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ABSTRACT

Molten system NasAlFs—SiO, was examined by high temperature NMR. Further
characterizations of the samples prepared by Rapid Solidification Processing (RSP) technique
and by spontaneous solidification were performed by X-ray diffraction and solid state NMR.
The high solubility of SiO, in molten cryolite and the immiscibility phenomenon were
observed. Using thermogravimetric analysis, weight losses were detected, which could be
attributed to the formation of the volatile products. The results of the present study are the
evidence that SiO, reacts with molten NasAlFs under the formation of the volatile SiF,,
non—volatile NaF, and alumino—silicate AlSi;Og species. NMR spectroscopy coupled with
diffraction—based methods was proved as a promising approach to obtain information about
the structure and chemistry of this rather complex system.
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1. Introduction

Solar power energy is the most prevalent form of a renewable energy. It is not yet

apparent what portion of our energy needs will be ultimately based on the sunshine, although
it has a potential to definitely far transcend the total energy demand of humankind on the
globe.
Over 90 % of today's photovoltaic cells still use silicon as conversion material. The reason is
its abundance (Si constitutes 27 mass % of earth's crust), non—toxicity, acceptable band gap
and reasonable energy conversion efficiency (around 20 %) [1-3]. One of the current hurdles
against solar energy becoming a major contributor to the energy basket is still its high cost.
An increasing attention has been thus paid to the production of solar grade silicon (SOG—Si)
at low cost.


mailto:uachsim@savba.sk

The understanding of the relations between the structure and chemistry inside the molten
electrolyte systems (nature of ionic electroactive species, product of thermal dissociation, co—
ordination chemistry, etc.) and their physico—chemical properties (conductivity, viscosity,
density, phase equilibria, etc.) is essential for the industrial application, yet necessary
information in this area is still very limited. Some studies on electrochemistry of some
fluoride and chloride systems have been published in the seventies and eighties of the 20™
century [4—6]. Also, in recent years, one can see an increasing interest in this field [7-21].

Previous screening in between the several molten salt electrolytes has pointed out that,
with respect to the deposited material purity and process current efficiency, the cryolite—based
melts are promising media for the electrowinning of silicon [22-23]. The process has not yet
been, however, successfully commercialized due to the rather high melting point of silicon
(1412 °C), prohibiting the production of liquid primary silicon at the temperatures usual for
cryolitic electrolytes (ca 1000 °C). In addition, an accurate comprehension of the physico—
chemical behavior and the structure of different cryolite-based electrolytes (including the
knowledge of the electroactive species), what is vital for industrial application, is also very
scarce [24-28].

Although physico-chemical behavior of the various molten cryolite systems is the subject
of a longtime inquiry due to the Hall-Heroult technology, data regarding the physico-
chemical properties of the particular system NasAlFs—SiO, are not only rather limited, but
also available only for a small concentration range of silica.

Batashev and Zhurin [29] were the very first who investigated the molten system
NasAlFs—SiO,. These authors have found by visual observations the eutectic point in the
system NazAlF¢—SiO; at approximately 3 wt. % SiO, (9.75 mole %) and 980 °C. Likewise, a
narrow field of solid solution of SiO; in cryolite was postulated on the cryolite side of the
binary phase diagram. On the SiO, side (beyond the eutectic point), an area of immiscibility
of the two liquid phases was found. However, these results, according Grjotheim and
Matiasovsky [25], have to be considered just as preliminary, and still need to be verified.

The data related to the system NaszAlFs—SiO, was later reviewed by Grjotheim et al.
[30]. The authors concluded that silica reacts with cryolite (NasAlFg) or AlF; with the
formation of volatile SiF,:

4NazAlFg + 3Si0, — 3SiF, +12NaF + 2Al,0; 1)
or

NazAlFg + SiO, — SiF, +12NaAlO, + 2NaF 2
and

4AIF; + 3Si0, — 3SiF, +2Al,0, (3)

The rates of these reactions are based on the authors, however, rather slow, and thus the
changes in chemical composition of the melts are almost negligible.



The phase equilibria in the isothermal section of the system NasAlFs—Al,03—SiO, at
1010 °C were investigated by Weill and Fyfe [28]. The authors have found that the solubility
of SiO,, which is in pure NazAlFg (1010 °C) less than 5 wt. % (15.53 mole %), increases with
increased concentration of Al,O3 in the melt. The paper has also reported that the changes in
the composition of the melt, due to the formation of volatile SiF,, were negligible and did not
significantly affect the final composition of the melt after precipitation. It should be pointed
out that the experiments [28] were carried out in a closed system (Pt vial) where the reaction
equilibrium likely shifted to the left. In the open systems SiF, can, on the other hand, escape
away of the reaction vessel, and the losses of fluorides caused by the reactions (1 or 2) can be
detected and can cause more significant change of the reactant’s composition.

Fellner and Matiasovsky [31] were determining the influence of the different melt
compositions on the losses of SiO, (and subsequently on the losses of fluorine) in the
NasAlFs—SiO, melt. The change of Gibbs energy in the reaction (1) is positive (AGg° (1300
K) = 506.81 kJ/mol) so one can expect that the equilibrium of the reaction would be shifted to
the left—hand side. The authors mentioned rather high losses of fluorides (in the open reaction
systems) likely caused by the reaction (1 or 2 and 3). It was found that the components in the
system react with the formation of volatile SiF,. The formation of SiF, was subsequently
determined analytically [31].

The main aim of this work is focused on the behavior of SiO, in molten NazAlFg. Our
goal is to find out the structure and the form of all entities; ionic, non—ionic, complex, or
polymerized in molten cryolite—silica melts. High Temperature (HT) Nuclear Magnetic
Resonance (NMR) provides direct information about the number and the nature of present
ions in the melt as well as local symmetry of the present constituents [32—-35]. Rapid
Solidification Processing (RSP) allows us to prepare the solidified melt samples with an
internal structure as close as possible to a liquid state. Such prepared samples can be then
easily analyzed by a whole spectrum of conventional room temperature spectral technigues.

A frequent presence of different disordered solids is well known as a problem in
resolving the structure of SiO, containing systems. To understand and to comprehend the
structure of disordered solids is a difficult task taking into account a missing long-range
periodicity and the impossibility to make use of standard diffraction techniques. One of the
main experimental methods to determine short-range structures in glasses and amorphous
materials is high resolution solid—state NMR spectroscopy.

2. Experimental

2.1. Chemicals and preparation of samples

Chemicals: The chemicals sodium hexafluoroaluminate (NasAlFg), and silicon dioxide (SiO5)
were analytical grade and purchased commercially. The CAS Registry Nos., suppliers, and
mass fractions are listed in Table 1. The chemicals were stored in glove box Jacomex GP
concept with autonomous purification system, at atmosphere of inert argon gas. All the
chemicals were used directly for samples preparation. The weighing, homogenization in
mortar and preparation of each individual sample were performed in a glovebox.



Table 1. CAS Registry Number, Mass Fraction and Purity of used Chemicals and materials.

component CA’fIOFIQeg. suppliers purity
Sodium hexafluoroaluminate  13775-53- Alfa Aesar by Thermo 99.90%, powder
NazAlFg 6 Fischer Scientific GmbH,
Germany
Silicon dioxide, SiO, 7631-86-9 JMC (Johnson Matthey 99.90%, powder
Chemicals Limited)
BN crucible with lid, BN, for 10043-11- P Vision-ABC France 99.99%, Crucible @ 9,
high-temperature NMR 5 hole @ 2.5x7 mm deep
measurements
BN crucible for weight-loss ~ 10043-11-  Saint-Gobain Construction 99.99%, Crucible @ 30,
measurements 5 Products, s.r.0., USA hole @ 25x70 mm deep
Argon, Ar 7440-37-1 SIAD, Slovakia 99.999%, gas
Platinum/10rhodium, PtRh10 11107-71- Safina, Slovakia 90%Pt10%Rh, crucible
4
Sintered aluminium oxide, 1344-28-1 Morgan Advanced Materials 99.7%, sintered tubes
Al,O; Haldenwanger GmbH,
Germany
Sodium chloride ultrapure,  7647-14-5 Alfa Aesar by Thermo 99.9%, powder
NaCl Fischer Scientific GmbH,
Germany
Sodium fluoride, NaF 7681-49-4 Alfa Aesar by Thermo 99.9%, powder
Fischer Scientific GmbH,
Germany

For individual purpose (spontaneously cooled samples, rapid solidified samples, high-
temperature NMR measurements), the mechanically homogenized powder mixtures of
NasAlFs and SiO, (in a mole content 0, 5, 25 and 50 mole % of SiO,) were prepared in a
glovebox, in an argon inert environment.

Preparation of spontaneously cooled samples: Individual samples were synthetized by direct

reaction in molten state. 10.0000 grams of each mixture were individually placed in a Pt
crucible and heated in a resistance furnace from room temperature up to 1025°C at a heating
rate of 5 K/min under 0.2 MPa of argon atmosphere. The holding time was 100 min. The
temperature control and the data processing were performed using a computerized measuring
device (multicomponent model for thermal analysis data collections National Instruments,
where the data collections run online under Labview software). The temperature of the
samples was controlled by a Pt-PtRh10 thermocouple, calibrated on the melting points of
highly pure NaCl and NaF. The accuracy of the temperature difference measurement between
the temperatures of primary crystallizations of the given mixtures was (+1 °C). After melting,
the samples were then spontaneously cooled down to room temperature at a rate of 7 °C/min.
The samples were then homogenized in glovebox and ready for analysis.

Preparation of rapid solidified (RSP) samples: For RSP experiments the samples with the
same composition and were pressed into the form of tablets (30 grams). The RSP apparatus
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(more specifically for the melt spinning method) consisted of an induction heating coil and a
rotating cooling Cu-wheel. The samples, in the form of pressed pellets, were placed in a
graphite crucible glued into a quartz tube. At the bottom of the crucible there was a small
orifice for the outflow of melt. The distance between the orifice and the rotating cylinder was
approximately 0.2 mm. The quartz housing tube with the crucible and sample was filled with
Ar, to ensure an inert atmosphere. The apparatus arrangement permitted the solidification of
the individual melts, heated on 1025°C, from the molten (above the melting point) to the solid
state at a cooling rate of about 10° K s™. General details of the techniques may be found
elsewhere [36, 37].

2.2. High—temperature and Solid-state NMR analysis

The different mixtures of NazAlFs and SiO, (a—quartz) were prepared in a glove box
under dried argon atmosphere and mixed well. For HT NMR measurements, approximately
60 mg of the different mixtures were put into tightly closed high purity boron nitride (BN)
crucibles to avoid any contamination [33].

All NMR measurements have been carried out using Bruker Avance 400 (9.4 T) NMR
spectrometer. The HT NMR spectra have been acquired using the laser—heated NMR system,
developed in CEMHTI Orleans [33]. The BN crucible containing the 100 mg of measuring
sample is placed inside the radiofrequency coil into the NMR probe. To ensure a good
homogeneous heating, the top and the bottom of the crucible are heated by a CO, laser
(Coherent Diamond 250 W) passing axially through the NMR probe. The temperature is
being controlled by laser power and during the experiment was kept on 1025 °C, for all
measured salt mixture. The laser system was previously calibrated by a direct measurement of
the temperature inside the NMR probe by a thermocouple. The melting point of the sample is
clearly detected by the modification of the shape and width of the NMR line (Fig. 1), using
single pulse excitation consisting of 20 us pulses, recycle delays of 500 ms and 16 — 256 scans
to obtain a reliable signal-to—noise ratio.

WM—

40.0 30.0 20.0 10.0 0.0 -10.0
Frequency / ppm



Fig. 1. ’Al HT-NMR spectra of NasAlFg measured after 1, 2, 2.5, and 3 minutes from the
start of heating.

At room temperature, magic angle spinning (MAS) NMR spectra were acquired using
MAS probes from Bruker. 2’Al, 2Na, and *°F spectra were collected with 2.5 mm diameter
rotors at the rotor frequencies of 30 kHz and 2°Si spectra with 7 mm diameter rotors at the
rotor frequencies of 6 kHz. In order to ensure good excitation conditions for both quadrupolar
nuclei 2’Al, and ?Na, very short pulses of 0.5 us were used with recycle times of 500 ms. For
YF and #°Si, n/2 pulse widths were 1.0 ps and 4.1 ps, respectively, and recycle delay was
5xT,. Around 128 scans were acquired for *F experiments, and up to 1024 for ?’Al, **Na, and
2%Si. The reported chemical shifts are referenced to 1 M solutions of NaCl, AI(NOs); for *Na
and #’Al, respectively; TMS and CFCl; for Si and '°F, respectively. The NMR parameters
(chemical shifts, line widths, quadrupolar coupling parameters) were fitted to the
experimental spectra by means of a DMfit2013 program [38].

2.3. Weight—loss measurements

Weight-losses caused by the melting of the system were determined gravimetrically and
by means of X-ray fluorescence analysis (XRF, ARL ADVANT X 3600 W). The samples of
the composition (NasAlFs — x mole % SiO,, x = 0 — 40) and weight (30.0 = 0.01) g were in the
first step heated in boron nitride crucible up to 1020 °C in an argon inert atmosphere. The
heating rate was 8 — 9 °C/min. After reaching the temperature, the samples were kept at this
constant temperature for one hour and then spontaneously cooled at 7 °C/min to room
temperature. The losses were ex—post recorded gravimetrically and the composition of the
solidified samples was determined by XRF. The XRF device was firstly calibrated on the
same system. The several solid samples have been prepared with the different composition of
SiO, for the calibration beforehand. The uncertainty of the gravimetric weight-loss
measurement was estimated as 0.1 %. The uncertainty of the XRF weight-loss measurement
was estimated (based on the calibration) as 3 %.

2.4. X—ray measurements

All solidified samples were grounded to fine powders, and they were then mounted on
foils (PANalytical B.V., X-ray film Polyimide 9430 500 21011). To collect the X-ray
patterns, a transmission Stoe Stadi P diffractometer equipped with a linear PSD and a curved
Ge(111) primary beam monochromator, was used. X-ray diffraction patterns were recorded
within the interval of 10 °-80 ° in steps of 0.02° 26 using Co Kol radiation. Phase analysis
was performed using X’Pert HighScore Plus PANalytical software with the PDF2 2011
database.

2.5. Rapid solidified processing (RSP)

The rapidly solidified samples were prepared with a different amount of SiO; (5, 25
and 50 mole % of a—quartz). The RSP apparatus consisted from the inductive furnace and the
rotating metal cylinder. Inside the inductive furnace was a quartz tube within the graphite
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crucible with the samples (30 g). At the bottom of the graphite crucible was a small hole for
the outflow of the melt. The distance between the hole and the rotating cylinder was ca 1
millimeter. A nitrogen inert atmosphere was used inside the furnace. The apparatus
arrangement permitted the solidification process (from 100 °C above the melting point to the
solid state) by a cooling rate at the interval of 10° — 10° °C/s. Further general details of the
technique may be found elsewhere [36, 37].

3. Results and Discussion

3.1. High temperature NMR analysis

The NMR spectra acquired in the molten state consist in a single Lorentzian line,
characteristic of a rapid exchange at the timescale of NMR between the different atomic
configurations around the observed nucleus. The measured chemical shift is thus the average
of the individual chemical shifts of the different species.

Figure 2 shows an evolution of the shape of ’Al spectra with the composition of silica.
The evolution of the chemical shifts with silica content is reported for all nuclei °F, **Na, and
2"Al in Figure 3 and Table 2. The isotropic chemical shift of all three isotopes has a similar
evolution with the increasing concentration of SiO, in melt. The whole spectra can be divided
into two different parts. In the first part, one can see a continuous linear increasing of all three
chemical shifts over the composition range from 0 to 32.5 mole % of SiO,. The typical line
widths (full width at half maximum, FWHM) are similar of an order between 90 and 160 Hz.

mol % SiO, /
% -/,

40

O(27Al) / ppm

Fig. 2. >’ Al HT-NMR spectra as a function of SiO, concentration, measured at 1025 °C.
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Fig. 3. ?’Al, ®Na and '°F chemical shifts evolution for NazAlFs—SiO, melts, at 1025 °C.

Table 2. Al, #Na and ‘°F experimental chemical shifts and FWHM for NazAlFs—SiO, melts,
at 1025 °C.

Mole % Al “Na BF
SiO, diso / ppmM FWHM/ 6/ ppm FWHM/  dis/ ppm FWHM /
Hz Hz Hz
0 18.1 115 -8.9 82 -197.7 90
5 18.6 114 -8.9 80 -197.3 91
10 19.8 85 -8.3 86 -197.0 91
15 21.7 102 -7.5 82 -196.4 97
20 22.9 110 7.2 97 -196.3 95
25 23.8 159 -7.1 93 -196.0 107
30 25.0 156 -6.5 90 -195.4 103
325 26.8 323 -3.7 177 -191.0 217
35 27.6 322 -3.7 163 -191.0 230
40 27.1 314 -3.7 180 -190.6 342
50 27.4 338 -3.6 176 -190.9 238

Standard uncertainties u are u(d) = £+ 0.5 ppm, u(FWHM) = 10 Hz

It can be seen, in chemical shift of all elements, a jump change of the slope at the
concentration of SiO, around 32 mole %. In this second part, the chemical shift stabilized on a
constant value and the signal broadened progressively (FWHM =~ 320 Hz). Additionally,
NMR line shape changes from Lorentzian to Gaussian. It means that the local structure of the
melt has, at the concentration of 32 mole % SiO,, significantly changed. For the compounds
that are tending to create glass phases, molecular motion (expressed by viscosity) is an
important parameter. The width of the NMR peaks is one parameter that reflects that
molecular motion. It is very sensitive to the rate of the molecular reorientation in liquid state
[39]. The broadening of NMR lines, observed in our experiment, can currently be caused by
the reduction of a solute's molecular mobility, which relates with the increase of the solution’s
Viscosity.



These findings are in very good agreement with the pivotal work made in this topic by
Batashev and Zhurin in 1933 [29]. The authors have for the first time reported the phase
diagram of the system NaszAlFs—SiO, (in the concentration range of SiO, from 0 to 50 wt. %).
A eutectic point (coordinates; 3 wt.(10 mole) % SiO, and 980 °C) and an immiscibility field
(above 12 wt. (32 mole) % SiO,) was identified. This immiscibility phenomenon may exactly
be responsible for the jump of the chemical shift observed in our experiment. Very similar
findings can be also find in the work of Korenko et al. [19] where the investigation of the
physico—chemical properties (density, viscosity and electrical conductivity) of the molten
system NasAlFs—SiO, can be found. The addition of silica to the molten cryolite had a big
effect on the viscosity. The authors had assumed that a polymerized glassy—network
formation in the melt is responsible for that behavior. Also, a sharp change in the excess
molar volume and in the change of the trend of the electrical conductivity, detected at the
concentration of SiO, very close to that reported by Batashev and Zhurin [29], were identified
in the work of Korenko et al. [19].

An increase of the chemical shift of 2’Al can be also interpreted as a decrease of the
average coordination number of the aluminum atoms. It means, that the increase of the SiO,
content in the melt is related to the formation of four—coordinated aluminum AI(O,F)s. A
dissolution of alumina (Al,O3) and phosphate (AIPO,) in cryolite melts was being previously
studied by high temperature NMR and by MD simulations with DFT calculations [32, 34, 35].
The formation of fluoro—oxoaluminate and fluoro—aluminophosphate species, where
aluminum atoms are connected by one or two Al-O—Al or P-O—Al bridges, was confirmed.
Based on the similar chemical behavior of SiO, and AIPOy,, the dissolution of SiO, in molten
NasAlFg could thus also be associated with the formation of oxygen containing bridges
between aluminum and silicon AI-O-Si.

The fluorination of silica was more thoroughly assessed by Dolej§ and Baker [40]. A
complex quaternary system of Na,O—-Al,03—SiO,—F,0.; was investigated. In the binary
NasAlFs—SiO, space of this more complex system, a presence of the following chemical
bonds and species were suggested: Al-O-Si (albite - NaAlSi3Og, nepheline - NaAlSiOy,
NagSigO19), Al-Si—O—F (topaz - Al,SiO4F;), and Na—Si—F (NaF, Na,SiFg, SiF4(g)). The
possible formation of Si—-O—F bonds, similar to SiO,F,* and Si,O4F5>, was latter predicted by
thermodynamic modeling in the molten systems containing Na, O, Si, and F atoms [41]. The
presence of fluorine—containing alkali silicate glasses with Si—O—F tetrahedral is also
reported in the following systems; MF—SiO, (M=alkali metals) and AlF;—SiO, [42-43]. A
Si,O7F,—formation, was in these works, predicted as a reaction product.

In our measurements, the *°F chemical shifts range from -191 to -198 ppm. This chemical
shift, however, excludes the presence of Si—F, and Si—F—Na bounds groups in NagAlFs—SiO,
melts, since the *°F chemical shift reported for Si—F—Na group (NaSiFs) is at -152 ppm
[44—45]. These authors, at the same time, proposed that the SiO4—tetrahedron is preserved in
the melt as a rigid structure entity. By the combination of the data, obtained for the different
nuclei in our and previous works, we can propose that aluminium and silicon atoms in our
melt would be connected by an Al1-O—Si bridge.

A proper evidence for the previous statements can be seen when we look on Fig. 3. Let us
simplify, that in pure molten NasAlFs, the fluoroaluminate species—distribution (AlF,, A|F52',
and AlF¢Y) is represent by AlFs> as an average coordination form. Further, let us consider,

9



that the atomic fractions in the cryolite—rich melts (i.e. the partitioning of Al, F, and Si
different species) can be derived by using the Eqn. 1 and 2. Then, one should notice, that for
eutectic concentration, the 2’Al chemical shift moves upward (to the values corresponding to
the pure albite (5(*’Al) = 63.0ppm, for albite [46])), while the *°F chemical shift remains the
same. It means that at the eutectic composition, the fluorine partitioning between the different
species in the solid and liquid phase, remains uniform.

3.2. Weight loss analysis

The experimental results of the mass losses are depicted in Fig 4. The mass loses were
determined by weight analysis of the samples (after the melting and spontaneous cooling), as
well as by X—ray fluorescence (XRF) analysis. The XRF analysis confirmed that the total
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Fig. 4. A weight loss analysis in the system NazAlFs—SiO,. The amount of the samples: 30 g.

Full circles: mass analysis after spontaneous cooling; open circles: SiF, losses determined by

XRF analysis.

weight losses are in the linear relationship with the specific Si—losses, which is an indication
that the weight losses are due to the volatilization of Si—compound(s) from the melt (e.g.
SiF,). The similar behavior was also found in the previous works [31, 40, 47—49] where the
authors have reported SiF, as predominant volatile product, upon the melting of the mixture
of NasAlFg and SiO,. The formation of the volatile product shifts the melt’s composition from
a simple binary system to the ternary system NasAlFs—SiO,—SiF,. The continuous
evaporation of SiF, off the melt further increases the thermodynamic degree of freedom and
the system can then be considered, based on the Dolejs and Baker [40], as the quaternary
Na,0O-Al,05-Si0,—F,0.; (using the Dolejs and Baker's formulas, suitable for the geological
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description of granitic and rhyolitic magmas with the presence of fluorine). These authors also
used a thermodynamic calculation to propose the following possible de—volatilization's
equilibria:

2NazAlFs + 4Si0, = SiF, + NaAlSi;Og + 2NaF 4)
or
2NazAlFs + 13Si0, = 3SiF, + 2NaAlSi;Og + 2Na,Si,05 (5)

To further zoom in the structural correlations in our molten system, especially at the
melt/solid (glass) interphase, and to distinguish between the above—mentioned reaction paths,
an application of a robust, cutting—edge approach was needed. A combined approach
including the solid state NMR, XRD, and EDX analysis was applied. The solidified samples
were prepared, either as spontaneously cooled, or as rapidly solidified (prepared by RSP).

3.3. Spontaneously solidified samples: X—ray and MAS NMR analysis

To be able to clarify an influence of the concentration of SiO, on the structure of the
NazAlF—SiO, melt, a series of spontaneously solidified samples with different concentration
of SiO; (5, 25 and 50 mole %) were prepared for a subsequent analysis.

An interesting phenomenon was visually observed when we looked at the solidified
sample with the highest SiO, content (50 mole %). A formation of the two obviously separate
and distinguish phases with different surface—look was visible. One phase looked like a
"glass”, while the other one had more "poly—crystalline” surface. Due to this fact, the sample
with the content of SiO, 50 mole % was analyzed by two ways:

i) as one single homogenized sample and
ii) as separated two phases, upper and lower layers.

The results from the first way of analysis are presented in this chapter 3.3. The results of the
separated phases are reported in following chapter 3.4.

The Fig. 5 shows the results of the X-—ray analysis of the spontaneously solidified
samples. A MAS NMR (*°F, 2Na, and #'Al) analysis of those samples can be seen on the Fig.
6 and 7. A similar analysis of the separated phases (come from the sample with 50 mole % of
SiOy) is shown on the Fig. 8 and 9.

As it can be seen from the Fig. 5, two crystalline structures can be found in all
spontaneously solidified samples of NasAlIFs—SiO,. The first one is pure cryolite, the second
one is NaF. A small part of NaF in the sample is from a well-known thermal dissociation of
NazAlFs [50-52] according the following reaction.
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NasAlFe(l) — NaAlF,(g) + 2NaF(l) (6)
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Fig. 5. The comparison of X-ray spectra of the spontaneously solidified samples with
different content of SiO, (A — pure NazAlFg before melting [53, 54], B — pure NazAlFg after
melting, C — 5 mole %, D — 25 mole % and E — 50 mole %); * — position of NaF diffractions
[55, 56].

The rest of the NaF presented in the samples, comes from different possible reaction
between cryolite and silica (e.g., like was proposed in work [4], and/or [40]). Other products
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of the reactions can be in non—crystalline forms, or their patterns are covered by those of NaF.
The non—crystalline forms were in fact detected in the sample with the higher concentration of
silica (Fig. 5) where a typical background feature was observed in the range from 15° to 40°
(20). This background is typical for silicon glassy phases [57].

The intensity of NaF peaks however increase with the concentration of SiO,, which
means that the increasing presence of NaF in the samples can not only be a result of the
thermal dissociation of cryolite. Some part of the newly formed NaF must be the product of
the interaction between cryolite and silica. Another product(s) of the interaction between
cryolite and silica ended up likely in outgoing vapors (like SiF,), or in amorphous phase(s).
Subsequent MAS NMR and SEM EDX analysis of the spontaneously and RSP rapidly
solidified samples, was performed.

Figure 6 shows the high resolution °F, ®Na, and ?’Al MAS NMR spectra of the
spontaneously solidified samples. As it can be seen from the figure, the fluorine spectra

19F 2TA]
4 c
* * = C * ; B
I — e A B

* * % A A
NaAlF, N NaAlSi,0q
R NaF A Na,AlF,

0 -50 -100 -150 -200 -250 -300 -350-400 400 300 200 100 O -100 -200 -300 -400

8("9F) / ppm 5(27Al) / ppm

Na A,
NaF
NaAISi,0,
100 75 50 25 0 25 -50 -75 -100
5(2*Na) / ppm

Fig. 6. The comparison of *°F, #Na, and ?’Al spectra (black lines) of the spontaneously
solidified samples with different content of SiO, (A — 5 mole %, B — 25 mole % and C — 50
mole %); * — spinning side bands. Colored lines show the contributions of each fitting
component.

of all samples contained only two signals; one at -191 ppm and another at -223 ppm. The first
signal is assigned to cryolite (NasAlFg), while the second signal to sodium fluoride (NaF).
The intensity of the peak belongs to the NaF increases with the increasing concentration of
SiO; in the samples. This observation is another evidence that the major amount of NaF in
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this system comes from the reaction between molten NasAlFs and SiO,. The absence of other
fluorine signals in samples also indicates that no other compounds, with the fluorine atom in
their structure, are present in the melt. This finding is in agreement with the HT NMR results.

In the case of 2’ Al NMR, the spectra of all samples contain a signal at 0 ppm corresponds
to the aluminum in the octahedral structure of cryolite (NazAlFs). The spectra also contain a
new signal at (dis, = - 56 ppm). The intensity of that signal is clearly increasing with the
concentration of SiO; in the samples. But the shape of this peak indicates, that this compound
is amorphous; hence, likely does not belong to any crystalline phase [58]. The **Na spectra
contain peaks at 7 ppm and at 1.7 ppm, and one duplet at 7.8 ppm. The first peak ascribed to
sodium in NaF, we can again see the increasing of its intensity with the increasing of the
concentration of SiO; in the samples. Two other peaks correspond to the sodium, intercalated
into two positions in the structure of cryolite (NazAlFg). An increase of the background of
these spectra can be also seen, especially at the highest concentration of the SiO,, indicating a
presence of a disordered compound, amorphous NaAlSizOg [59]. This fact was the very
reason why a convolution of the 2Na spectra was subsequently performed (Fig. 7).

Based on what was already said above, we can conclude that the increasing of the
concentration of SiO, brings about two major effects in the spontaneously solidified samples
of the system NazAlFs—SiO,. The first effect is related to the reaction between both
components where one of the product is NaF (e.g. based on the reactions 1, 2 or 4). The
second effect, especially pronounced at higher concentration of SiO,, is a presence of
disordered amorphous compound/compounds. Both findings are in very good correlation with
what was already observed in the X—ray analysis of this system.

:

23Na

NaAlF,
L Na,AIF,
NaF
NaAISi,0q
40 20 0 20 40 60 80

5(23Na) / ppm

Fig 7. Na MAS NMR spectrum of spontaneously solidified sample with 50 mole %. SiO.:
black line experimental, red dotted line are fitted spectra, colored lines show the contributions
of each fitting component.
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3.4. X—ray and MAS NMR analysis of the sample with 50 mole % SiO,

Figure 8 shows an X-ray diffraction of separable phases of the sample SiO, that was
prepared with 50 mole %, as was mentioned above. The upper crystalline layer (Fig. 8 upper
pattern) contains only NaF and cryolite. The lower polycrystalline layer (Fig. 8, lower pattern)
contains only the diffractions of cryolite and the diffractions of tridymite and cristobalite.
Tridymite is f— form of SiO,,

1800

1600
£ 1400
§ 1200}
2 1000
Z 800
2 800 *
S ]
€ 400—_
~ 2004 hl
O_ T T T T T T 1
10 20 30 40 50 60 L 70 80
800—_ XY
700
" ]
g 600
2 500
2 ]
< 400
3 ]
@ 300—_
T 200
£ 100 1

10 20 30 40 50 60 70 80
26 /° (CoKa)

Fig. 8. X-ray pattern of the NasAlFs mixture with 50 mole % of SiO,; picture up - upper
crystalline layer of the sample (*— NaF [55, 56], other diffractions — NazAlFs [53, 54]);
picture down - lower polycrystalline layer of the sample (X — SiO, (cristobalite form) [60], Y
— SiO; (tridymite form) [61]).

while cristobalite is y— form of this compound. These findings are in line with the work of
[40], where is reported the existence of a large stability fields of the silica polymorphs in the
silica—fluoride systems. These structures of silica had been mostly identified on the typical
non—crystalline background feature, observed in the range from 15° to 40° (20). The feature
in this range represents a wide interval of Gaussian distribution of bound distance between
silicon and oxygen in the structure of SiO,. According to the diffraction pattern in this region
(20° — 40°, 20), the new glassy phases in this system are probably based on cristobalite and
tridymite (f— and y— form of SiO,). The spectrum of the lower layer also contains some minor
diffractions of NazAlFg and NaF.

The presence of the liquid—liquid immiscibility in molten fluoride-silicates has been
a matter of a long discussion [24, 28—29, 62]. The last investigations are indicating [40] that
the immiscibility phenomenon exists in these systems only at higher temperatures (1200 °C)
and/or higher pressures (600 MPa). No immiscibility below 1100 °C was confirmed [40]. To
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elucidate the structure of the amorphous phase/phases, identified by X—ray diffraction, a MAS
NMR spectroscopy (*’Al, *F, 2Na, and 2°Si) of the lower layer was performed, as well
(Figure 9).
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Fig 9. The fit of the MAS NMR (*°F, *’Al, ®Na and #Si) of the lower layer of the
spontaneously solidified NagAlFs mixture with 50 mole % of SiO..

As it can be seen in Fig. 9, the spectra of the *°F and **Na isotopes contain peaks assigned
to the crystal structure of NasAlFs and NaF. The spectrum of the 2’ Al isotope contains, beside
a peak with dis, = 0 ppm assigned to six—coordinated octahedral species (AlFs) in the structure
of NasAlFs, also a broad peak at 6is, = 56 ppm assigned to tetrahedral framework of AlO,. If
we compare the peak positions of the 2’Al, >*Na, and #°Si with the positions of those nuclei in
one type of glass forming alumino-silicate, albite (NaAISi3Osg), a very good correlation of the
positions of those nuclei can be obtained. The presence of amorphous phase confirms also a
relative width of the peaks of NaAlSizOg which is due to a range of bond angles and bond
distances around Al—O-Si sites [63, 64]. The tetrahedral framework of AlO,, identified in the
27 Al spectrum (peak at dis, = 0 ppm) is very likely related with albite as well. The *Si NMR
spectra contains a broad peak assigned to NaAlSi;Og and a relatively sharp peak of SiO; in
the mixed form of cristobalite and tridymite. The presence of these forms of SiO, in the
samples was already confirmed by X-ray analysis. The *°F spectrum contains, besides the
peaks already assigned to NasAlFs, only a small resonance of NaF. This fact indicates that the
amorphous phase in the upper layer of the sample does not contain any species with fluorine.

Based what was found, it can be concluded that in molten system of NazAlFs—SiO,, a
reaction occurs between constituents. The products of the reaction between NasAlFg and SiO,
are NaF, NaAlSi;Og, and very likely (assuming atmospheric pressure) also vapors of SiF,.
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These conclusions are in a good agreement with one of the thermodynamic models (Eqgn. 4)
proposed by Dolejs and Baker [40].

3.5. Rapidly solidified samples - SEM and EDX analysis

In order further probe the structural correlations and the chemistry of the studied system
of NasAlFs—SiO,, a rapid solidification processing (RSP) was used to prepare deeply under—
cooled samples with 25 and 50 mole % of SiO,. Figure 10 shows a morphology of the surface,
as well SEM EDX analysis on some identified spots on the surface of the under—cooled
samples. As can be seen, the morphology of the samples is quite different from one another.

Si_50b 30 pm
MAG: 3000 x  HV:20,0kV  WD: 13,0 mm MAG: 1000 x  HV:20,0kV  WD: 12,5 mm
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Fig. 10. SEM EDX analysis of the deeply under—cooled samples of NazAlFs—SiO, system (25
and 50 mole % SiO;) prepared by RSP. The left side: 25 mole % of SiO,. The right side: 50
mole % of SiO,.

The sample on the left side (25 mole % of SiO;) consists of a uniform “spongy" morphology
with hindered crystal growth. The morphology of the sample on the right side (50 mole % of
Si0,) is different, and two separable phases are clearly visible. All related elements (Na, Al,
O, Si, and F), although in different concentration, was found to be present in all analyzed
spots in both samples. However, the figure shows that the smooth phase in the sample on the
right side (50 mole % of SiO,) has somewhat higher concentration of oxygen, aluminum and
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silicon. The increased concentration of these elements may relate with the presence of
NaAlSi3Og in this phase. On the other hand, the SEM EDX analysis of more rough phase
(spots 2 and 3 on the left side and spot 3 on right side) shows a higher concentration of
sodium and aluminum, which is probably related with the higher content of NaF and NaszAlFs.

The analysis of rapidly solidified sample with higher concentration of silica (50 mole %)
proved what had been already indicated by previous analysis that the higher concentration of
Si0O; in NasAlFg — SiO, system lead to polymerization of the melt and the formation of albite
NaAISi3Os.

4. Conclusion

NMR analysis of NazAlFs—SiO, melts and solidified melts by means of the selective
observation of the different nuclei involved in the system (**F, ?’Al, ®Na and *°Si), and
coupled with the side X-ray diffraction, showed to be a powerful tool for the phase/structural
description of such a complex systems. We would like to stress that it was, to our knowledge,
for the first time when NMR technique was used for the high temperature analysis of this
rather complicated molten/crystallized (amorphous) NasAlFs—SiO, system. It can be finally
concluded, that in molten system of NazAlFs—SiO,, a formation of NaF, NaAlSi;Og, and SiF,
occurs. The silicon anion is incorporated into the melt structure by the AI-O-Si oxygen
bridge. The high temperature reaction, which leads to this formation, can be formally
described with the following scheme.

NasAlFg(l) + 4 SiO(diss) = 2 NaF(l) + NaAlSi;Og(1) + SiFa(g) 7)

The X-ray, SEM EDX analysis and MAS NMR analysis of the spontaneously and rapidly
solidified samples also showed that the composition of the products on the right side of the
reaction (7) does not change upon precipitation. The solidified samples retained the similar
constituents like in the molten state: NaF, albite, cristobalite, trydimite and an amorphous
phase(s) derived from the different modifications of SiO,.
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