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Abstract: The present study deliberates the recovery of sodium fluoride (NaF)-natrite
(Na2CO3)-sodium chloride (NaCl) ternary fluxing agent from hazardous aluminum dross waste
using three types of heating methods, including direct heating on a hotplate, heating by a drying
oven, and microwave heating. Deionized water was used as a green solvent for the recovery
experiments. Investigating the effects of time and temperature on recovery percentage showed
that a recovery percentage of around 96.5% can be achieved under time and temperature of 90
min and 95 °C, respectively. The recovered fluxing agent salt was characterized by XRD, FTIR
spectroscopy, FESEM, and energy dispersive X-ray spectroscopy (EDS) elemental analysis.
Rietveld fitting analysis of phases detected in the XRD patterns showed that the recovered
fluxing agent contained 74—81 wt.% NaF, 811 wt.% NaCl, and 11-14.7 wt.% Na>COs. The
FESEM micrographs revealed that the retrieved salts were in nano scale. The recovered fluxing
agent showed different morphologies including needle-like, round shape, and a mixture of both,
corresponding to microwave, drying oven, and hotplate heating methods, respectively. The
nano-needles exhibited diameter of the tip and base in the range of 39-60 nm and 50-103 nm,
respectively.
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1. Introduction

With a general look at the current situation of the industry in the world, industrial
production is associated with challenging issues such as waste accumulation and
natural resource depletion. The accumulation of industrial wastes over time generates
environmental and public health problems [1]. In recent years, public awareness on
improving the quality and preservation of the environment has coerced legislators into
passing strict regulations on air and water pollution [2].

Aluminum black dross (ABD) as a hazardous industrial waste is a salty-metallic-
oxidic waste of aluminum ingot production process formed in casting units [3,4]. The
ABD also contains about 8%—10% of soluble salts, mainly alkali fluorides and
chlorides [5,6]. In aluminum production process, a fluxing agent (usually a salt
mixture containing sodium and potassium chlorides as well as a small amount of a
mineral fluorine compounds (NazAlFs or CaF,) is used to protect Al metal from
oxidation under favorable conditions (high temperature and the presence of oxygen)
[1]. NaF is formed as a result of the disintegration of NasAlF¢ (also known as cryolite)
which plays the role of an electrolyte in the melting process as well as a fluxing agent
in the process of smelting alumina and turning it into metallic aluminum [7,8]. Also,
NaF may directly come from the molten salt flux [7].
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In Europe, stockpiling of this kind of waste is prohibited because the soluble salts
are a major source of surface and groundwater pollution [9] and may have some
disadvantages such as cost and safety risks [5,6]. The presence of excess fluoride in
drinking water often results in skeletal fluorosis, weakening bone structure, as well as
discoloration and speckling of teeth, cancer or adverse effects on the brain and kidney
[10]. Also, high levels of sodium in drinking water exacerbate chronic congestive heart
failure, blood pressure and hypertension [11]. Therefore, finding an appropriate
solution to eliminate or reduce the environmental pollution of the waste is a necessity.

Halite (NaCl), natrite (Na,COs), and NaF are water-soluble and recoverable
mineral salts. The recovered salt can be mixed with fresh fluxing agent and returned
to aluminum smelting furnace. This is economically beneficial and also reduces the
toxicity of the ABD waste [12]. Recently, NaF pellets have been applied for the
adsorption of gaseous HF as an impurity in the industrial generation of fluorine gas
[13]. Inasmuch as the adsorption of gaseous pollutants can be noticeably enhanced by
developing nano-structures [14], the last mentioned application of NaF seems more
important.

NaF in a bulk scale is prepared by neutralizing hydrofluoric acid with sodium
hydroxide [15]. In nano scale, the synthesis of nanoparticles of sodium halide salts
(NaF; NaCl, NaBr, Nal) having sizes of less than 3.0 nm using reverse micelles
methods with capping agent has been reported by Abdelkader and Buckner [16].

Sodium carbonate (Na,COs3) can be used to remove iron oxide in some stages of
aluminum production and cause further purification of aluminum. In addition, sodium
carbonate can improve the flotation performance and play arole as a pH regulator [17].
In the aluminum smelting process, sodium carbonate improves the performance of the
fluxing agent [18]. Sodium fluoride, sodium chloride, and sodium carbonate can be
used as roasting agents in the processes of extracting valuable materials from primary
and secondary sources [19-21].

Within the scope of this work, facile green recovery of fluxing agent
nanostructures from the ABD is investigated for the first time. The recovery of soluble
salts in the form of nanostructures implies to the principles 3 (substances with little or
no hazard), 5 (safer solvents and auxiliaries), and 12 (safety considerations) of the
twelve principles of green chemistry [22]. After removing the soluble salts from the
ABD, its pollution is significantly reduced, and the soluble salt-free residue can be
subjected to subsequent processes such as the recovery of alumina as a valuable and
widely used material [23,24].

2. Materials and methods

2.1. Materials

The ABD used herein was obtained from Iranian Aluminum Company (Iralco)
situated in Markazi province, Iran. The as-received BAD was medium gray in color
with the actual and bulk densities of 2.22 and 0.85 g/cm?, respectively. The mineralogy
of the ABD will be discussed in section 3.2. Figure 1 shows the particle size
distribution of the ABD. As seen, about 55% of the ABD particles are below 250 um,
whereas about 90% of which are less than 2.38 mm.
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Figure 1. Particle size distribution of ABD.

Table 1 gives oxide composition of the ABD which was determined by X-ray
fluorescence (XRF) technique. According to data in Table 1, the ABD contains almost
61 and 15 wt.% aluminum oxide and silicon dioxide, respectively. The loss on ignition
(LOI) was obtained around 9 wt.% and the remaining 15 wt.% accounts for the other
oxides.

Deionized (DI) water (TDS = 5 mg/L) was utilized at all recovery experimental
tests as a green solvent.

Table 1. Chemical composition of ABD.

Oxide (wt.%)
Al03 62.56
SiO2 7.53
CaO 5.87
Fe203 2.73
Na2O 4.68
MgO 1.25
P20s 0.17
SO3 0.10
K.0O 0.81
TiO2 0.32
MnO 0.31
Cl 3.35
F 1.32
CuO 0.11

LOI* 8.89
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2.2. Methods
2.2.1. Determination of water leachable salt content of ABD

To determine the water leachable salt content of the ABD, the method described
in DIN 38414-S4 standard for determination of leachability by water was used.
According to this standard, first 100 g of dry ABD sample is loaded into a 2 L beaker
and then 1 L of DI water is added. The mixture is then stirred for 24 h. After the mixing
time has elapsed, the mixture is filtered through a vacuum filtration system. The filtrate
should be transparent at this stage, otherwise it must be re-filtered with a filter paper
with a mesh size of 0.45 pm. The determination of the chemical analysis of leachate
is performed using inductively coupled plasma atomic emission spectroscopy (ICP-
AES). At the end of the experiment, the mass of the leached substance is calculated
by the following Equation (1).

Wes= (B x Vi)/ms (D)
where, Wgs is the mass of the leached substance (in mg/kg), f is the mass concentration
of the leached substance (in mg/L), m; is the dry mass of initial sample (in kg), and Vz
is the volume of the filtrate (in L).

2.2.2. Salt recovery experiments

To perform salt recovery experiments, the setup shown in Figure 2 was used.
Figure 2 shows a three-neck glass reactor, Graham condenser, a water bath for
homogenizing the recovery temperature, and a magnetic stirrer. After accurate
weighing, 5.00 g of the ABD is loaded into the reactor. Then 100 mL of deionized
water is added to it. The rinsing starts at a specified temperature under the stirring
speed of 600 rpm. After a certain period of time, the suspension is filtered using a
vacuum filtration system.

Hood

p—— Water out

Condenser

Thermometer

y/

)
pe—//—— Water in
Three-neck reactor f

___— Water bath

o
,'j D[] Stirrer o\
l

Figure 2. Experimental setup used for salt recovery from ABD.

As illustrated in Figure 3, in order to evaporate the water content of the obtained
filtrate, three types of heating methods including microwave irradiation, heating by a
drying oven (Pars Khazar, OT 650P), and heating by a hotplate (IKA C-MAG HS7
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Digital) were applied. The microwave irradiation was provided using a domestic
microwave oven (Sapor, 1500 W, 2450 MHz). At the end of the heating, a white solid
was achieved. The heating processes were performed at 95 + 1 °C for 2 h by hotplate
and at 95 + 0.5 °C for 1 h by drying oven. The microwave irradiation continued for a
preset time of 15 min.
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Figure 3. Three types of heating methods (left: microwave irradiation, middle:
heating by a drying oven, right: heating by a hotplate).

2.2.3. Characterization methods

To obtain X-ray diffractograms of the samples, Philips Expert System X-ray
diffractometer was utilized with CuKa-radiation and Ni-filter at voltage and current
of 40 kV and 30 mA, respectively. The XRD analyses were carried out at 20 angles of
10°-80° (scanning speed: 2 °/min; anti-scatter: 1°; receiving slit: 0.01 mm). Fourier
transform infrared spectroscopy (FTIR) spectra of the recovered salts were recorded
employing a FTIR spectrometer device (SHIMADZU IR Spectrophotometer 8400 s)
in the wavenumber range of 400-4000 cm'. The spectra were recorded with a
sensitivity of 4 cm™' and 64 scans per spectrum taken.

Morphological and elemental analyses were obtained employing two kinds of
microscopes including SIGMA VP-500 FESEM microscope (ZEISS) and TESCAN
MIRAZ3 at accelerating voltages of 15 and 10 kV, respectively. For sample preparation,
an adequate amount of the recovered salts is adhered on a holder. Then they are coated
with a thin layer of gold. The chemical composition of the ABD was determined using
a XRF PW2404 device with a measurement range of 20 ppm to 100 wt.%.

3. Results and discussion

3.1. Chemical analysis of leachate

The ICP-AES chemical analysis of the leachate obtained according to DIN
38414-S4 standard is presented in Table 2, indicating significant amount of sodium
and minor amounts of potassium and aluminum.

Table 2. Chemical analysis of the leachate obtained according to DIN 38414-S4
standard.

Element Na K Al Ca
Concentration (mg/L) 5662.40 37.23 74.77 ND*
Mass% 98.06 0.64 1.30 -

*ND: not detected.
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Based on the data in Table 2, the water leachable salt content of the ABD was
5.77 mass%. The pH value of the leachate was around 11.25.

The previous studies [23,24] revealed that the ABD contains aluminum oxide
(Alx03), spinel (MgAl>Os), quartz (Si0»), diaoyudaoite (NaAl;1017), villiaumite (NaF),
cryolite (Na3AlFs), silicon (Si), aluminum nitride (Al) and iron oxide (Fe,Os) as well
as minor traces of halite (NaCl), graphite (C), and fluorite (CaF,). Considering the
aforementioned compounds, the presence of sodium in the leachate is majorly due to
the dissolution of NaF and NaCl. The presence of aluminum in the leachate originates
from the partial hydrolysis of aluminum nitride in water [25,26]. A trace amount of
potassium is more likely due to the dissolution of potassium chloride which is used
along with sodium chloride as salt flux in melting process of aluminum.

3.2. Effects of time and temperature on salt recovery efficiency

Before performing any salt recovery experiment, the moisture content of the
ABD sample was removed in a drying oven at 105 + 0.5 °C. This is a necessary step
to obtain exact recovery efficiency data. The previous study [24] showed that a drying
time of 50 min is enough to completely remove the moisture. In order to investigate
the possibility of faster recovery of soluble salts, water leaching of the ABD was
carried out at different temperatures and times. In these experiments, the water
leaching of the ABD was performed at 25, 45, 65, 85 and 95 °C for 30, 60, 90, and
120 min at each temperature. Each experiment was performed twice. The results are

depicted in Figure 4.
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Figure 4. The effects of time and temperature on salt recovery efficiency.

From Figure 4, it is clear that the salt recovery efficiency generally increases
with increasing temperature and time. Such an enhancement was expected, since the
solubility of NaF in water increases with temperature [27]. At 95 °C, after 60 min, the
recovery efficiency is about 96%, and more increase in time does not significantly
change the percentage of salt recovery. Also, recovery times of more than 1 h are not
practically interesting. Figure 5 shows the XRD patterns of the raw ABD and water-
leached ABD.



Characterization and Application of Nanomaterials 2024, 7(1), 5593.

1: Aluminum oxide 6: Diaoyudaoite
2: Spinel 7: Cryolite
3: Defect spinel 8: Silicon
- 4: Villiaumite 9: Iron oxide
5: Quartz 10: AIN

n (b)

Relative intensity (a.u.)
|

5 10 15 20 25 30 35 40 45 50 55 60 65 70 73 80
2Theta angle (degree)

Figure 5. XRD patterns of (a) raw ABD and (b) water-leached ABD.

Figure 5a shows that the ABD contains aluminum oxide (Al,Os), spinel
(MgAl04), defect spinel (Al .83Mgo.s703.61), quartz (SiO), diaoyudaoite (NaAl;1017),
villiaumite (NaF), cryolite (Na3AlFs), silicon (Si), aluminum nitride (Al) and iron
oxide (Fe»0s) as well as minor traces of halite (NaCl), graphite (C), and fluorite (CaF>).
Among all these phases, only NaF and NaCl are highly soluble in water. As can be
clearly observed from the peaks surrounded by rectangles in Figure 5, almost all
villiaumite (NaF) has been dissolved in water. Reduced intensity of the diaoyudaoite
phase shows that this phase has also partially been dissolved in water. Unfortunately,
there is not enough information on the solubility of this material in the literature.

3.3. Characterization of the recovered salts
3.3.1. XRD patterns

Figure 6 presents the X-ray diffractograms of the recovered salts using the
mentioned three types of heating methods. The peaks of the recovered salts correspond
to those of NaF, NaCl, KCI, AIN, and SiO, phases according to the standard cards of
ICDD-01-089-2956, 1ICDD-01-088-2300, ICDD-01-077-2121, ICDD-01-089-3446,
and ICDD-01-081-0069, respectively. Because XRD data are substantially qualitative
and also due to the proximity of the intensities of some peaks, a reasonable comparison
between the three patterns requires the quantification of data and gaining the mass
fraction of each phase. To calculate the mass fraction of each phase, the XRD data
were quantified applying the Rietveld fitting analysis. The Rietveld fitting analyses
were performed using crystallographic information files (CIFs) of villiaumite (NaF),
halite (NaCl), and natrite (Na,COs). According to the quantitative data shown in
Figure 6, the recovered salts consist of predominantly NaF, accounting for 74-81
wt.%. The remaining 20-25 wt.% is dedicated to the presence of sodium chloride and
sodium carbonate. The higher amount of NaF improves the performance of fluxing
agent. Therefore, according to Figure 6, heating by a drying oven is more suitable. In
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fact, this type of drying method is a type of indirect heating method, which is mainly

done through convection.
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Figure 6. XRD patterns of the recovered salts. Heat source: (a) microwave

irradiation, (b) drying oven, and (c¢) hotplate.

The average crystallite size was obtained using Scherrer equation:
L = kA/fcosf

in which L is the average crystallite size, 6 the Bragg’s angle, 4 the incident X-ray
wavelength (1 = 1.541874 A), and P the full width at half maximum (FWHM) of the
peak. f and 20 values were obtained from each XRD pattern using HighScore Plus

software. The results are presented in Table 3.

)
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Table 3. Values of 20, 5, and average crystallite size of the recovered salts.

Recovered salt sample 20 (degree) S (degree) pf (rad) Average crystallite size (nm)

Salt recovered by 38.9254 0.1653 0.00288  61.9
microwave 1rrad1at10n

Salt recovered by drying ¢ 535 0.1968 0.00343 520
oven heating
Salt recovered by hotplate

heati 38.7726 0.2952 0.00515 345
eating

According to Table 3, the salt recovered by hotplate heating has the most minute
average crystallite size (34.5 nm) and the salt recovered by microwave irradiation has
the largest one (61.9 nm). The larger crystal size of the salt recovered by microwave
irradiation is due to the fact that the heating rate is very rapid (only one tenth to one
hundredth of the time needed by conventional ways), which leads to the
supersaturation of the solution. Crystals in a supersaturated solution can grow faster
and become larger [28,29].

3.3.2. FTIR analysis
Figure 7 depicts FTIR spectra of the recovered salts.
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Figure 7. FTIR spectra of the recovered salts. Heat source: (a) microwave
irradiation; (b) drying oven; and (c) hotplate.

All three samples show absorption bands at 697, 880, 1158, 1436, 2366, 2924,
and 3429 cm™!. The bands observed at 697 and 880 cm ™! are assigned to the presence
of AIN. This is in agreement with the literature that the main excitation of the AI-N
bonds by infrared radiation take place at the range 200-1000 cm™' [30]. The band at
1158 cm™! is caused by the asymmetric stretching of the oxygen atom in the Si-O-Si
chain [31]. The absorption band at 1436 cm™! is allocated to (OHF)~ complexes with
a hydrogen bond [32,33]. The presence of (OHF)  complex may be due to some
amount of water at the surface of the recovered salts, which dissolves some NaF and
produces fluoride ions. Thus, the generated fluoride ions are surrounded by OH groups
due to hydrogen bonding. Considering this peak, it is realized that its intensity in the
salt recovered by hotplate heating is higher than that in two other samples. The reason
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may be the formation of more hydrogen bonds and thus the formation of more (OHF)~
complexes. This evidence suggests that the hotplate heating method is less effective
in evaporation of water content of the recovered salt compared to other two heating
methods. The absorption band at 3429 ¢m™!' shows a small amount of water in the
recovered salts.

3.3.3. Microstructural and elemental analyses

To gain appropriate insight into the morphological and elemental information of
the recovered salts by three types of heating sources, FESEM/EDS analyses were used.
Figure 8 depicts the FESEM images and corresponding EDS elemental analyses of
the recovered salts. Figure 8a shows that the evaporation of water of the leached salt
from the ABD through heating by a hotplate has caused the formation of a needle-like
nanostructure on surfaces of relatively larger particles (a few to several microns) that
seems to be amorphous. Observations at high magnification (Figure 8al), however,
reveals that the relatively large particles are aggregation of numerous round shape
nanoparticles with a diameter in the range of 33—40 nm. As it can be clearly seen from
Figure 8b, a pure needle-like morphology has emerged due to the removal of water
of the leached salt by microwave heating. Figure 8b1 shows that the needle-like
particles grown with different orientations are in nano scale. The nano-needles show
diameter of the tip and base in the range of 39-60 nm and 50—-103 nm, respectively.
This is despite the fact that the evaporation of water of the leached salt through heating
by a drying oven has resulted in the formation of aggregates of round shape
nanoparticles only. As can obviously be observed from Figure 8c, the agglomerates
include nanoparticles with the sizes larger than 20 nm (as shown in Figure 8cl). All
EDS elemental analyses disclosed Na, F, O, Cl, Al, C, Si, and K as the chemistry of
the formed nanostructures.

10
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Figure 8. FESEM images and corresponding EDS elemental analyses of the recovered salts. Heat source: (a, al)
hotplate; (b, b1) microwave irradiation; and (c, ¢1) drying oven.

The mechanism for the formation of different nanostructures can be interpreted
as follows:

Water-soluble halides are ionized in water according to the following reaction
[16]:

NaY sotidy <> Na'(aqueous) T Y (aqueous) 3)

Driving force for the formation of nanostructures of sodium halides or any water-
soluble particles is the evaporation of water from a confined space which allows the
size and shape control. Considering the type of heating source for evaporation of water
of the leached salts, two main parameters that may have a key role in the appearance
of different nanostructures are temperature gradient and supersaturation. As shown in
Figure 3, heating through a hotplate causes the temperature of regions from the
solution close to the hot plate to be higher than the temperature of the surface regions
of the solution in the vicinity of the air. This results in the formation of a sharp
temperature gradient in the solution, which in turn leads to a different evaporation rate
and, ultimately, a different crystallization rate. The heat generated by a drying oven
with heating elements embedded in top and bottom of the oven chamber creates a

11
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milder temperature gradient compared to the previous heating state. Consequently, the
evaporation rate and the rate of crystallization are more uniform. As a result,
morphology is expected to be more uniform. Also, the nanoparticles obtained by
drying oven and hotplate heating methods tend to severe agglomeration [28] and this
is clear in Figure 8a,c. The microwave heating as a green heating method, has a
mechanism fundamentally different from the common heating methods. This
difference is significant from two perspectives: firstly, in common heating methods,
i.e., conduction, convection, and radiation, heat is supplied through an external source.
While in microwave heating, heat generated from microwave energy is absorbed by
the material depending on its position in the microwave field. Secondly, common
heating methods produce a sharp temperature gradient in the material, while the
microwave heating method does not create any temperature gradient and the
temperature of the whole material is almost the same. In addition, microwaves deliver
heat uniformly and simultaneously throughout the bulk of a material and also have the
potential to penetrate deeply into material bulk [34,35]. As another important reason,
experimental results have revealed that the crystal characteristics such as size
distribution, crystal morphology and degree of agglomeration are also strongly
influenced by the degree of supersaturation at the beginning of crystallization [29,36].
The crystals in a relatively high supersaturated solution focus on extending along the
longitudinal direction. With the progress of the process, the supersaturation descends
around the tips of the crystals and this causes the tips have a smaller diameter than the
bases. As a result, a more orderly and uniform structure is expected.

4. Conclusions

In the present work, NaF-Na,COs;-NaCl ternary fluxing agent ternary was
recovered from aluminum black dross as a hazardous solid waste. Despite a significant
reduction in waste toxicity, the recovery of fluxing agent in the form of a
nanostructured salt can provide economic benefits. The recovery process was
performed using water as a green solvent followed by the evaporation of water. The
heat for the evaporation process was supplied using three sources of heating including
a hotplate, microwave irradiation, and a drying oven. Investigating the effects of time
and temperature revealed that a recovery efficiency of 96.5% can be achieved under
optimum temperature and time of 95 °C and 90 min, respectively. The recovered
fluxing agent salt was found to contain more than 74 wt.% of NaF by employing the
Rietveld fitting analysis. Microstructural study by FESEM disclosed that the ternary
fluxing agent has been recovered in the form of highly aggregated round shape
nanoparticles, needle-like nanoparticles, and a combination of both.
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