom of the cell.
Aluminum is then in contact with the carbon cathode, the bath,
and the cell lining. This can induce loss of current efficiency by
different negative reactions such as aluminum dissolution into
the electrolyte, metal losses into the cell lining, or its contamina-
tion by sodium. These reactions may influence the distribution or
the nature of the chemical species in the melt and thus the
properties of the bath.

Previous experiments showed that when a piece of aluminum
was added to NaF-AlF3 melts a gray fog was formed above the
liquid, while the melt itself became opaque.3-9 This fog was
observed with or without electrolysis and depending on the AlF3
content. Different measurements of total vapor pressure10,11-
explained these vapors as being made of metallic sodium. This

information was confirmed by Raman spectroscopy with the
detection of sodium vapor over the melt.12 Some authors9 have
detected metallic particles dispersed in the solid bath after its
cooling, and it was concluded that such dispersions should be
present in the melt before solidification. The size of such
dispersions depends on the cooling rate and on the composition
of the bath. The determination of the aluminum solubility has
been approached by different methods such as the analysis of the
metal after solidification, and by the weight loss calculations.3-9

However, the data obtained are quite dispersed because of
possible interactions between the aluminum and the crucible
material or the atmosphere above the bath and because of the
evaporation observed and invoked above.

The ionic structure of NaF-AlF3 binary melts have been
proposed by different authors.1 The model involving three
alumino-fluoride species AlF4

-, AlF5
2-, AlF6

3- has been con-
firmed by high temperature Raman and NMR spectroscopy.12,13
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Only minor amounts of AlF6
3- species are detected over the

entire range of composition while the AlF5
- species become

predominant around the cryolite (25 mol % AlF3) composition.
For baths containing metallic aluminum only little structural

information is available.1 It is known that the metal dissolution
in cryolitic melt is low (0.1 wt %), and depends on melts basicity,
temperature, and on the nature of additives. It has been proposed
that aluminum is present in the bath as aluminum dispersions,
alumino-fluoride species, and under different oxidation states.
Owing to experimental difficulties, these structural modifications
are not clearly described, and are often based on simple observa-
tions and theoretical models.

In a previous paper,14 we have presented preliminary results
obtained by high temperature 27Al, 23Na, and 19F NMR spec-
troscopy on the structural changes occurring with aluminum
dissolution in NaF-AlF3 molten mixtures. From the evolution of
the NMR signals in the melts and the structural characterization
of the solidified samples, we have proposed some modifications
of the fluoroaluminate species distribution because of the reac-
tion of aluminum with the bath and its enrichment in AlF3.

In the present paper, we have analyzed an extended domain of
NaF-AlF3 compositions up to very low AlF3 content with and
without aluminum metal. A detailed analysis was also performed
on pure NaF composition, from room temperature up to
1000 �C. To describe the phases formed on cooling after reac-
tions at high temperature, the compositions were also character-
ized at room temperature after solidification using high resolu-
tion solid state NMR, Environmental Scanning Electron Micro-
scopy, and X-ray diffraction.

2. EXPERIMENTAL SECTION

Samples. According to the phase diagram,1 compositions ranging
from 0 to 50 mol % AlF3, were prepared by mixing suitable amounts of
NaF (Sigma-Aldrich Co., 99.9%) and AlF3 (Inland, 99.9%, purified by
two sublimations at 1273K) powders. Natural cryolite from Ivigtut,
Greenland was used for the 25 mol % AlF3 composition. Small pieces (3
mg) of metallic aluminum of high purity (Rio-Tinto-Alcan) were added
to 70 mg of each NaF-AlF3 mixture into a boron nitride crucible tightly
closed with a screwed cap. The boron nitride is of very high purity (BN
AX05 MCSE), with a negligible amount of oxide binder, to limit any
possible interactions with the fluoride bath. Samples preparation were
made in a glove-box under dried argon (H2O content <2 ppm, O2< 4
ppm).

After high temperature NMR measurements, the solidified mixtures
are first characterized without any preparation by Environmental Scan-
ning Electronic Microscopic (ESEM). They are then crushed and
characterized by Magic-Angle Spinning (MAS) NMR and X-ray
Diffraction.
NMRMeasurements. The high temperature NMRmeasurements

were performed using the laser-heating system developed in Orl�eans.15

The bottom of the crucible containing the sample is directly heated by a
continuous CO2 laser (λ = 10.6 μm, 120 W) axially through the NMR
probehead. The temperature calibration was made using a calibration of
the laser power with temperature measured by a K type thermocouple
located inside a BN crucible filled with BN powder, for the same heating
and cooling procedure than the experiments. The accuracy on tempera-
tures is estimated within (5 �C. BN crucibles are protected from
oxidation at high temperature by a continuous argon flow. The electro-
nics and the radio frequency coil are cooled by an air flow at room
temperature. The 27Al, 19F, and 23Na high temperature NMR spectra
were acquired for each composition, 10 degrees above the correspond-
ing melting temperature. A single pulse sequence was used for high

temperature experiments with π/8 (for 27Al and 23Na) and π/2 (for
19F) pulses, and recycle delays of 0.5 s for 27Al and 23Na and 5 s for 19F.
The obtained spectra at high temperature are sharp and well resolved.
The acquisitions are short and require only 8 to 64 scans. Because
fluoride melts are very corrosive and can be associated with a non
congruent vaporization, the experimental time spent in the liquid phase
has been minimized and is less than ≈15 min to avoid evolution of the
composition during the experiments.

MAS NMR spectra were acquired at room temperature using a 2.5-
mm Bruker High Speed MAS NMR probe with a spinning rate of
20 kHz. 27Al and 23Na spectra were collected using a Two Pulse Phase
Modulation (TPPM)16,17 19F decoupling sequence to improve 19F
decoupling and spectra resolution. Spectra were simulated with the
DMFit program.18

All NMR experiments were carried out on a Bruker Avance 400
spectrometer operating at 9.4T. 27Al, 23Na, and 19F signals are referenced
to Al(NO3)3, NaCl 1 M aqueous solutions, and pure CFCl3 respectively.
ESEM Analysis. An FEI/Philips XL40 ESEM equipped with an

energy dispersive X-ray spectrometer (EDS) was used for the samples
characterization. Compared with conventional SEM, in Environmental
Scanning Electron Microscopy (ESEM) non conductive materials can
be imaged without any conductive coating, allowing a direct observation
with no damage to the sample. Imaging was performed with a gaseous
secondary electron detector (GSED), an accelerating voltage of 20 kV,
and a water pressure of 0.3 Torr in the chamber. This low pressure was
used to keep a good spatial resolution for the X-ray analysis by
minimizing the scattering of the primary electrons beam.

The samples were inserted into the microscope chamber at room
temperature after the high temperature NMR experiments.

X-ray diffraction analysis were done at room temperature under air on
a Philips PW1729 diffractometer (CuKR1,2 radiation).

2. RESULTS AND DISCUSSIONS

2.1. Samples at High Temperature. High Temperature NMR
Study of NaF-AlF3 System. Figure 1 shows the chemical shifts
evolution obtained for 27Al, 23Na, and 19F, measured for NaF-
AlF3 compositions ranging from 0 to 50 mol % AlF3 with and
without aluminummetal. The values reported in this work for the
system without metal addition are in good agreement with
previous data obtained by Lacassagne et al.13 from 20 to 50
mol %AlF3. This work completes the domain of compositions up
to low AlF3 contents, unstudied until now. 27Al chemical shifts
increase with AlF3 content over the whole range of compositions,
while 23Na chemical shifts decrease from 5 ppm in NaF to-17.6
ppm in NaAlF4 (50 mol %AlF3).

19F chemical shifts range
between -228 and -190 ppm with a plateau between cryolite
and chiolite compositions. This confirms the “bell-shape“evolu-
tion for 19F chemical shifts previously proposed by Lacassagne
et al.13

The NMR signal obtained in a melt at high temperature is a
single narrow line because of a rapid and dynamical exchange
between the different species involving the observed nucleus.
The peak position is the average between the chemical shifts of
the different units present in the melt weighted by their relative
proportions. If the bath is composed of different ionic species, Ai

(e.g., F-, AlF4
-, AlF5

2-, AlF6
3-, etc.) the measured chemical

shift of a N nucleus (e.g., 19F, etc.), δ(N), can be expressed as

δðNÞ ¼ ∑
i
XN
Ai
:δNðAiÞ

where XAi
N is the atomic fraction of N in the Ai species and δ

N(Ai)
is the chemical shift of N for Ai species.
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In a first empirical approach, to deduce the anionic propor-
tions from the measured 27Al chemical shifts, we need to know
the chemical shift value for each coordination. In solid alkali
fluoroaluminates, aluminum atoms are essentially octahedrally
coordinated with F, and the 27Al chemical shifts range reported
lies between -15 and þ2 ppm.
We have selected the value measured in the high temperature

solid phase of cryolite before the melting at 1253K (δVI
Al = 2 ppm)

because the local environment of the aluminum 6-coordinated in
this high temperature phase is very close to the one in the melt.
For the AlF5

2- chemical shift, only very rare data have been
reported on 5-fold coordination. The value reported by Kohn
et al.,22 obtained in a jadeite glass doped with cryolite, and that
obtained by Dirken et al23 at 20 ppm are in good agreement with
the values reported by Lacassagne et al.13 in the molten state. The
value considered for the AlF4

- chemical shift is the value
obtained in the melt at 50% mol AlF3 (1303 K). At this com-
position it has been shown that only AlF4

- species are present,19

and the measured chemical shift is δIV
Al = 40 ppm.

As it was proposed by Gilbert et al.,19-21 the fluoroaluminate
species present at low AlF3 contents are mainly AlF6

3- and
AlF5

2-, while the AlF4
- species appear for content higher than

20 mol % AlF3. In the range of composition concerned in our
calculation (0-20 mol %), fluorine atoms are only involved in
AlF6

3-, AlF5
2- complexes, and in free fluorine ions, F-. There-

fore, the 19F chemical shift can be expressed as

δF ¼ XF
F- 3

δFF- þ XF

AlF
3 - 3
6

δFVI þ δF
AlF

2 - 3
5

XF
V

The 19F chemical shift values are taken from Lacassagne
et al.:13 the value measured in pure molten NaF at -228 ppm

is assigned to the free fluorine ion. The chemical shifts for AlF6
3-

and AlF5
2-were defined at δVI

Fl =-176 ppm, and δV
F =-188 ppm.

From the atomic fractions determined from the experimental
chemical shift we can extract the anionic molar fractions with the
equation

Xi ¼ n0i
∑n0i

where ni
0 is the initial molar number of the i-th species.

Using the conservation rules for each atom of the system
Aluminum conservation: [AlF3]0 = n6 þ n5.
Fluorine conservation: 3[AlF3]0 þ [NaF]0 = 6n6 þ 5n5þ nF-

and nT = n6 þ n5 þ nF-.
We have reported in Figure 2 the anionic fractions given by our

NMR data and the values deduced from the Raman experi-
ments.21 The anionic fractions calculated for the composition
range 0-20 mol % AlF3 shows an important contribution of
AlF5

2- and confirm the dissociation of AlF6
3- in AlF5

2- accor-
ding to the model:

AlF3-6 T AlF2-5 þ F-

followed for higher AlF3 content by a further dissociation of
AlF5

2- in AlF4
-.

AlF2-5 T AlF-4 þ F-

already defended byGilbert et al.19-21,24-26 The slight difference
observed between the two series of data between 15 to 20% mol
AlF3 can be explained by the presence of a small amount of AlF4

-

which is not taken into account in this calculation. Nevertheless,
the agreement is quite satisfactory.
NMR Study of Aluminum Metal. NMR studies on metals are

conditioned by the size of metallic particles in the sample. The
radiofrequency field is able to go through the metallic species
under 50 μm. If the sample is a piece of metal with higher
dimensions, only the nuclei located in a layer of this thickness
participate in the resonance and the resulting signal will be too
weak to be detectable. This phenomenon is due to a specific
property of metals called “skin effect” linked to the screening of
the magnetic field by the conducting electrons. To improve the
very weak NMR signal, a solution is to increase the ratio area/
volume by using fine powders, or thin films. If the size of the

Figure 2. Anionic molar fractions of the different species present in
melts of theNaF-AlF3 system. ο F-,ΔAlF4

-,0AlF5
2-,)AlF6

3- (Filled
symbols, this study; empty symbols, Raman data fromGilbert et al.17-19).

Figure 1. High temperature evolution of 27Al, 19F, and 23Na chemical
shifts in molten NaF-AlF3 (empty symbols) and NaF-AlF3-Al (filled
symbols) systems.
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sample is comparable with the depth of the skin, the NMR
response will be very complex and not exploitable. Knight27 has
shown that the NMR signal of a metal is at higher frequency than
the same nuclear species in a non metallic material. This shift,
called “Knight Shift”, is due to the hyperfine interactions between
the nuclear moments and the electromagnetic field around the
nuclei. The Knight shifts of metallic aluminum and sodium
have been reported in metallic materials with cubic structure at
1640 ppm and 1120 ppm, respectively.28,29

To highlight the 27Al NMR signature of the molten metal,
2 mg of aluminum powder (φ = 15 μm)was dispersed in anMgO
powder. Figure 3 presents the comparison between the 27Al
NMR spectrum of molten aluminum registered at 973 K and the
27Al MAS NMR spectrum of solid metal at room temperature.
Chemical shifts are quite similar: 1640 ppm for solid metal and
1630 ppm for liquid aluminum.
For all samples studied in NaF-AlF3-Al system, aluminum was

introduced as pieces of few milligrams. It explains why the 27Al
signal of the metal was not detectable on the spectra of these

compositions if no reaction occurred into the bath. Non reacted
aluminum metal could not be detected by 27Al NMR, and,
conversely, if dispersions are formed and preserved on cooling,
it would be possible to detect their NMR signature at room
temperature.
High Temperature NMR Study of NaF and NaFþAl Metal.

Figure 4 shows 19F and 23Na NMR spectra obtained for NaF
sample at 1283 K for different heating durations. It was observed
that the 19F and 23Na signals at -228 ppm and 5 ppm,
respectively, are not modified during heating. The 19F spectra
recorded at 1283 K for NaF containing aluminum metal
(Figure 5) shows a shift of 19 ppm and thus appears at -209
ppm. The signal is slightly shifted during heating, and it is
stabilized at -206 ppm after 10 min. From the beginning of
the heating of the sample with Al metal, the 23Na spectrum is
slightly broadened (350 Hz) compared with pure NaF (300 Hz).
During the heating, the peak shifts up to 0 ppm because of the
presence of Al metal. After 10 min at 1283 K (Figure 5), a small
27Al NMR signal is detected at 14 ppm. This value coincides with
the chemical shift values measured for fluoroaluminate species in
molten NaF-AlF3 melts with low AlF3 content below 10 mol %
(see Figure 1). This observation confirms the reaction between
aluminum metal and molten NaF and the formation of AlF3 in
the melt.
High Temperature NMR Study of NaF-AlF3-Al System. The

chemical shifts obtained for the different NaF-AlF3 compositions
in this study were systematically compared with that acquired in
the system with aluminum metal (Figure 1). The observed
chemical shifts' behavior indicates that they depend strongly
on the AlF3 content. For 27Al, and 19F, it was remarked a
systematic shift toward upper chemical shift values, while for
23Na no evolution is visible when aluminum is added. This trend
is clearly observed up to the cryolite composition, and is less
visible for higher AlF3 contents.
For fluorine, the same trend was observed than in the NaF-

AlF3 system but shifted toward higher chemical shifts for 0 to
25 mol % AlF3 range. This shift decreases rapidly with AlF3
contents. For compositions above 25 mol % AlF3 no change was
observed. The trends observed for 27Al and 19F mainly below
25 mol % AlF3 correspond to the modification of the average
local environment around fluorine and aluminum atoms when
the aluminummetal reacts with the bath. When Al metal is added
to the baths at low AlF3 content (i.e., 0 to 15 mol % AlF3 range),
the 27Al and 19F chemical shifts are similar to values obtained for
baths without metal but with higher AlF3 content. This main

Figure 3. 27Al NMR spectra of metallic aluminum powder dispersed in
MgO powder. Comparison between 27Al NMR spectrum for molten
aluminum at 973 K (upper spectrum) and 27Al MAS NMR for solid
aluminum at room temperature (bottom spectrum). Asterisks, *,
designate spinning sidebands.

Figure 4. 19F and 23Na NMR spectra of NaF at 1283 K. The spectra were registered over 15 min at the same temperature to control any possible
evolution of the melt.
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effect corresponds to the chemical reaction of the aluminum
metal with fluorides of the bath implying an AlF3 enrichment of
the composition, and thus to a modification of the AlFx

3-x

species distribution.
For the baths containing Al metal and with higher content in

AlF3 (i.e., above 25 mol % AlF3) the very slight changes of the
chemical shifts' values observed for all nuclei (27Al, 19F, and
23Na) evidence that the chemical reaction with Al metal is less
significant than for compositions with higher NaF content.
2.2. Solidified Samples. The samples have been further

characterized at room temperature after rapid cooling. The color
of the sample varied from dark gray to white, depending on the
composition. Three visible domains are detectable in the sample:
the position of the aluminum piece, the zone around, and the
bath. The metal was extracted to estimate its weight loss. It was
observed (Figure 6) that the weight loss decreases with AlF3
content, as it has been described in the literature.2,6,7,9 A large
deviation was noticed for compositions with higher AlF3 content
(more than 40mol %). In these samples the aluminumwas partly
lost under small metallic particles dispersed all over the bath.
Thus, it can explain important dispersion values noticed in the
weight losses estimated for high AlF3 content.
ESEM Study of NaF and NaFþAl. For NaF sample, the ESEM

picture (Figure 7a) shows a structure with cubic grains linked

together. The equiaxial shape of grains indicates a uniform
distribution of crystallization germs in the liquid phase and an
isothermal cooling of the entire bulk of the sample.
ForNaFþAlmetal (Figure 7b)mainly a dendritic type structure

with a secondary phase localized around the dendrites was
observed. Additionally, X-ray mappings of the three elements
(Al, F, and Na) of this area (Figure 7c) have been collected and
show that the dendrites contain only F and Na, and thus
correspond to the NaF phase. The secondary phase is composed
of F, Na, and Al. Further analysis by X-ray diffraction, collected at
room temperature, brings out the presence of cryolite. Thus, it was
concluded that the phase formed around the dendrites is cryolite.
MAS NMR Study of NaF and NaFþAl Metal. The qualitative

and quantitative identification of the solid phases present in our
solidified samples were made in reference to the 19F, 23Na, and
27Al MAS NMR spectra of NaF, Cryolite, Chiolite, and R-AlF3
(Tables 1, 2, and 3), recorded in the same conditions.
In NaF, all sodium and fluorine atoms are 6 coordinated.30

The crystallographic structure of cryolite Na3AlF6,
31 a ‘‘mixed-

cation fluoride perovskite’’, is monoclinic andmade of alternating

Figure 5. 27Al, 19F, and 23Na NMR spectra at 1283 K in pure NaF and in NaF with Al metal.

Figure 6. Metal weight loss variation versus AlF3 content.

Figure 7. ESEM pictures of NaF (a) and NaFþAl (b) solidified melts
with X-ray cartography (c) of the selected area (in red).
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AlF6
3-and NaF6

5- octahedra while the Chiolite, Na5Al3F14, has
a tetragonal structure32-34 with alternating layers of AlF6

3-octa-
hedra linked by their tops and layers of NaF6

5- octahedra linked
by their edges, the sodium being located between the layers.37

Two different types of AlF6
3-are present in the structure:

Al[1]F6
3- at the center of an axially symmetric octahedron with

in-plane Al-F distances of 1.795 Å, and Al[2]F6
3- located in a

more distorted octahedron with in-plane Al-F distances of
1.789 Å. The corresponding 27Al signals differ by the chemical
shifts values but alsomainly by the quadrupolar couplings and the
associated complex lineshapes.

In the case of the NaFþAl sample, the 19F MAS NMR
spectrum shows clearly the presence of two signals correspond-
ing to NaF and cryolite (Figure 8a) at -225 ppm and -189
ppm,13 in good agreement with the values reported by Lacassagne
et al.13 It is also confirmed in 23Na MAS NMR spectrum
(Figure 8b) with the signal of NaF at 7 ppm and the two peaks
corresponding to the two Na sites in cryolite: NaF6

5- at 2 ppm37

and NaF8
7- at-8 ppm.39 The 27Al MAS NMR spectrum for this

solidified sample (Figure 9) evidences two 27Al signatures: at
0 ppm corresponding to cryolite and at 1650 ppm for aluminum
metal. The detection of the signal of metallic aluminum at 1650
ppm is associated with the presence of very small metallic particles
(φ < 50 μm). It coincides with the important weight loss measured
for the aluminum piece in this sample.
MAS NMR Study of NaF-AlF3 and NaF-AlF3-Al Systems. The

relative proportion of each phase has been defined from the
intensities of the different signals (Figure 10). When aluminum
metal is added in the NaF-AlF3 system, starting from its forma-
tion in NaF sample, the proportion of cryolite is systematically
higher than in samples without metal. In the same way, chiolite is
detected at lower AlF3 content. This evolution indicates a
chemical reaction between the metal and the melt leading to
an increase of the AlF3 content in the bath. This reaction is also
strongly dependent on the composition and on the acidity of the
melt. For compositions with AlF3 content higher than 37.5 mol
%, no variation was observed.
From the 27Al MAS NMR spectra, for 0-25 mol % AlF3

range, when AlF3 content increases, it is observed that the
intensity of the Al metal signal at 1650 ppm decreases. This
tendency can be due either to metallic dispersions that dis-
appear by reaction with the bath or to the presence of bigger
particles which are difficult to be detected by NMR. For
compositions with high AlF3 content, no metal signal has been
detected on 27Al MAS NMR spectra. Nevertheless, a large sig-
nal is observed at 70 ppm with a typical quadrupolar line shape
which can be assigned to the signal of alumina. The formation
of alumina can be associated with the oxidation of the sam-
ple during grinding procedure, this oxidation being directly

Table 1. 19F Isotropic Chemical Shiftsa of Solids Compounds
of NaF-AlF3 System

compound site δiso/ppm ref.

NaF FNa6
5þ -225 this study

-221 13

Na3AlF6 FNa3Al
5þ -190 this study

-189 13

Na5Al3F14 FNa3Al
5þ -187 this study

-187 13

-189.5 36

FNa4Al
6þ -191.3 this study

-190 13

-191.4 36

FAl2
5þ -166 this study

-162 13

-165 36

R-AlF3 FAl2
5þ -173 this study

-174 13

-172 38
aReferenced to CFCl3 1M.

Table 2. 23Na Isotropic Chemical Shifts, δiso,
a, Quadrupolar

Coupling Frequencies, νQ, Asymmetry Parameters, η, of
Solids Compounds of NaF-AlF3 System

compound site δ iso /ppm νQ /kHz η ref.

NaF NaF6
5- 7.6 200 0 this study

7 47 0 13

Na3AlF6 NaF6
5- 2.2 240 0 this study

4 450 1 39

2 420 0.6 37

1 240 0 13

NaF8
7- -8 700 0.28 this study

-8 725 0.25 39

-9 715 0.3 37

-12 700 0.28 13

Na5Al3F14 NaF6
5- -7 1600 0.12 this study

-6 1600 0.15 39

-9 1590 0.1 37

-7 1600 0.12 13

NaF12
11- -20.5 770 0 this study

-21 750 0 39

-24 740 0 37

-21 770 0 13
aReferenced to NaCl 1M.

Table 3. 27Al Isotropic Chemical Shifts, δiso,
a, Quadrupolar

Coupling Frequencies, νQ, Asymmetry Parameters, η, of
Solids Compounds of NaF-AlF3 System

Compound Site δ iso /ppm νQ /kHz η ref.

R-AlF3 AlF6
3- -16.5 120 0 this study

-16 4.8 0 37

-15 0 0 13

Na3AlF6 AlF6
3- 0 80 0 this study

0 90 0.9 37

-1 70 0 13

0 90 0 39

Na5Al3F14 Al[1]F6
3- -1.5 1150 0.13 this study

-4 1200 0.15 37

-1.5 1200 0.13 13,33

-1 1185 0 39

Al[2]F6
3- -2.8 900 0 this study

-9 880 0 37

-2.8 900 0 13,33

-3 900 0 39
aReferenced to Al(NO3)3 1M.
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connected with of the existence of large metallic particles in the
mixture.
2.3. Influence of the Cation. To confirm these observations,

we have tested the influence of metallic aluminum in pure molten
LiF and KF. To enhance the possible reactions over the whole
sample, we havemixed the fluorides samplewith aluminumpowder
(φ 15 μm), using the same proportions than in the previous
description. In the case of potassium fluoride, a 27Al signal is also

visible after few minutes in the melt at 28 ppm, a chemical shift
intermediate between the one measured in molten K3AlF6
(22 ppm) and KAlF4 (43 ppm). In molten LiF no 27Al signal
has been detected even after 15 min. Figure 11 reports the 27Al
NMR spectra obtained in molten KF and NaF with aluminum
additions compared with the signals measured in molten M3AlF6
and MAlF4 (M = K, Na). We can argue for a stronger reactivity in
the KF system. The signal position corresponds to chemical shifts
associated with lower average coordination and consequently to a
higher amount of AlF4

- species in the melt.

Figure 8. 19F (a) and 23Na (b) MAS NMR spectra of NaF and NaFþAl.

Figure 9. 27Al MAS NMR spectra of NaFþAl. Asterisks, *, designate
spinning sidebands.

Figure 10. Relative proportions of the different solid phases (NaF,
Cryolite, and Chiolite) extracted from 23Na MAS NMR spectra in-
tensities for NaF-AlF3 and NaF-AlF3-Al systems. ) NaF, O cryolite, Δ
chiolite: filled symbols with Al, empty symbols without Aluminum.
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3. CONCLUSION

The high temperature NMR approach of the interactions
occurring betweenmetallic aluminum and themelts of the binary
systemNaF-AlF3 provides a unique way to visualize the reactions
existing at the interface between the aluminum and the cryolitic
bath in aluminum electrolysis.

In the literature the description of such reactions were often
deduced from observations at room temperature after rapid
cooling of the melt. Nevertheless even if some dispersions are
detected in the solidifiedmelt, the size of such particles is strongly
dependent on the cooling rate and the composition.

By the combination of the 19F, 23Na, and 27Al NMR chemical
shifts observations we are able to describe in situ the effect of
aluminum dissolution over a wide range of composition.

We have shown the modification of the distribution of
fluoroaluminate species in the bath with metallic addition depen-
ding on AlF3 content. Addition of metallic aluminum in pure
NaF leads to the formation of fluoroaluminate species in the
melt, according to the 27Al chemical shift value. For low AlF3
contents (below 25 mol %), the important effect on 19F and 27Al
chemical shifts illustrates the strong reaction between the
aluminum metal and these melts. The characterization of the
solidified mixtures at room temperature by NMR and ESEM
confirmed this AlF3 enrichment of the baths.

For composition with higher AlF3 content, no modification of
the NMR spectra indicated that no reaction between the metal
and the baths occurred.

The 27Al NMR signature of the metallic aluminum under
25 mol % AlF3 indicates that aluminum is present under small
particles disseminated in the sample. For higher contents in AlF3,
the signature of the metal is not direct but is expressed by the
presence of alumina. These observations are confirmed by
microscopy with the observation of large particles of aluminum
more or less oxidized. These results are of major importance
for the aluminum industry and allow a better understanding

of the speciation and of the chemical properties of the electro-
lytic bath.
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