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Evidence for the synthesis of La-hexaaluminate from aluminum-containing saline slag

wastes: correction of structural defects and phase purification at low temperature

J.J. Torrez-Herrera, E.G. Fuentes-Ordoiez, S.A. Korili, A. Gil
INAMAT"2-Departamento de Ciencias, Edificio de los Acebos, Universidad Publica de

Navarra, Campus de Arrosadia E-31006 Pamplona, Spain

Abstract

The synthesis of a lanthanum hexaaluminate from th 2 aluminum extracted from
a saline slag waste is presented for the first time. Brieflv, a veiiuxing 2 M solution of
HCl is used to extract the aluminum, giving 8.9 gA|/r’m2 along with other metals in
lower concentrations. This solution is used to synthc<ize the hexaaluminate by mixing
with a stoichiometric amount of lanthanum nitra'=. T 1e results showed the formation
of pure phase hexaaluminate at 1473 K, as w=!! as predominance of the hexaaluminate
phase at temperatures of 1273 and 1373 «. \..ese results also indicate that the pure
hexaaluminate phase can be obtaiied at a much lower temperature than when
commercial aluminum solutions <“e usea improving the applications as catalyst and
thermal barrier material. It wa; .o found that the presence of other metals in
solution allows the structural Jro.'ems and purity of the La-hexaaluminate phase to be

corrected when working wit.. stoichiometric ratios.
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1. Introduction

Aluminum is a non-ferrous metal used in a large number of applications and in a
wide range of products. However, unlike other metals, aluminum can be almost
completely recycled into new products by melting [1]. When these melting processes
are carried out on an industrial scale, tilting rotary furnaces and salts are used. This
results in the generation of saline slag wastes, which are classified as hazardous wastes
[2,3]. The composition of these saline slags depends on the quality of the material
being recycled and the amount of salt added to the furnace. In general, three fractions
can be differentiated in saline slags, namely salts (NaCl + ! Cl), aluminum metal and a
fraction of non-metallic oxides. Recovery of the waste in.nlves separating each of
these fractions and providing them with an applicatio’i " 5]. The non-metallic oxides
fraction has been found to contain Fe,03, SiO,, Na_ 0O, AIN, Al;03, NaCl, MgO, Al,O3,
traces of KCl, cryolite (NasAlFg), aluminum ca.nide (Al4C3) and small amounts of
fluoride and chloride. Additionally, the prese:-e of other components, such as MgF,,
NaAICls, KAICl;, MgO, KMgF; and K;NatIFg, nas also been reported [2,5-7]. The
aluminum present in the slags car be extracted by alkaline or acid leaching to
synthesize other interesting mate.als sucn as zeolites and layered double hydroxides,
developed by our research grouvy (¢ "0]. In the case of acid leaching, which involves
treatment with HCl at low roncontrations, several species, such as Al**, Fe**, ca”,
Mg2+, Na® and chlorides, amcngst others, can be extracted in solution [2,6].

Hexaaluminates arc a family of hexagonal aluminate compounds that have a
unique layered str.octure ~omprising alternating spinel blocks with closed packed array
of oxide ions and mirror planes. The general formula is AB,Al;,,0:9, Where A can be a
cation such as Na, Ba, La, Ca, Sr, Ce, amongst others. Component B represents a
transition metal (Mn, Fe, Co, Cu, Ni, etc.) or noble metal ion (Ir, Ru, Pd, Rh), which can
partially or completely replace the Al positions in the crystallographic structure
[11,12]. The spinel blocks are composed only of AI** and O% ions and have the same
rigid structure as the spinel. Large cations such as Na*, K", Sr** and La** are found in the
spacious mirror plane. The charge and radius of these cations mean that
hexaaluminates have a B-Al,03; or magnetoplumbite (MP)-type structure [13].

Several methods for the synthesis of hexaaluminates have been reported: solid

state reaction [14,15], sol-gel [14,16,17], co-precipitation [18,19], reverse

2



microemulsion [20,21], nitrate decomposition [22-24], hydrothermal synthesis [25],
carbon template [26,27], freeze drying [28,29], among others. The decomposition of
nitrates is a simple method, since it consists of adding the aqueous solutions of the
salts to a mixture of polyethylene glycol-isopropanol, after a reaction time, which may
be under pressure, the drying and calcination steps are continued. Based on this
method, the synthesis of hexaaluminates from an aluminum solution extracted from
saline slag wastes is developed in this work.

Hexaaluminates have been used as catalytic supports for several reactions, such
as combustion of VOCs, partial oxidation and dry reforriing of methane, amongst
others [30-33], with catalytic behaviors and properties vc'ng reported in terms of
yield, selectivity and stability. Lanthanum hexaalumina’e \' HA) has a high resistance to
deactivation by coke deposition, and has therefore .. =en suggested by several authors
to be a very interesting catalyst for the above t, e «f reactions [11,18,22,34]. Other
applications of great interest for this type ~T material are as ceramic coatings and,
recently, as a thermal barrier in turbines 2ad ;.. engines in aircraft. Due to its thermal
stability at high temperature and agz nst hot corrosion, it is an alternative material to
the zirconium typically used in the:= processes [35-37].

In this work, aluminum etra-tad from saline slag wastes using aqueous HCI
solutions is used as an alteative aluminum source for the synthesis of
hexaaluminates for the first *ime. The aluminum solutions were used as precursors in
combination with lantha.~ur1 to obtain hexaaluminates with a molar La/Al ratio of
1:11. The preser @ ~f other metals in the extracted solution means that the
hexaaluminate struct' re can be formed at a lower temperature than that reported

when Al and La from commercial solutions are considered.

2. Experimental
2.1. Materials and aluminum extraction

Lanthanum(lll) chloride heptahydrate (99.9%, Sigma Aldrich), 2-propanol (99.5%,
Sigma Aldrich) and polyethylene glycol 400 (Merck) were used.

Aluminum was extracted from saline slags using the following procedure: 50 g of
saline slag was added to 750 cm? of an aqueous reagent solution (HCl 2M) in a reflux

system consisting of a 1000 cm® erlenmeyer flask with tube condenser, thus avoiding
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volume losses. The slurries were heated to 373 K and kept at that temperature for 2 h.
The solution was then allowed to cool and separated by centrifugation. The most
important constituents of the filtered solution were determined by ICP-OES, using a
VARIAN ICP-OES VISTA MPX with radial vision. The results obtained are summarized in
Table 1. The composition of the aluminum saline slags before extraction (see Table 2)
was determined by X-ray fluorescence (XRF), (through calibrated lines using well-
characterized international minerals and semiquantitative for La through the
measurement of a set of scans) in a PANalytical AXIOS instrument. For these results,
low limits of detection for major elements were in the range of 0.01 wt.%, and

approximately 10 ppm for trace elements.

2.2. Hexaaluminate synthesis

Based on the nitrate decomposition metl. ~d ¢nd hydrothermal synthesis, our
research group has developed the synthesiz method described below, denoted as
Alcohol Dilution (AD), in which 250 mL of the acid solution with aluminum extracted
from the saline slags was concentrat 2d <arving as a matrix where the other reagents
are added. The extracted aluminu ™ solution was heated to reduce its volume fivefold
(50 mL), thus giving a concentrat2¢ _~'ution for hexaaluminate synthesis. A quantity of
lanthanum chloride correspordin.; to a molar La/Al ratio of 1:11 was dissolved in 200
mL a mixture of isopropano:,molyethylene glycol in a 1/1 volumetric ratio. The mixture
of alcohols was added to *he aluminum solution slowly, with vigorous stirring, over 30
minutes, then po’.-ew into a 250 mL stainless steel autoclave reactor and heated at
473 K for 16 h. The reulting product was dried in an oven until the liquid matrix had
been eliminated, then calcinated at a heating rate of 10 K/min to 673 K for 1 h, and
then successively to several temperatures between 873 and 1473 K for 2 h to study the

structure evolution.

2.2.1. Characterization techniques

The structural phases were analyzed using an X-ray diffractometer (model
Siemens D5000) equipped with an Ni-filtered CuKa radiation source (4 = 0.1548 nm).
The main textural properties of the solids were determined by nitrogen adsorption at

77 K using a Micromeritics ASAP 2020 Plus adsorption analyzer. The chemical
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composition of the sample was determined semiquantitatively by X-ray fluorescence
(XRF) using a PANalytical AXIOS instrument. The programmed reduction temperature
was measured using a Micromeritics TPR/TPD 2900 device and the infrared spectra of
the samples calcined at several temperatures using a Jasco FT/IR-4700 spectrometer.
Finally, the morphological analysis and chemical composition of the sample were

carried out using a SEM Phenom Pro Desktop and an HR-TEM JEOL JEM 2100F.

3. Results and discussion

The material synthesized using La and aluminum extre cted from saline slags, and
calcined at 1473 K, was characterized by XRD and the | atte 'n obtained is shown in
Figure 1. According to the extraction of multimetal ox.1es, and the presence of La and
Ca, the most probable hexaaluminate structure, ~~d (hat which best fits the existing
patterns, appears to be magnetoplumbite. Indec ' hibonite-Ca (pattern # 00-007-
0785), which is a type of magnetoplumbite, is .h= structure in closest agreement with
the synthesized sample.

The hexaaluminate synthesized v.~ s calcined at various temperatures to evaluate
how the structure evolves with tem ~erature. The X-ray diffractograms of the samples
at several temperatures are alsu ire:sented in Figure 1. Thus, the sample calcined at
873 K (a) presents an amorphc'is phase that appears to be similar to minerals from the
spinel group of alumine (p.*te.n # 00-021-1152), most likely due to the presence of a
mixture of MgO, MnC a.a reO, with Al,Os. Upon calcination of the sample at 1073 K
(b), the spinel an. tne additional metal oxides begin to transform into the
hexaaluminate phase hibonite-Ca (pattern # 00-007-0785), as shown by the
appearance of diffraction lines related to this oxide. Calcination at 1273 K (c) results in
a decrease in the intensity of the diffraction lines for the spinels seen at lower
temperatures and an increase in the intensity of the hexaaluminate peaks. The
diffractograms for samples (b) and (c) are complex due to the mixture of components
and crystallographic phases. For sample (d), which was calcined at 1473 K, the spinel
phase has disappeared almost completely and high correspondence with the

hexaaluminate is found. As such, the hexaaluminate has almost completed its



transformation at this temperature since the diffraction lines obtained are well
defined.

LHA exhibit a double Frenkel defect, which hinders formation of the
hexaaluminate phase with a molar La:Al ratio of 1:11. This defect can be corrected if
the amount of aluminum is increased to around 14-15 with respect to lanthanum. As
such, a predominant hexaaluminate phase can be obtained, with an aluminate phase
as a secondary, although not pure, phase even when increasing the calcination
temperature to 1723 K [38,39]. Rao and Mariappan [38] studied the structural
formation of LHA, comparing two synthesis methods and u: ing molar La:Al proportions
of 1:11, 1:12 and 1:15. Samples were calcined at 1723 ~ ‘or 2 h, obtaining a high
crystallinity with very well defined peaks in all three rascs. The aluminate phase was
found to be predominant for the molar ratios 1:11 »nd 1:12, with the hexaaluminate
phase being secondary. In the case of the sampi. ob ained with a 1:15 molar ratio, a
predominant hexaaluminate phase was obcz-ved, with the aluminate phase being
secondary in this case. No pure phases w=<re vutained at this temperature. Park et al.
[39] showed that LHA is more likely t « be a non-stoichiometric phase corresponding to
Lag.g3Al11.83019 Or LaAl;1 6,019 With > molar Al/La ratio in the range 13-14. These authors
also predicted that these two pn#s><, which have an MP structure, may form solid
solutions. Modeling also reveale. the possible existence of metastable phases. They
explained the structural detc -t observed using two types of defect models: a “vacancy
model” and an “interstiti.' o.ygen model” [39].

In the case _f 1. hexaaluminate obtained from the saline slags using a molar
La:Al ratio of 1:11, 2 ~.ure phase with high densification of the solid was obtained at
1473 K. This finding shows that the saline slags solution self-corrects the double
Frenkel structural defect. A stoichiometric ratio, and the metallic synergy of the
components, makes it possible to obtain the hexaaluminate phase at lower calcination
temperatures. This may be due to the fact that a lower diffusion energy is needed in
the solid-state reaction in the presence of other metals. Acid treatment of the saline
slags allows other metals, such as Mg, Fe, Si, Mn and Ti, which work in excellent

synergy with La to obtain the hexaaluminate, to be extracted.



In order to corroborate that the hibonite autocorriges the structural defect
Frenkel in LHA, two samples with commercial precursors were synthesized and
calcined at 1473 K for 2 h. The samples were AD1, mole La/Al ratio of 1:11, and AD2,
mole La/Al/Ni ratio of 1:15:0.25. The XRD patterns are included in Figure 2. It can be
seen that the hexaaluminate structure is not achieved when using a mole La/Al ratio of
1:11 (AD1). Under these conditions, the predominant phase is La(AlO3) due to the
vacancies generated by the double Frenkell effect in LHA, possibly due to the repulsive
effects of La>* on AI** that prevents it from migrating within the structure and to form
a hexagonal arrangement corresponding to the LHA phase. On the contrary, it can also
be seen that the hexaaluminate phase develops for sarm.pic AD2. This result can be
explained by the presence of an excess of AI** and Ni’". The addition of nickel allows
the formation of the MP-type hexaaluminate stri -ture and reduce the secondary
phases of aluminate to 1473 K, an effect repor.~d ty Rao and Mariappan [38]. This
result demonstrates the synergistic effect of = ~tals and the correction of the defect by
using Al extracted from saline slags, since oti..i metals that carry this effect are also

extracted.

The quantitative chemical composition by of the sample synthesized, as
determined by FXR (low limits of c'et2ction for major elements are in the range of 0.01
wt.%, and approximately 10 onm for trace elements) and SEM-EDX (determined by
EDX-mapping from an ave ~ge of 20 measurements on the sample with a percentage
measurement uncert7io/ ur 0.5 wt.%), is shown in Table 3 and Figure 3. These values
allow an atomic rela*ionship between the main elements that may be present to be
established. The tabie shows a possible composition in groups according to the general
hexaaluminate formula AB,Al1,,019, Where A represents cations such as La, Ca, Na and
B represents metals that replace Al in the structure, such as Mg, Fe, Si, Ti and Mn. The
hibonite formula shown in Equation 1 can therefore tentatively be proposed, assuming
that this oxide is only obtained in the final sample. Although the sum of cations (A) in
the hibonite formula must be 1, and a value of more than 2.29 is obtained, this may be
possible in the case of hexagonal structures with values of metallic cations greater
than 1 due to the presence of cations such as Ca and Na. The formation of Ca,Al;5,019

has recently been proposed via a solid-state reaction [40-42]. In addition, Fe can



replace Al completely in a hexaaluminate and convert it to hexaferrite [12,43],
therefore both structures could be comparable. In the case of hexaferrites, several
examples of structures containing large cations with molar ratios greater than 1, such
as Ba,Fe1,019 [44,45], Ba,Cu,Fe;,0,,, BasFeyFer;0;; (type Hexaferrite Y) [44-47], which

still remain in the hexagonal phase, are known.

(Cap.saNag e7La1.08)(Si1.32Mg0.83F€0.18MN0 02 Ti0.03)Als.06019-5 (Equation 1)

The specific surface and pore volume values at se ‘era temperatures, and the
predominant phase at those temperatures, can be found i1 Table 4. The Sger results at
1473 K suggest that almost complete sintering is z~h.~ved as a result of the applied
synthesis mechanism, thus resulting in a high densi*cation. It is important to mention
that the predominant hexaluminate phase it cos2rved at 1373 K, with excellent purity
and acceptable porosity for use as cat=!ti. support, thus representing a reduction in
the formation temperature. The size >f the crystallite was determined using the
Debye—Scherrer equation. Evolution ~f the crystallite size was observed, with uniform
growth of the crystallite, thus ccontirming an excellent densification. In addition, a
sintering process that occu-s ~t very low temperatures can be proposed, since the
process starts with a low Sg,_- value compared to alumina and a small crystallite size. As
such, the synergy of tiic saiine slag components may benefit diffusion of the species,
thus resulting in nig:. densification, high diffusion in the solid state and low porosity,
which allows the phase transformation to occur at a lower temperature.

The decrease in porosity with calcination temperature is shown in Figure 4, and
the corresponding changes in transformations of the spinel phases become clear when
applying the derivative of the curve. It can also be seen that the enrichment range of
the LHA phase occurs between 1273 and 1373 K, where the derivative remains almost
constant, whereas the slope changes completely at the temperature at which the pure
phase appears (1473 K).

When La reacts with other metals it exhibits different structural mechanisms in

the synthesis of hexaaluminates, with these mechanisms being conditioned by the



nature of the metals, as well as by the stoichiometric ratio in which they are present.
This has a significant effect on the structure of the final material, the temperature
required to form it, the type of phase that is formed, as well as on the textural
properties. This behavior was proposed and discussed by Zhang et al. [12], who studied
the evolution of the crystal structure with temperature and the crystallographic
centers of LaFe,Al;;O19-type hexaaluminates synthesized using a co-precipitation
method with commercial precursors. These authors modified the Fe concentration (x =
0-12) and calcined the materials at several temperatures (between 973 and 1673 K),
finding various phase compositions with variations in tk= Fe concentration, which
competes with Al at the structural centers. Thus, for a v.'ue of x = 0, they found
MP/LaAlO3 as phases, whereas for a value of x betwee | » and 7 they observed the MP
phase, for a value of x between 8 and 11 MP/a-Fe,C_ ohases and, finally, for a value of
x = 12 they found a-Fe,03/LaFeOs; phases. The’ al;o proposed that Fe is able to
substitute Al in the spinel block. The same av*-ars [48] synthesized the hexaaluminate
BaFe,Al;,,O19 by varying the Fe concentra.ion (x = 0-12) and found that the structural
phase was transformed from B-Al,0; o N.P as the Fe concentration increased.

Machida et al. [49] and Grunoi et al. [50] investigated BaMn,Al;; ,O19 catalysts
and found that replacement of a'ur...~um with manganese up to x = 3 was possible and
that additional phases, such as o<erosvkite, spinel, etc., are produced if this ratio is
increased. Wang et al. [51, and Tian et al. [13] studied substituted materials and
obtained LaMn,Al;,.,010 vitk @ maximum value of x = 1. They also found that LaMnO3
formation occurr.d _fte the addition of additional Mn. This behavior may be
associated with the liraited ability of hexaaluminate to incorporate other metal ions
into the structure.

The relationship between the decrease in porosity and crystallite size are shown
in Figure 5 (a), which allows the effect of the phase transformation on the specific
surface to be identified since the spinel phase undergoes changes towards the
hexaaluminate phase. In the solid matrix, the competition between species such as Fe-
Al to occupy the same structural centers generates this inverse correspondence
between the crystallography and the textural properties for the hexaaluminate
synthesized. This same phenomenon was observed by Zhu et al. [48], who reported

that the variation in Fe concentration in BaFe,Al;,.,019 generates a destructive effect
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on porosity related to competition for the aforementioned octahedral centers, finding
specific surface values of between 20 and 4 m?/g for values of x between 0 and 9. For
values of x greater than 9, the specific surface is zero.

The relationship between specific surface area and crystallite size and
temperature are also shown in Figure 5 (b), which was created using the Krigin—

Gridding interpolation method and according to the following model (Equation 2):

846.189—0.667T+24.5775G—6.4677SG%+0.3604SG3
1-0.01516T+5.6945T%2—-3.6677T3+1.2670SG—0.031775G?

Sper = (Equation 2)
where T is the calcination temperature and SG the crysta'iite size. This model gives an
R? value of 0.992 and a ¥’ value of 1.05, thus showing *na. the model fits the data very
well.

The reduction profiles of the hexaalumina.~s ralcined at various temperatures
are shown in Figure 6. It can be seen that ma’c-ials calcined at 873 and 1073 K present
reduction processes over a wide temperz:ure 1ange (between 570 and 1173 K), with
this behavior being related to the rer.uction of species that have not yet been
incorporated into the hexaalumii.nte structure. Once the hexaaluminate phase has
formed and predominates, in ot'e: . -ords for samples calcined above 1273 K, there is
no evidence of reduction pro~=sse . These findings indicate that there are no reducible
species outside the structi're ~nd that the Fe and Mn extracted from the starting saline
slags (see Table 2) have . =rn fully incorporated into the hexaaluminate structure. It
should also be nc.cd .~=” the reducible oxides that contribute to H, consumption are
those related to Fe s-:zcies, and to a lesser extent to Mn species, given that La, Al, Ca
and Mg oxides are not reducible. The reduction profile of the sample calcined at 873 K
shows four reduction maxima at 593, 713, 773 and 913 K. The first can be attributed to
the reduction Mn,03; to Mn30,, the second to the reduction of Mn304 to MnO and
Fe,0s to Fe304, and the third to the Fe species that migrate from Fes04 to FeO. Finally,
the latter corresponds to the transition from FeO to metallic Fe since MnO is not
reducible under these conditions [52,53]. The sample calcined at 1073 K shows the
typical behavior described by Leith and Howden [53] for materials based on Fe and Mn
oxides. In this case, the species are reduced at higher temperatures due to interactions

with the metallic support. In view of the temperature profile, reduction maxima can be
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assigned to the temperatures 713, 780, 876 and 995 K. The correspondence of species
would be with those described above.

The evolution of the structure of the hexaaluminate as a function of calcination
temperature was also characterized by FTIR and is shown in Figure 7, which shows a
broad band centered at 3440 cm™ and another at 1640 cm™ assigned to the
characteristic stretching and bending vibrations of OH groups, respectively. These
bands are associated with water adsorbed on the samples, and experience a decrease
in intensity with increasing calcination temperature, which may be related to the loss
of surface area inherent to the process [54]. All spectra shc ws bands in the range 400—
1000 cm™ assigned to the vibration of metal-oxygen bonus M-0). In the presence of
multiple metals, the increase in calcination temperatui. means that hexaaluminate
structure formation results in narrower and better < =fined bands [54,55]. In all cases,
bands due to tetrahedral [AlO4]™ stretching vibra.‘ons, specifically the shoulders in the
spectra at 750 cm™, are evidence of this kin2 of site. Octahedral [AlOg]® stretching
vibrations appear at 695 cm™ and as a sheulae, at 578 cm™ [54,55]. Bands due to M-O
bonds other than to Al can be obs-rved in the spectra, including the Mg-O bond
vibration at 840 cm™ [55], Fe-O at 155 cm ! [55-57], and, finally, the sample calcined at
1473 K exhibits characteristic r.e7..- for hibonite La-Ca at 520, 660 and 980 cm™
[55,58].

The SEM-TEM image o. the hexaaluminate calcined at 1473 K is shown in Figures
3 and 8. From Figure 5, tha2re are an agglomeration of the hexaaluminates which
causes a high de.siii-ation and a low porosity [59]. It is not observed that the
microcrystals are sints red since they keep their microstructure very well defined and
independent of each other. In the diffractogram included in Figure 1, a high
crystallinity of the sample was observed, which could be related to the excellent
structural definition that can be seen. In addition, an aluminate secondary phase was
practically not observed, which would allow establishing a high phase purity,
conditioning with the SEM images and with the composition determined by EDX
mapping (20 measurements on the sample and an average composition with a
percentage uncertainty of the measurement of 0.5%). TEM-SAED images of the

hexaaluminates obtained are also included in Figure 8. In this figure is possible to see

11



the atomic distribution of the hexagonal arrangements in the microstructure and the

interplanar lattice patterns corresponding to LHA.

4. Conclusion

The synthesis of hexaaluminate and La-Ca hibonite from aluminum extracted
from an aluminum saline slag has been presented for the first time. The proposed
procedure is suitable for upgrading a hazardous industrial waste and obtaining a
material that can have various uses as a catalyst and thermal insulator.

The aluminum used in the synthesis of hexaaluminz te is extracted from saline
slags in an acid medium, a process that allows the extrar.ucn of smaller quantities of
other metals. The presence of these metals provides g e« advantages in the synthesis
of hexaluminates since it allows to obtain th: hexaaluminate phase with a
stoichiometric La/Al ratio at lower temperat.res, than another hexaaluminates
reported, and with a greater degree of phase ;urity than if the synthesis is carried out

using commercial reagents.
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Captions

Table 1. Chemical composition of the solution after acid extraction.

Table 2. Chemical composition of the aluminum saline slags before aluminum
extraction.

Table 3. Chemical composition of the La-hexaaluminate synthesized.

Table 4. BET specific surface areas, pore volumes and crystallite sizes of the sample
synthesized at several temperatures. The structure of the phase that

predominates at each temperature is also included.

Figure 1. (A) XRD pattern of the hexaaluminate synthesiz~. 1siag La and Al extracted
from saline slags, AD method (the hibc.i:= pattern is included for
comparison). (B) XRD patterns of the h-xaawuminate calcined at several
temperatures and evolution of the phac=s. (1) 873 K, (b) 1073 K, (c) 1273 K,
and (d) 1473 K. Symbols: ¥ Spinel r~ttern 00-021-1152, ¥ Hibonite pattern
00-007-0785.

Figure 2. XRD patterns of samplec sy ithesized with commercial precursors (AD
method) and calcined at 1473 n for 2 h (various patterns are included for
comparison). AD1, molur (a/Al ratio of 1:11, AD2, molar La/Al/Ni ratio of
1:15:0.25.

Figure 3. SEM micrograp~s and EDX-mapping analysis of the hexaaluminate
synthesized at .172 K. The mass surface and the atomic concentrations are
also inclu”ea

Figure 4. Evolution of ¢ ger with calcination temperature.

Figure 5. (A) Evolution of Sger with crystallite size. (B) Krigin Gridding interpolation.

Figure 6. TPR patterns of the hexaaluminate calcined at several temperatures.

Figure 7. FTIR spectra of the hexaaluminate calcined at several temperatures.

Figure 8. TEM-SAED images of the hexaaluminate synthetized at 1473 K. The
superficial patters and he interplanar distances in the structure can be

observed.
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Table 1. Chemical composition of the solution after acid extraction.

Composition Al Fe Ca Mg

g/cm’ 8.96+0.13 0.85+0.01 0.76+0.01 0.49+0.01
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Table 2. Chemical composition of the aluminum saline slags before aluminum
extraction.

Composition Na,0 MgO Al,0; SiO, P,0; SO; (I K,O CaO

wt. % 0.77 649 5523 423 007 041 047 050 212

Composition TiO, Cr MnO Fe,O; Ba Cu F Zn

wt. % 065 007 0.26 125 007 051 041 0.17
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Table 3. Chemical composition of the La-hexaaluminate synthesized.

A By Alipy | Ogog
Oxides La,0; | CaO Na,0 MgO | Fe,0;3 | Si,O Ti,O MnO | ALO; | O
wt. % 20.49 | 3.52 | 2.40 390 |1.67 |9.25 |0.34 |0.28 |56.91
mol. % 7.57 | 3.78 | 4.66 582 | 126 |9.27 |0.26 |0.19 |67.19
Atom La Ca Na Mg Fe Si Ti Mn Al 0
LHA composition 1.08 | 0.54 | 0.67 0.83 |0.18 |1.32 |0.03 |0.02 |9.06 19-8
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Table 4. BET specific surface areas, pore volumes and crystallite sizes of the sample
synthesized at several temperatures. The structure of the phase that predominates at
each temperature is also included.

Temperature SBET Vp Crystallite  Phase structure
(K) (m°/g) (cm®/g) size (nm)
873 59 0.216 3.52 Spinel
1073 28 0.154 3.97 Spinel >> LHA
1273 17 0.056 5.30 LHA >> Spinel
1373 9 0.056 2.70 LHA >> Spinel
1473 1 0.003 9.<£ LHA
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Figure 2. (A) XRD pattern of the hexaaluminate synthesized using La and Al extracted
from saline slags, AD method (the hibonite pattern is included for comparison). (B) XRD
patterns of the hexaaluminate calcined at several temperatures and evolution of the
phases. (a) 873 K, (b) 1073 K, (c) 1273 K, and (d) 1473 K. Symbols: ¥ Spinel pattern 00-
021-1152, V¥ Hibonite pattern 00-007-0785
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Figure 3. SEM micrographs and EDX-mapping analysis of the hexaaluminate
synthesized at 1473 K. The mass surface and the atomic concentrations are also

included.
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31



Credit authorship contribution statement

In this work, Mr J.J. Torrez-Herrera carried out the experiments, analyzed results and
involved in writing/revising manuscript; Dr E.G. Fuentes-Ordofiez and Prof S.A. Korili
analyzed results and involved in writing/revising manuscript; Prof. A. Gil provided

conceptualization, project administration, manuscript writing and revision guidance.

32



Author declaration

[Instructions: Please check all applicable boxes and provide additional information as
requested.]

1. Conflict of Interest

Potential conflict of interest exists:

We wish to draw the attention of the Editor to the following facts, which may be considered as
potential conflicts of interest, and to significant financial contributions to this work:

The nature of potential conflict of interest is described below:

X]No conflict of interest exists.
We wish to confirm that there are no known conflicts of infe. st 7 ssociated with this publication

and there has been no significant financial support for this . ork that could have influenced its
outcome.

2. Funding

[|Funding was received for this work.

All of the sources of funding for the wor.: described in this publication are acknowledged
below:

[List funding sources and their 1. e in study design, data analysis, and result interpretation]

XINo funding was rece vea ‘or this work.

3. Intellectual Property

D>X]We confirm that we have given due consideration to the protection of intellectual property
associated with this work and that there are no impediments to publication, including the timing
of publication, with respect to intellectual property. In so doing we confirm that we have
followed the regulations of our institutions concerning intellectual property.

4. Research Ethics

DX]We further confirm that any aspect of the work covered in this manuscript that has involved
human patients has been conducted with the ethical approval of all relevant bodies and that such
approvals are acknowledged within the manuscript.

33



[_]IRB approval was obtained (required for studies and series of 3 or more cases)

[ IWritten consent to publish potentially identifying information, such as details or the case and
photographs, was obtained from the patient(s) or their legal guardian(s).

5. Authorship

The International Committee of Medical Journal Editors (ICMJE) recommends that authorship
be based on the following four criteria:

1. Substantial contributions to the conception or design of the work; or the acquisition,
analysis, or interpretation of data for the work; AND

2. Drafting the work or revising it critically for important intellc tual content; AND

3. Final approval of the version to be published; AND

4. Agreement to be accountable for all aspects of thc vork 1n ensuring that questions
related to the accuracy or integrity of any part ¢ « @ vsork are appropriately investigated

and resolved.

All those designated as authors should meet all fcur _riteria for authorship, and all who meet the
four criteria should be identified as authors. For m. *= information on authorship, please see
http://www.icmje.org/recommendations/br~. .. ~e/ ~les-and-responsibilities/defining-the-role-of-
authors-and-contributors.html#two.

el

significantly to the creation of this mran . ~cript, each having fulfilled criteria as established by
the ICMIJE.

[]One or more listed authors ~o(es, not meet the ICMJE criteria.
We believe these individua:~ shoald be listed as authors because:

[Please elaborate b .'ow, ‘s’

DXJIWe confirm that the manuscript has been read and approved by all named authors.

D>X]We confirm that the order of authors listed in the manuscript has been approved by all named
authors.

6. Contact with the Editorial Office

The Corresponding Author declared on the title page of the manuscript is:
Antonio Gil

34



DX This author submitted this manuscript using his/her account in EVISE.

DXAWe understand that this Corresponding Author is the sole contact for the Editorial
process (including EVISE and direct communications with the office). He/she is
responsible for communicating with the other authors about progress, submissions of
revisions and final approval of proofs.

DX]We confirm that the email address shown below is accessible by the Corresponding
Author, is the address to which Corresponding Author’s EVISE account is linked, and
has been configured to accept email from the editorial office of American Journal of

Ophthalmology Case Reports:
andoni@unavarra.es

[]Someone other than the Corresponding Author declared abov * sut mitted this manuscript
from his/her account in EVISE:

[Insert name below]

[ IWe understand that this author is the s.) contact for the Editorial process (including
EVISE and direct communications wit. the office). He/she is responsible for
communicating with the other au*uors, including the Corresponding Author, about
progress, submissions of revisions «.'d final approval of proofs.

35



We the undersigned agree with all of the above.

Author’s name (Fist, Last) Signature Date

g -
1. Antonio Gil 4/<Z ¢ / January 13™, 2019

10.

36



P Pure phases of La-hexaaluminates at low temperature from saline slags were obtained.

» Acid aluminum extracted from saline slags was used in the synthesis of La-hexaaluminates.

P The synthesis of hexaaluminate from an industrial waste was presented for the first time.
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