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A B S T R A C T   

Aluminium was successfully extracted by treating an aluminium slag with aqueous NaOH under reflux condi
tions. This solution was purified by precipitation of silicon species by addition of HCl up to pH = 1, and used for 
preparing hydrocalumite (Ca2Al(OH)6Cl⋅2H2O) by the coprecipitation method. The effect of temperature on the 
properties of hydrocalumite prepared under microwave (MW) irradiation was studied. Characterization of the 
obtained solid was carried out by powder X-ray diffraction (PXRD), thermal analysis, FT–IR spectroscopy, 
chemical analysis, electron microscopy and N2 adsorption–desorption at − 196 ◦C. The results showed that the 
use of the extracted aluminium solution allowed to obtain hydrocalumite by the coprecipitation method and that 
the temperature of the MW ageing treatment had a large effect on the formation of side phases, in addition to 
hydrocalumite. The results here reported demonstrate that formation of hydrocalumite is an effective method for 
the recovering of aluminium from its waste.   

1. Introduction 

According to the World Bureau of Metal Statistics, consumption of 
aluminium was 62.8 million metric tons in 2019 (World Bureau of Metal 
Statistics, 2020), with an increase of 55% in a period of only nine years 
(40.6 million metric tons in 2010 (Fig. 1). This increase in its use is 
mainly due to the excellent properties of this metal, its low density (2.70 
g/cm3), low melting point (660 ◦C) and corrosion resistance, among 
other properties, allow its use in a large variety of applications (Sverdlin, 
2003). 

Industrial aluminium production is carried out by combination of the 
Bayer and Hall–Héroult processes (primary aluminium production) (Gil, 
2005). The requirement of electric energy is high and various wastes, 
such a red mud, are generated, with a potentially enormous danger on 
the environment (Gil, 2005). Fortunately, aluminium can be recycled 
and reused maintaining its properties. In this way, secondary aluminium 
production is based on recycling of the metal. This second process re
quires less energy than primary aluminium production. Unfortunately, 
an important waste is generated during this process, the so called Salt 
Cake or Saline Slag (Gil, 2005; Bruckard and Woodcock, 2007, 2009), 
generated from the use of flux salts (mainly NaCl and KCl) to melt 

aluminium scraps. As the European Union considers this residue as a 
hazardous waste (Directive 2010/75/EU, 2010), various procedures for 
managing it have been proposed (Gil, 2005; Gil and Korili, 2010, 2016; 
Tsakiridis, 2012; Tsakiridis et al., 2013; Gil et al., 2014, 2018a, 2018b). 
Thus, Gil and Korili (2010, 2016) have studied the current situation of 
managing the wastes, concluding that the best option is to recover 
metallic aluminium and to dispose the non–metallic fraction in 
controlled landfills. Gil and co–workers have also used saline slags as an 
adsorbent (Gil et al., 2014, 2018a; Gil and Korili, 2016). The policies 
outside the European Union also tend to manage and recover this waste; 
thus, recovering of metallic aluminium from aluminium dross (Bruckard 
and Woodcock, 2007, 2009) or treatment of saline slags by aqueous 
leaching and Bayer–type digestion (Davies et al., 2008) have been pro
posed. One of the most attractive recovering method is the use of the 
saline slag as a precursor of value–added aluminium–containing mate
rials, but for this application a previous treatment of the slag with acid or 
basic solutions is required to extract the aluminium (Gil et al., 2018b; 
Yoldi et al., 2019; Santamaría et al., 2020a, 2020b). Jiménez et al. 
(2021) have very recently reported the preparation of analcime and 
pollucite zeolites by extraction of Al3+ using NaOH or CsOH, respec
tively, from the same slag used in the present work. 
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One of the families of materials that can be obtained applying this 
methodology is that of Layered Double Hydroxides (LDH). They are 
anionic clays with a general formula [M(II)1-xM(III)x(OH)2]x+[Ax/ 

n]n-⋅mH2O, where M(II) and M(III) are divalent and trivalent cations and 
A is the interlayer anion (Rives, 2001). The structure of LDH is derived 
from that of brucite, Mg(OH)2; the partial, isomorphical substitution of 
M(II) by M(III) introduces an excess of positive charge in the [M(II)1-xM 
(III)x(OH)2]x+ layer which is balanced by interlayer anions (An-). When 
Mg(II) and Al(III) are the cations and carbonate the anion, the com
pound is known as hydrotalcite. This is a mineral existing in Nature, and 
probably the most representative of the group (Drits and Bookin, 2001); 
thus, the solids with its structure are also known as hydrotalcite–like 
compounds, or simply hydrotalcites. Many divalent cations such as 
those of Ni, Co, Cu, Mg, Ca or Zn form LDH with trivalent cations such as 
those of Al, Fe, Cr, Y or Ga (Rives, 2001), while Li as monovalent cation 
can also form LDH (Serna et al., 1982). 

In the same way, many anions such as Cl− , NO3
− or CO3

2− can be 
incorporated into the interlayer region, their interactions being medi
ated by coulombic forces between the positive charge of the layers and 
the anions and hydrogen bonding between the hydroxyl groups and the 
water molecules in the interlayer region (Rives, 2001). Poly
oxometalates and anionic coordination compounds have been also 
incorporated in the interlayer space of these solids (Rives and Ulibarri, 
1999). When the divalent cation is Ca2+, the trivalent cation is Al3+, and 
the anion is chloride, hydroxide or carbonate, the LDH is called hydro
calumite (general formula Ca2Al(OH)6(Cl,CO3,OH)⋅H2O, for the chlo
ride phase Ca2Al(OH)6Cl⋅H2O) (Hudson Institute of Mineralogy, 2021; 
Mineralogy Database, 2021). Hydrocalumite (HC), as hydrotalcites, has 
a wide variety of applications: adsorbent (Takaki et al., 2016), ion–ex
changer (Radha et al., 2005; Murayama et al., 2012), antacid (Linares 
et al., 2016), basic heterogeneous catalysts (Cavani et al., 1991; López- 
Salinas et al., 1996; Sánchez-Cantú et al., 2015; Granados-Reyes et al., 
2017, 2019; Rosset and Perez-Lopez, 2019; Souza Júnior et al., 2020; 
Szabados et al., 2020) and polymer aditive (Labuschagne et al., 2015; 
Labuschagné et al., 2019; Zhang et al., 2017). 

LDH can be obtained by several methods from their constituting 
cations, and after its precipitation, the ageing process is very important 
as it conditions the LDH characteristics, by controlling the phase 
composition, the particle size, the specific surface area, etc. Ageing can 
be carried out under reflux, hydrothermal or microwaves conditions. 
Nowadays, the use of microwaves has increased as it allows to reduce 
the ageing time and the final solids have similar properties to those aged 
under traditional methods (Benito et al., 2004, 2008, 2009; Pérez-Bar
rado et al., 2013; Granados-Reyes et al., 2014; Linares et al., 2016). 

The aim of this work is to study the effect of microwave treatment 

temperature on the formation of several phases in the synthesis of 
hydrocalumite, using a saline slag as the source of aluminium. Raw sa
line slag is made up of aggregates of different sizes, containing various 
aluminium species (various Al2O3 phases, Al(OH)3, metallic Al, etc.). 
Aluminium was recovered from the non–metallic fraction of the saline 
slag under reflux conditions in a NaOH solution and the resulting liquor 
was used as a source of aluminium in the synthesis of hydrocalumite. 
Thus, formation of hydrocalumite is applied itself as a method for 
recovering of aluminium, forming an Al–based derived solid with added 
value. This strategy is in line with the circular economy paradigm, in 
which a waste to be discarded, being itself an environmental problem, 
receives an added value, changing from an end–of–live situation to an 
upcycling situation. 

2. Experimental procedure 

2.1. Materials 

Aluminium saline slag was kindly supplied by IDALSA (Ibérica de 
Aleaciones Ligeras S.L., Spain). The saline slag was ground in a ball mill, 
using an alumina jar and alumina balls, and then it was sieved with a 1 
mm screen. The fraction smaller than 1 mm was washed with water 
several times until chloride test was negative, and then dried in an oven 
at 70 ◦C overnight (Bruckard and Woodcock, 2009; Gil and Korili, 2010, 
2016). After the washing treatment, the chloride–free saline slag was 
sieved with a 0.4 mm light screen, and this fraction, named small frac
tion, was used for the NaOH extraction of aluminium. 

The reagents used in this work were HCl (pharma grade, 37%), 
NaOH (technical grade), CaCl2 (anhydrous, 95%), NaCl (pharma grade), 
all from Panreac (Spain), being used as received, without any further 
purification. N2 (Air Liquide, Spain, 99.999%) was used as an inert, 
CO2–free atmosphere. 

2.2. Synthesis of hydrocalumite 

A portion of 75 g of the small fraction was treated with 250 mL of a 3 
M aqueous NaOH solution for 2 h under reflux at 90 ◦C, while being 
magnetically stirred. The slurry was separated by filtration. The pH of 
the liquid was lowered with 2 M aqueous solution of HCl to pH = 1 and it 
was kept under magnetically stirring for 2 h to precipitate silicon as 
SiO2. Then, the white precipitate was separated by filtration. The final 
acidic aluminium–containing solution was analysed by ICP–OES in 
order to determine the amount of aluminium extracted. 

Hydrocalumite was synthesized by the co–precipitation method (De 
Roy et al., 2001). A stoichiometric amount of CaCl2 for a Ca/Al molar 
ratio of 2 (considering the amount of Al determined in the previous step) 
was dissolved in the acidic aluminium solution and the resulting solu
tion (Ca–Al solution) was bubbled with N2 in order to avoid the pres
ence of CO2. A NaOH 2 M aqueous solution, prepared from CO2–free 
water, was used to fix the pH at a value of 11.5, using a pH–burette 
(Crison pH–burette 24). Finally, 15.7 g of NaCl were dissolved in 1 L of 
CO2–free water in a 3 L 3–neck round–bottom flask. N2 was also bubbled 
through the solution during the synthesis in order to avoid the presence 
of CO2 in the reaction medium and the synthesis temperature was 60 ◦C 
(Gevers and Labuschagné, 2019). The Ca–Al solution was added with a 
peristaltic pump (Eldex Laboratories, model PN: 5976 Optos 2SM) at a 
speed of 5 mL/min over the NaCl solution. After complete addition, the 
mixture was submitted to microwave treatment (Milestone Ethos Plus 
Microwave) at temperatures of between 90 and 130 ◦C for 2 h. Finally, 
the solids were recovered and washed with CO2–free water by successive 
centrifugation steps until the pH of supernatant water was 7 and the 
solid was then dried at 80 ◦C in an oven at open air overnight. 

The sample obtained without microwave treatment was denoted as 
ST, while the samples obtained after microwave treatment were denoted 
as MW–T, T being the temperature in Celsius; for instance, MW-125 
stands for a sample treated with microwave irradiation at 125 ◦C. 

Fig. 1. Consumption of refined aluminium in recent years (World Bureau of 
Metal Statistics, 2020). 
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2.3. Characterization techniques 

The powder X-ray diffraction (PXRD) patterns were recorded in a 
Siemens D–5000 instrument using Cu–Kα radiation (λ = 0.154 nm) with 
fixed divergence, from 10◦ to 80◦ (2θ) at a scanning rate of 2◦ (2θ)/min 
with steps of 0.05◦ and time per step of 1.5 s. 

The scanning electron microscopy (SEM) analyses were carried out 
in a Zeiss EVO HD 25 Scanning Electron Microscope, while the Trans
mission Electron Microscopy (TEM) analyses were performed using a 
Tecnai Spirit Twin in 120 kV Transmission Electron Microscope, both at 
the Nucleus Research Platform, University of Salamanca, Spain. 

The FT–IR spectra were recorded in a Perkin–Elmer Spectrum Two 
instrument with a nominal resolution of 4 cm− 1 from 4000 to 400 cm− 1, 
using KBr (Merck, grade IR spectroscopy) pressed pellets and averaging 
20 scans to improve the signal–to–noise ratio. 

Element chemical analyses for several elements were carried out by 
ICP–OES in a Yobin Ivon Ultima II apparatus (Nucleus Research Plat
form, University of Salamanca, Spain). 

Thermal analyses were performed on a SDT Q600 apparatus (TA 
Instruments) under a flow of 50 mL/min of oxygen (Air Liquide, Spain, 
99.999%) and a temperature heating rate of 10 ◦C /min from room 
temperature to 900 ◦C. 

N2–adsorption–desorption isotherms were recorded at − 196 ◦C 
using a Micromeritics Gemini VII 2390 T. Prior to analysis, N2 was 
flowed through the sample (ca 0.1 g) at 110 ◦C for 2 h to remove weakly 
adsorbed species. Specific surface areas were calculated by the BET 
method and average pore diameter by the BJH method (Thommes et al., 
2015). 

3. Results and discussion 

3.1. Extraction of aluminium 

The aluminium content in the final acid aluminium–containing so
lution was 7260 mg/L, while other elements were not found. The 
extraction was carried out under reflux conditions with 3 M NaOH, 
optimal conditions according with our recent study (Jiménez et al., 
2021). The extracted solution was acidified with HCl up to pH = 1, 
removing by filtration the silica thus precipitated, in order to avoid the 
formation of silicate-containing compounds. 

3.2. Characterization of the solids 

The PXRD patterns of the solids are shown in Fig. 2. Calcite, CaCO3 
(ICDD 01–072–1937), katoite, Ca3Al2(OH)12 (ICDD 01–073–6829) and 
hydrocalumite (ICDD 01–072–4773) were detected in the solids, which 
agreed with the phases reported in previous works on the synthesis of 
this compound (López-Salinas et al., 1996; Radha et al., 2005; Mur
ayama et al., 2012; Pérez-Barrado et al., 2013; Granados-Reyes et al., 
2014; Galindo et al., 2014, 2015; Linares et al., 2016). The relative 
concentrations of these phases depended on the ageing temperature 
under microwave treatment. Hydrocalumite was detected in all samples, 
while calcite, clearly identified by its peak at 29◦, was only detected in 
samples ST and MW–90, and its formation may be due to exposure to 
atmospheric CO2 during sample handling. Although the synthesis was 
carried out under N2, the reaction mixture was exposed to the atmo
sphere during handling mainly in the last centrifugation step, and the 
most alkaline solids may fix enough CO2 to form detectable amounts of 
calcite. Katoite was clearly detected in samples MW–100 and MW–110, 
and with very low intensity in MW–120. Hydrocalumite was the only 
phase detected in samples MW–125 and MW–130. The main difference 
between both samples was the crystallinity, this being higher for sample 
MW–125. Hydrocalumite and calcite were formed in the sample not 
submitted to MW treatment. 

Microwave–assisted ageing of the solids allows to obtain highly 
crystalline materials, decreasing the time of treatment compared to 

conventional ageing in an autoclave or under reflux conditions (Benito 
et al., 2004, 2008, 2009). Pérez-Barrado et al. (2013) used high tem
perature (180 ◦C) for preparing hydrocalumite, detecting calcite in some 
of the final solids. The structure of their solids was indexed in the 
trigonal lattice system and belonged to R3c group (No. 161). Granados- 
Reyes et al. (2014) reported that the interlayer anion can change the 
crystalline system, chloride leading to a rhombohedral crystal and ni
trate leading to a hexagonal crystal. LDH can occur in two classes of 
polytypes, rhombohedral and hexagonal, with the Al(OH)3 polymorph 
determining one or the other packing (Williams and O'Hare, 2005). In 
this work, we used a lower temperature (125 ◦C) than these authors for 
preparing pure hydrocalumite and the structure was similar to that 
indexed in the hexagonal lattice system, group R–3 (No. 148). 

As indicated above, hydrocalumite is a layered compound with for
mula Ca2Al(OH)6Cl⋅2H2O, where the sheets are built of [Ca2Al(OH)6]+

octahedra, and its structure is similar to that of hydrotalcite (Mg6A
l2(OH)6CO3⋅4H2O), except that Ca and Al octahedra are orderly 
accommodated in the layers while in hydrotalcites the sheets contain 
randomly arranged metal hydroxide components (López-Salinas et al., 
1996; Souza Júnior et al., 2020). This greater order in the sheets implies 
more intense and narrower diffraction peaks than in hydrotalcites, but 
peaks due to (003), (006), (110) and (009) planes are present both in 
hydrocalumite and hydrotalcite PXRD patterns (Radha et al., 2005). The 
samples presented a strong preferential orientation, with stacking along 
crystallographic c direction, as shown by the high intensity of the (003) 
and (006) peaks. 

Additionally to hydrocalumite and calcite phases, katoite (ICDD 
01–073–6829) was identified in samples MW–100, MW–110 and 

5 10 15 20 25 30 35 40 45 50 55 60

(10 10)(2-16)(009)(110)(104)(006)

*
Hydrocalumite
Katoite
Calcite

*

MW-130

MW-90

MW-100

MW-110

MW-120

MW-125

In
te

ns
ity

 (C
ps

)

2 (º) / Cu K

ST*

(003)

10000

5 10 15 20 25 30 35 40 45 50 55 60

Hydrocalumite

MW-100

In
te

ns
ity

 (C
ps

)

2 (º) / Cu K

Katoite

MW-125

2000

Fig. 2. X-ray patterns of the prepared solids.  
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MW–120. Katoite is a non–layered double hydroxide with a Ca/Al molar 
ratio of 1.5 and formula Ca3Al2(OH)12 (Granados-Reyes et al., 2014). In 
fact, this is the end–member of a series with formula Ca3Al2(SiO4)3- 

x(OH)4x, that is, when the replacement of SiO4 by OH is complete (x = 3) 
(Hudson Institute of Mineralogy, 2021; Mineralogy Database, 2021). To 
avoid its formation, mainly of the non–end members of the series, it is 
then desirable to completely remove Si–containing species from the 
precursor solution. For this reason, as silica can be dissolved as silicate 
during extraction with NaOH solution, it was removed by lowering the 
pH to 1, and filtering the SiO2 thus formed. 

The presence of katoite has been reported when the ageing of solids 
is carried out under microwave irradiation, but it is absent when the 
ageing is carried out in a conventional autoclave, and long ageing times 
favour its occurrence (Granados-Reyes et al., 2014). The effect of tem
perature on the simultaneous formation of katoite and hydrocalumite, 
has been studied using the respective hydroxides as Ca and Al sources 
and without applying any ageing treatment, concluding that the use of 
temperatures above 80–90 ◦C favoured the appearance of katoite, which 
competed with hydrocalumite, and suggesting that at a 120 ◦C only 
katoite should be present (Gevers and Labuschagné, 2019, 2020). In our 
solids, a hydrocalumite–katoite mixture existed when the microwave 
ageing treatment was carried out at temperatures between 100 ◦C and 
120 ◦C. This suggested that microwave treatment has a positive effect on 
the kinetics of katoite formation in the temperature range from 100 to 
120 ◦C (Granados-Reyes et al., 2014). In contrast, pure hydrocalumite 
was obtained at 125 ◦C and 130 ◦C. 

The theoretical a and c parameter values for hydrocalumite are 5.75 
Å and 23.49 Å, respectively (ICDD 01–072–4773). These cell parameters 
were calculated for the synthesized solids from the interplanar distances 
(110), and (003) and (006) (a = 2d(110) and c = 3/2[d(003) + 2d(006)]) 
(Cavani et al., 1991) respectively (Table 1). Cell parameter a varied 
between 5.75 and 5.77 Å; that is, showing values very close to the 
theoretical one. Similarly, the c value varied between 23.51 and 23.63 Å, 
being very similar, although very slightly higher than the theoretical 
value. This parameter mainly depends on the charge, size and orienta
tion of the anion between the layers, as well as on the hydration degree 
(Rousselot et al., 2002; Pérez-Barrado et al., 2013); in the present case 
the anion was always chloride, although traces of carbonate could be 
present in some samples. Thus, it is more probable that the small dif
ferences found were due to differences in the hydration degree. 

Table 1 also shows the crystallite size of the samples along the 
stacking direction (d(003)) and direction (110) (d(110)). The crystallite 
size was calculated from Scherrer's Equation (D = kλ

βCosθ;k = 0.94; λ =

0.154 nm; θ = Bragg diffraction angle; β =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 − b2

√
;B = FWHM((hkl)) 

(rad); b = instrument width (rad)) (Jenkins and de Vries, 1978). The 
crystallite size along the stacking direction increased as the treatment 
temperature increased reaching a maximum for MW–120, and 
decreasing for higher temperatures. A similar effect was observed for the 
crystallite size along the (110) direction. The presence of significant 
amounts of katoite in samples MW–100, MW–110 and MW–120 seemed 
not to affect the growing of hydrocalumite crystallites. The highest value 
of the crystallite size along the stacking direction was found for sample 
MW–125, while the highest value of crystal size in the (110) direction 

was observed for sample MW–120. However, when the treatment tem
perature was 130 ◦C, a decrease in the crystallite size was observed. 
Therefore, the MW treatment at 125 ◦C allowed to obtain pure hydro
calumite with higher crystallinity than at other temperatures. 

In those samples where only the hydrocalumite phase was formed 
(MW–125 and MW–130) the Ca/Al molar ratio was very close to the 
theoretical value of 2 (Table 1). On the other hand, when hydrocalumite 
coexisted with katoite, the Ca/Al molar ratio decreased, moving away 
from the theoretical value of 2 for hydrocalumite, and approaching to 
the theoretical value of 1.5 for katoite, showing values between 1.79 and 
1.88 (as katoite contains less Ca than hydrocalumite, and consequently 
less Ca than the amount present in the mixture, its excess should remain 
soluble). Assuming that hydrocalumite and katoite were the two only 
phases present in the solids, their composition was estimated (Ca/Al = 2 
should correspond to pure hydrocalumite and Ca/Al = 1.5 should 
correspond to pure katoite, intermediate values allowed to estimate the 
phase composition), katoite being 24–42% of the total amount of these 
solids. In the case of the solids in which PXRD showed the presence of 
calcite, the Ca/Al molar ratio was 2.04 (ST) and 1.99 (MW–90). The first 
of these samples showed a small excess of Ca, but the second one did not 
show such an excess. The small excess (2%) of found might be forming 
undetected extraframework phases. 

The FT–IR spectra of the solids are shown in Fig. 3. There are few 
differences between the spectra. In all cases, bands at 3600–3500 cm− 1 

corresponded to stretching vibration of O–H bonds. The band at 3643 
cm− 1 was assigned to stretching vibrations of AlO–H bonds, while the 
band at 3478 cm− 1 was assigned to stretching vibrations of CaO–H 
bonds, and to hydroxyls from water molecules in the interlayer region 
(Nyquist and Kagel, 2001; Bastida et al., 2004; Albuquerque et al., 2008; 
Nakamoto, 2008). The presence of water was confirmed by the band at 
1618 cm− 1, due to its bending mode. The band at 1410 cm− 1 corre
sponded to O–CO vibrations of carbonate ions. Its presence indicated 
that the carbonation of the samples could have occurred during their 
manipulation, despite the cautions taken to avoid it. This could be in 

Table 1 
Parameters determined for the synthesized solids.  

Sample a (Å) c (Å) Ca/Al molar ratio D(003) (nm) D(110) (nm) SBET (m2/g) Average Pore diameter (nm) Phase composition Hydration water (%)** 

ST 5.77 23.63 2.04 45 85 11 7.0 HC + C 15.38 
MW–90 5.75 23.59 1.99 29 65 18 6.3 HC + C 14.89 
MW–100 5.76 23.61 1.79 74 100 4 6.2 HC + K 9.86 
MW–110 5.75 23.51 1.79 60 102 2 5.9 HC + K 8.47 
MW–120 5.77 23.57 1.88 62 241 5 5.9 HC + K 13.26 
MW–125 5.76 23.63 1.96 87 189 6 6.5 HC 12.31 
MW–130 5.75 23.60 1.97 49 110 16 6.1 HC + A* 13.15 

HC: Hydrocalumite; K: Katoite; C: Calcite; A: Aragonite (* Traces). ** End of the first mass loss (~ 200 ◦C). 
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Fig. 3. FT–IR spectra of the samples.  
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agreement with the differences found in the values of the cell parameter 
c because the CO3

2− diameter (3.78 Å) (Lide, 1995) is somewhat larger 
than the Cl− diameter (3.36 Å) (Lide, 1995). In this way, the presence of 
carbonate would lead to slightly larger c values. The variation of this 
band was striking, as its intensity decreases with the increase of the 
treatment temperature. In the spectra of samples MW–125 and 
MW–130, the band at 1410 cm− 1 was very weak, so the amount of 
carbonate must be very small. In fact, PXRD patterns did not show the 
presence of calcite, so carbonate may be located in the interlayer space, 
adsorbed on the surface or even forming very small particles of calcite, 
not detectable by powder X-ray diffraction. 

The bands at 790 cm− 1, 527 cm− 1 and 422 cm− 1 were assigned to 
M–O bonds, where M was Ca2+ or Al3+ (Nyquist and Kagel, 2001; 
Bastida et al., 2004; Albuquerque et al., 2008; Nakamoto, 2008). The 
weak peak at 877 cm− 1 for sample MW-90, a mere shoulder for sample 
ST, is usually assigned to the presence of carbonate (interlayer, 
contaminant or forming calcite) (Gevers and Labuschagné, 2020; Pan 
et al., 2020). The same origin can be ascribed for the also weak band/ 
shoulder close to 1500 cm− 1. 

The TG and DTG curves of the solids are shown in Fig. 4. The analyses 
were carried out in air. The thermograms were mostly influenced by the 
presence of hydrocalumite and katoite. For samples ST and MW–90, 
containing hydrocalumite and calcite, four mass loss steps can be 
observed, amounting a total mass loss was close to 40% (Domínguez 
et al., 2011). The first step, at temperature below 100 ◦C, was associated 
to the removal of physisorbed water (López-Salinas et al., 1996; Domí
nguez et al., 2011). The second step, located close to 140–150 ◦C, was 
due to the loss of water in the interlayer space or chemically bound to 
the LDH (Murayama et al., 2012; Pérez-Barrado et al., 2013; Granados- 
Reyes et al., 2014). The third step, which appeared close to 300 ◦C, 
corresponded to the dehydroxylation of the Ca–Al hydroxide layer. 
Finally, the fourth step, located around and above 700 ◦C, could be 
mainly due to decarbonation of the samples. However, Domínguez et al. 
(2011) have proposed that the loss of mass around 700 ◦C could be due 
to the partial elimination of chlorine–containing species, suggesting that 
this removal is completed in the form of HCl above 1000 ◦C. 

For samples MW–100, MW–110 and MW–120, in which katoite was 
identified, the profile of the curves is very similar. The total mass loss 
was around 30–35%, that is, lower than in previous solids, which agrees 
with the fact that the reported mass loss for katoite is lower. A significant 
difference was that the first effect was weaker for samples containing 
katoite than for only–hydrocalumite samples, indicating a lower amount 
of adsorbed and crystallization water. In fact, katoite does not contain 
crystallization water, but only hydroxyl groups (it is also named trical
cium aluminate hexahydrate), and its progressive thermal dehydration 
is expected to lead tricalcium aluminate, losing six water molecules 
(Ca3Al2(OH)12 ➔ Ca3Al2O6 + 6 H2O; 28.6% theoretical mass loss). Thus, 
the mass loss in these solids was intermediate between that observed for 
samples in which only hydrocalumite was detected and the mass loss 
expected for pure katoite. 

Samples MW–125 and MW–130, in which the only crystalline phase 
detected was hydrocalumite, showed thermograms with two loss steps, 
corresponding to the loss of the hydration water or interlayer water and 
the dehydroxylation of the Ca–Al LDH. In addition, a very small mass 
loss was observed at 700 ◦C. This loss was much smaller than in the 
previous samples, indicating that the amount of carbonate was very 
small. This was in agreement with the FT–IR and PXRD results. When the 
crystallinity of the samples was high, especially in sample MW–125, the 
dehydration and dehydroxylation temperatures were shifted towards 
slightly higher values. Higher ordering both in the stacking direction 
and within the layers implied stronger interactions and, consequently, 
higher temperatures should be necessary to carry out the processes 
(Granados-Reyes et al., 2014). 

Fig. 5 shows SEM micrographs of some of the solids (see also Fig. S1, 
Supplementary Material). All samples showed aggregates of hexagonal 
shaped particles, corresponding to hydrocalumite–type compounds. 

However, there were important differences depending on the phases 
existing in each sample. For sample ST, in which hydrocalumite and 
calcite were identified by PXRD, only aggregated particles were 
observed. Nevertheless, for sample MW–90, in which the hydrocalumite 
and calcite phases were also present, aggregates of particles with an 
essentially hexagonal shape but with a flaky appearance were observed, 
as well as needle–shaped particles that could belong to aragonite (Ševčík 
et al., 2018). 

In those samples where hydrocalumite and katoite phases coexisted 
(MW–100, MW–110 and MW–120), both phases were observed in the 
SEM micrographs: on one hand, aggregates of hexagonal particles cor
responded to LDH–type compounds, and on the other hand, cubic par
ticles corresponded to calcite. Moreover, for the MW–120 sample, 
perfectly defined and regular octahedra were observed, that may 
correspond to katoite. Finally, in samples MW–125 and MW–130, only 
aggregates of hexagonal–shaped particles corresponding to LDH–type 
compounds were observed. The octahedral particles may become from 
the cubic ones, as the interconversion between a cube and an octahedron 
is not unexpected, as both belong to the same symmetry group, and takes 
place as the crystals grow. Octahedral particles may also correspond to 
hydrogarnet (Kyritsis et al., 2009; Sánchez-Cantú et al., 2015), which 
may be formed in trace amounts, if silica was not completely removed 
(this phase was never detected by XRD). 

All the solids prepared showed nitrogen adsorption isotherms 
(Fig. S2, Supplementary Material) of type II according to the IUPAC 
classification (Thommes et al., 2015). In addition, all the isotherms 
showed a H3 type hysteresis loop according to the IUPAC classification 
(Thommes et al., 2015), corresponding to plate–like particle aggregates 
leading to slit–like pores. All the solids showed low BET specific surface 
area values (Table 1), with a maximum of 18 m2/g, and average pore 
width in the range of mesopores. The highest BET specific surface area 
corresponded to samples MW–90 and MW–130, which were the solids 
with smaller crystallite size. For both samples crystallization was poorer 
than for the rest of the solids of the series. The better crystallized solids 
and those containing significant amounts of katoite showed lower values 
of specific surface area. The values found were in agreement with those 
reported in the literature (Pérez-Barrado et al., 2013). 

4. Conclusions 

Hydrocalumite has been synthesized by the coprecipitation method, 
using the saline slag generated during the recycling process of this metal 
as a source of aluminium, from which aluminium was solubilized in a 
strongly basic medium. Several ageing temperatures have been consid
ered under MW irradiation, studying the phases formed in each treat
ment, and finding that hydrocalumite was present in all of the solids. 
However, depending on MW ageing temperatures, hydrocalumite 
coexisted with calcite (treatment at 90 ◦C) and katoite (treatments at 
100, 110 and 120 ◦C). The optimum ageing temperature under MW 
irradiation was 125 ◦C, as it allowed to obtain pure hydrocalumite, with 
high crystallinity and composed of LDH–type aggregates of regular 
hexagonal particles. The high crystallinity of the solids justified their 
low SBET values, which were similar to the values reported in the liter
ature. Globally, solids with textural properties, comparable to those 
prepared from pure commercial reagents, can be prepared by using the 
aluminium slag, which suppose a high added value for this residue. 

Formation of the different phases under the conditions used is 
somehow puzzling in some cases. From the thermodynamic point of 
view, this may be strongly influenced by small variations in the exper
imental conditions, which may lead to the formation of the different 
phases. Actually, the temperature of the treatments was not very 
different (although the presence of hot spots during microwave treat
ment can be hardly controlled), while the time of treatment was kept 
constant. Small variations may also occur in the exposure to the atmo
sphere during handling of the dispersions, thus somewhat facilitating 
formation of carbonate-containing species. Although the differences 
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Fig. 4. TG and DTG curves of the prepared solids.  
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should be very small, they may condition the formation of the different 
phases. 
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Cavani, F., Trifirò, F., Vaccari, A., 1991. Hydrotalcite-type anionic clays: preparation, 
properties and applications. Catal. Today 11, 173–301. https://doi.org/10.1007/ 
BF03263563. 

Davies, M., Smith, P., Bruckard, W.J., Woodcock, J.T., 2008. Treatment of salt cakes by 
aqueous leaching and Bayer-type digestion. Miner. Eng. 21, 605–612. https://doi. 
org/10.1016/j.mineng.2007.12.001. 

De Roy, A., Forano, C., Besse, J.P., 2001. Layered double hydroxides: synthesis and post- 
synthesis modification. In: Rives, V. (Ed.), Layered Double Hydroxides, 1. Nova 
Science Publishers, Inc, New York, pp. 1–39. 

Directive 2010/75/EU of the European Parliament and of the Council, 24 November 
2010. On Industrial Emissions (Integrated Pollution Prevention and Control). Official 
Journal of the European Union (17.12.2010, L 334/17).  

Domínguez, M., Pérez-Bernal, M.E., Ruano-Casero, R.J., Barriga, C., Rives, V., 
Ferreira, R.A.S., Carlos, L.D., Rocha, J., 2011. Multiwavelength luminescence in 
lanthanide-doped hydrocalumite and mayenite. Chem. Mater. 23, 1993–2004. 
https://doi.org/10.1021/cm200408x. 

Drits, V.A., Bookin, A.S., 2001. Crystal structure and X-ray identification of layered 
double hydroxides. In: Rives, V. (Ed.), Layered Double Hydroxides, 2. Nova Science 
Publishers, Inc, New York, pp. 41–100. 
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