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pure hydrocalumite was obtained under certain conditions, but samples impurified with katoite (CazAla(OH)12)
and calcite (CaCO3) were obtained in other cases. The thermal decomposition of hydrocalumite is complex and is
not completely elucidated, compounds such as CajAl;4033 (mayenite), Ca(OH)Cl and CaO have been proposed.
The thermal characterization of this system was studied, also considering samples impurified with katoite and
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calcite, as a valuable and rapid method for identifying these phases.

1. Introduction

Metallurgy of aluminum is one of the most worldwide important
industrial processes, due to the increasing consumption of this metal,
related to its excellent properties for many applications [1]. The pro-
duction of this metal combines ostentation from minerals and recycling
of previously used aluminum. Recycling (leading to the so-called sec-
ondary aluminum) is well established and very extended in several
countries. It consumes less energy than preparation of primary
aluminum from its minerals, but it requires the addition of salts (mainly
NaCl and KCD) for melting aluminum, finally generating an important
waste, known as Salt Cake or Saline Slag [2]. This residue is hazardous
[3], and various valorization procedures have been proposed, as its
direct use as an adsorbent [4-6], but mainly its recovering, as sometimes
it contains a large amount of aluminum [7], later used for the prepa-
ration of alumina [8], Layered Double Hydroxides (LDH) [9-12], or
zeolites [13,14], among other materials. For this purpose, aluminum
must be previously extracted, which, according to its amphoteric
behavior, can be done both under acidic or alkaline conditions, and
purified accordingly.

Following this strategy, we have recently reported the preparation of
hydrocalumite from an aluminum slag [14]. Hydrocalumite (CapAl
(OH)6Cl-2H20) is a member of the Layered Double Hydroxides family
[15], in which Ca®* is the divalent cation, AI** the trivalent one, and
chloride the interlayer anion. This solid has been widely used as an
adsorbent [16], antacid [17], ion-exchanger [18], and basic heteroge-
neous catalyst [19-23]. Powder X-ray diffraction (PXRD) showed that,
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depending on the preparation conditions, pure hydrocalumite can be
obtained, but in other cases the solids were impurified with katoite, a
non-layered double hydroxide with formula CagAl,(OH);5, and calcite
(CaCO3), which in some cases was only identified by Fourier-Transform
infrared spectroscopy (FTIR) spectroscopy. In this context, thermal an-
alyses can be a valuable and rapid method for identifying these phases.
On the other hand, when reviewing the literature data on the thermal
decomposition of hydrocalumite, certain aspects on its evolution at high
temperature appeared to be unclear. The simplest decomposition route
of this compound (dehydration followed by dehydroxylation would lead
to formation of CapAlO3Cl in the penultimate step and removal of the
interlayer anion, which under air or oxygen atmosphere, would led to
CapAlOs 5 at the end of the process; however, formation of compounds
such as CajpAl;4033 (mayenite), Ca(OH)Cl and CaO, have been pro-
posed, while when Evolved Gas Analyses (EGA) was applied, discrep-
ancies were observed on the emission of HCl or Cl,0 at high temperature
(this will be analyzed in detail below in the discussion of the results).
Thus, the thermal characterization of this system was studied, also
considering samples impurified with katoite and calcite, as a valuable
and rapid method for identifying these phases.

2. Experimental procedure
2.1. Materials

The method recently reported by us [14] to prepare hydrocalumite
has been followed. We started from an aluminum slag kindly supplied by
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Fig. 1. Powder X-ray diffractogram of synthesized katoite, compared to the ICDD reference file for this compound.

IDALSA (Ibérica de Aleaciones Ligeras, Spain); after grinding and
washing until obtaining a chloride-free solid, the fraction smaller than
0.4 mm was extracted with NaOH, as reported elsewhere [7], and the
solution was treated with HCl 1 M to precipitate silicon-containing
species as SiO,; addition of CaCl, at pH 11.5 (fixed using NaOH) led
to precipitation of a solid. Its treatment under microwave (MW) radia-
tion in a Milestone Ethos Plus Microwave oven for 2 h at 125 or 130 °C
led to formation of hydrocalumite, as identified by powder X-ray
diffraction; however, treatments at 90-110 °C led to formation of a
mixture of solid phases, namely, hydrocalumite, katoite and calcite.
Synthetic hydrocalumite samples were named as MW-T, where T stands
for the temperature (Celsius) of the microwave treatment; fore the
calcined samples (see below), the calcination temperature (also in
Celsius) was added to the name of the samples.

The method described by Sha et al. [24] was used to prepare pure
katoite to be used as a reference material. A 2/1 molar ratio Ca(OH), /
Al(OH)3 mixture was intimately mixed and grinded in a 250 mL stainless
still mill jar (filled with 8 balls (20 mm diameter) and 10 balls (10 mm
diameter) of the same material; balls/sample mass ratio was 36) for 3 h
at 525 rpm in a PM100/200/CM (Retsch GmbH) planetary ball mill.

NaOH (technical grade and pharma grade), HCl (pharma grade,
37%) CaCly (anhydrous, 95%), CaCOj3 calcite (analytical reagent), Ca
(OH), and Al(OH)3 (analytical reagents) were from Panreac, while
CaCly-2H50 was supplied by Alfa Aesar (ACS 99-105%) and all were
used as received, without any treatment.

Katoite
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2.2. Characterization techniques

A Siemens D-5000 equipment was used to record the powder X-ray
diffraction (PXRD) patterns of the samples (A = 0.154 nm Cu-Kou radi-
ation, fixed divergence, 5° - 70° (20), scanning rate 2°(20)/min, 0.05°
steps, 1.5 s/step). The crystalline phases formed were identified by
comparison with the JCPDS database (International Centre for Diffrac-
tion Data, ICDD®) [25].

The thermogravimetric (TG) and Derivative Thermogravimetric
(DTG) curves were recorded in a SDT Q600 apparatus (TA Instruments)
at a heating rate of 2 °C/min up to 1350 °C and under oxygen (Air
Liquide, Spain, 99.999%) flow (50 mL/min). The gaseous and vapor
species formed during the thermal decomposition were analyzed (EGA,
evolved gas analysis) by a mass spectrometer (Pfeiffer Vacuum Ther-
moStar TG-MS) connected to the thermal equipment.

Finally, characterization was completed by Scanning Electron Mi-
croscopy (SEM); the images were obtained using a JEOL IT500 Scanning
Electron Microscope equipped with an Energy-Dispersive X-ray spec-
troscopy (EDS) microanalysis accessory, at the Nucleus Research Plat-
form (University of Salamanca, Spain) facilities.

3. Results and discussion
3.1. Pure samples
3.1.a. Katoite

The PXRD diagram of synthesized katoite is shown in Fig. 1. Com-
parison with the ICDD file of this compound (card 01-073-6829)
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Fig. 2. Thermal curves of katoite: TG and DTG curves (left) and TG and EGA (H,0) curves (right).
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Fig. 3. Powder X-ray diffractogram of commercial calcite, compared to the ICDD reference file for this compound.

100
0.0
—
90 4
—TG
Calcite ]
—DTG 02
\? 80 4 ;—\a\
& )
é 7ol 4-04 o
=]
60 o --06
50

T T T T T 0.8
600 750 900 1050 1200 1350

Temperature (°C)

T T T
150 300 450

100

90 -

—TG

T
m
3

lon Current (A) 2

Calcite

Mass (%

T
m

T T T T T
600 750 900 1050 1200 1350

Temperature (°C)

T T T
150 300 450

Fig. 4. Thermal curves of calcite: TG and DTG curves (left) and TG and EGA (CO,) curves (right).

confirmed that the solid was composed of pure katoite. As expected, the
crystallinity was not high as in other samples, considering that it was
prepared by a simple mechanosynthesis procedure without any further
heating treatment.

The thermal decomposition of katoite is shown in Fig. 2. The first

process, due to the loss of weakly adsorbed water, began immediately
upon starting the experiment, induced by the oxygen flow, losing a small
amount of water at low temperature. Mass loss continued on heating,
water being released from condensation of hydroxyl groups in a
continuous process from 75 to 1100 °C, and the following equation may
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Fig. 5. Powder X-ray diffractogram of hydrocalumite samples, compared to the ICDD reference file for this compound.
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Fig. 6. Thermal curves of hydrocalumite: TG and DTG curves (left) and TG and EGA (CO,, HCI and Cl,0) curves (right).

be proposed:
Ca;Al(OH),,(s)>Ca3Al;O¢(s) + 6H,0(g) (€8]

The expected total mass loss according to this equation is 28.55%
(4.76% for each water molecule formed), which agreed with the
experimental result. Changes in the concavity of the curve were
observed at approximately 250, 410, 750 and 1015 °C, in agreement
with the minima shown in the DTG curve, the first process being much
more intense than the others. Considering the mass loss caused by the
removal of each water molecule, 4.76%, and the successive changes in
the slope of the TG curve, removal of water took place in consecutive
overlapped steps, the first one being the more intense (the relative in-
tensity of the two peaks centered at 111 and 193 °C in the EGA curve was
ca. 3). As it was expected, only water was detected when analyzing the
gasses evolved upon the decomposition of this compound (Fig. 2).

3.1.b. Calcite

The PXRD diagram of commercial calcite is shown in Fig. 3. The solid
showed a high crystallinity, with very intense and narrow diffraction
peaks. Comparison with the ICDD file from this compound (card
01-072-1937) confirmed that the solid was composed of pure calcite.

The thermal curves for calcite are shown in Fig. 4. The behavior of
this compound is well known, and the curves obtained confirmed this
behavior, a single decomposition effect was observed, due to the
reaction:

CaCO;(s)—>CaO(s) + COx(g) @

The single process was centered at 700 °C, with a mass loss coinci-
dent with the calculated value (43.96%). As expected, CO3 was the only
compound detected in the evolved gasses (Fig. 4).

3.1.c. Hydrocalumite

The purest hydrocalumite samples were obtained after microwave
treatment at 125 °C and 130 °C, probably the small difference between
these two temperatures made unappreciable any change in crystallinity
in the PXRD diagrams; under other conditions, mixtures of hydro-
calumite and katoite, and sometimes calcite, were obtained. The PXRD
diagram of these solids exclusively showed the peaks due to hydro-
calumite, ICDD card 01-072-4773 (Fig. 5), other phases were not
detected, the only difference being the larger crystallinity (sharper and
more intense diffraction maxima) for sample MW-125. For this reason,
this sample was selected for further studies.

The thermal curves of this sample are shown in Fig. 6. The decom-
position of this compound is usually claimed to occur by means of
dehydration, dehydroxylation and removal of the interlayer anion [12,
18,21,26]. Thus, removal of crystallization water followed by decom-
position of the hydroxyl groups can be proposed, which may lead to the

formation of the mixed oxychloride CazAlO3Cl, which under air or ox-
ygen atmosphere should evolve to the mixed oxide CaAlOs3 5, allowing
to remove the chlorine atoms. This sequence would correspond the
following equations:'

Ca,Al(OH),Cl-2H,0(s)—Ca, Al(OH)ClI(s) + 2H,0(g) 3)
Ca, Al(OH)(Cl(s)—Ca, Al0;Cl(s) + 3H,0(g) 4
Cay AlO;CI(s) + 1/40,(g)—~>Ca AlO35(s) + 1/2CLO(g) €

Mixed oxychlorides and oxides have been reported at high temper-
ature for other trivalent metals, such as CayFeO3Cl [23], and CagMOs3 5
(M=Fe, Mn) [23,27]. However, up to our knowledge CayAlO3Cl and
CapAlO3 5 have not been reported (actually, no references for these
compounds were found at the JCPDS database). However, Renaudin
et al. [28] have proposed the “empirical composition CasAl207” (which
is actually the same as CapAlOg 5) for the residue formed after heating of
nitrate-hydrocalumite at 1300 °C (although the authors talked of
empirical composition, not of formula of the compound). Tian and Guo
[29] have reported the presence of CagAloOg after heating at
1400-1500 °C, and it may be noted that the composition CasAl,07; may
correspond to CazAlyOg (tricalcium aluminate) with segregation of CaO,
and thus the simplest final composition of the residue would be
Ca3Aly0¢ + CaO.

Regarding at the thermal curves, the first process was very fast and
due to the dry oxygen atmosphere, dehydration began immediately at
the beginning of the experiment. This process was completed at 110 °C,
showing a concavity change at 115 °C; the mass loss, 12.0%, agreed with
the calculated mass due to the removal of two water molecules from the
formula of hydrocalumite, 12.8% (Eq. (3)).

The second mass loss, smoother than the first one, began immedi-
ately after the first one was completed. It ends around 400 °C, although
it overlapped with the third process. The mass loss (27.5%) agreed with
the removal of two water molecules (calculated loss 12.83%), in this
case formed from partial dehydroxylation of hydrocalumite. The process
can be divided into two steps, due to the presence of two different types
of hydroxyl anions in the sheet, bonded to Ca?" and AI** cations,
respectively. In this sense, the formula of dehydrated hydrocalumite can
be written as Cap(OH)4A1(OH)2Cl. Hydroxyl anions were more weakly
bonded to Ca®" than to AI3*, resulting in FT-IR stretching bands at 3478
em™! (CaO—H bonds) and 3643 ecm™! (AIO—H bonds) (Fig. S1 and
reference [12]). For this reason, two water molecules were first removed
(from Ca®*—bonded hydroxyls) and then one water molecule was
removed (from AI**-bonded hydroxyls). In addition, this is in agree-
ment with the concavity change in the TG curve and the endothermic
peak at 230 °C in the DTG curve.

The third mass loss began, as indicated before, overlapping with the

! In the PDF version generated, Equations 3 and 5 are written in two lines. If
possible, write them in one line.
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Fig. 7. Powder X-ray diffractogram of hydrocalumite calcined at 750 and 1100 °C.

previous process, and was completed at ca. 700 °C. The mass loss
(36.5%) was compatible with the removal of one water molecule, thus
completing the dehydroxylation of the compound leading to the corre-
sponding oxychloride (calculated loss 6.42%). EGA showed the exclu-
sive presence of water in the evolved gasses (Fig. 6). The processes were
overlapped, and it was difficult to fix intervals of temperatures of sta-
bility of the intermediate compounds, but Eq. (4) can be divided into the
following two Equations:

Ca, Al(OH),Cl(s)~Ca, AlO, (OH),Cl(s) + 2H,0(g) (4-1)

Ca, AlO, (OH),Cl(s)—>Ca, AIO;Cl(s) + H,0(g) (4-2)

A final mass loss occurred at high temperature, starting around
1000 °C, and it was completed at 1150 °C. According to the simple
sequence above proposed, this process would correspond to the change
from the oxychloride to the oxide, and thus it should imply the fixation
of oxygen from the atmosphere, while chlorine atoms were released. In
fact, the analyses of the evolved gasses showed that the chlorine atoms
began to be removed at 1125 °C as Cl»0; actually, the signals detected at
m/z = 86 and 51 corresponded to Cl;0 and to its fragment ClO, which
have been proposed to appear for the removal of Cl,O [30]. Eq. (5)
would explain the complete decomposition to the simplest compound,
the mixed oxide CayAlO3s. However, as indicated above, this mixed
oxide has not been described for Al. In addition, the calculated total
mass loss from hydrocalumite to this mixed oxide was 41.86%, while the
experimental value was 44.5%, significantly different from the calcu-
lated value. In addition, the mass of the final residue did not coincide
with that predicted if pure CazAlO3 5 was formed.

Several authors have studied the composition of the solid formed at
high temperature in this system. For instance, formation of mayenite
(CajAl;4033), Ca(OH)Cl and CaO after heating at high temperature has
been reported by several authors [29,31-34]. Grishchenko et al. [26]
have proposed the presence of Caj2Alj4032Cly (formulated as
11Ca0-7Al1,03-CaCly), very similar to mayenite (the only difference is
the substitution 1 oxide — 2 chlorides), underlying that both compounds
were indistinguishable by PXRD. The removal of HCI has been reported
at 1000 °C [35], but, in opposite, the decomposition of Ca(OH)CI has
also been proposed to occur at lower temperature, although in simple
systems [36]. For gaining information on the phases existing after
heating at high temperature, a portion of the solid was calcined at 750 °C
in an open furnace for one hour, taking into account that thermog-
ravimetry data suggested the existence of a stable phase between 700
and 850 °C because of the absence of any thermal effect in this tem-
perature range. The diffractogram of the resulting solid (Fig. 7) showed a

mixture of mayenite (ICDD card 98-000-5470), the hydroxychloride
(Ca(OH)CI), also formulated as CaCIOH (ICDD card 98-000-8439), and
CaO (ICDD card 98-002-1741), while, as indicated, comparison with
CapAlO3Cl could not be carried out as no file for this compound was
found at the JCPDS database. In order to evaluate the calculated mass of
the observed mixture of phases, its composition was estimated by the
RIR (Reference Intensity Ratio) method [37-39]. The RIR parameters
used were those reported in the ICDD files for these compounds (2.07 for
mayenite, 4.20 for CaO and 2.97 for Ca(OH)Cl), obtaining a phase
composition 60.4% mayenite, 11.7% CaO and 27.9% Ca(OH)Cl.
Amorphous phases were not expected after the calcination at this so high
temperature and, interestingly, mayenite was the only crystalline phase
containing aluminum. Under these premises, the simplest equation for
decomposition of hydrocalumite to these phases should be:

14Ca, AI(OH),C1-2H,0(s) —

CanAlLOss(s) + 2Ca0(s) + 14Ca(OH)CI(s) + 63H,0(g) ®)

The calculated mass loss involved in this reaction was 28.9%, while
the mass loss up to 750 °C in the TG curve was 36.5%. On comparing the
phase composition by transforming the mole ratio given in Eq. 6 into
mass composition, the phase relation became 49.6% mayenite, 4.0%
CaO and 46.3% Ca(OH)CI, far from the composition calculated above. A
possible explanation for this difference may be that XRD is a semi-
—quantitative technique, and may be affected by the differences in the
growing of the crystals and the intensity of the peaks of these phases
when forming together under calcination, and not as pure compounds
used in the ICDD cards for calculating their RIR parameters. However,
the observed difference may have alternatively another possible expla-
nation, based on the removal of HCl. This reaction would be:

14Ca, AI(OH),C1-2H,0(s) —

CaypAlyO0s5(s) + 16Ca0(s) + 14HCI(g) + 63H,0(g) @

This reaction implies a larger mass loss, due to the decomposition of
the hydroxychloride evolving HCl (compare with Eq. 6), a reaction
suggested to occur in the last step of the thermal decomposition of
hydrocalumite [34,35]. Comparing the mass loss at 750 °C in Fig. 6 with
Egs. 6 and 7, it seemed that decomposition of hydrocalumite was
halfway between the processes described in these equations. Thus, as
indicated above, if decomposition of hydrocalumite occurred up to Eq.
6, the mass loss should be 28.9% the solid residue amounting 71.1% of
the initial sample mass, while if decomposition advanced up to complete
Eq. 7, the mass loss should be 41.9%, with a solid residue of 48.1%;
however, the experimental values were 36.5% and 63.5, respectively.
Thus, it seemed that Eq. 7 had begun to occur but has not been
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Fig. 8. Powder X-ray diffractogram of sample MW-110, compared to the ICDD reference files for hydrocalumite and katoite.
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Fig. 9. Thermal curves of MW-110 solid: TG and DTG curves (left) and TG and EGA (CO,, HCI and Cl,0) curves (right).

completed. In fact, the removal of HCl was clearly suggested from the
EGA results in Fig. 6 (notice the very weak increase at high temperature,
>1000 °C, in the intensity of the m/z = 36 signal in the mass spectrum),
although the result was not conclusive due to the precision of our
equipment. If it is accepted that CapAlOsCl is the single phase formed
after hydrocalumite dehydroxylation, HCl would not be removed
because of the absence of available H atoms. Formation of the hydrox-
ychloride suggested in Eq. 6 and its further decomposition satisfactorily
explained the emission of HCl in Eq. 7, together with that of Cl,O under
an oxidant atmosphere.

For gaining information on the nature of the final solid, a portion of
the solid was calcined at 1100 °C in an open furnace (unfortunately we
could not calcine it at higher temperature). The diffractogram of the
resulting solid calcined at 1100 °C was very similar to that of the solid
calcined at 750 °C, showing the presence of the phases above indicated,
only with small differences in the relative intensity of their peaks
(Fig. 7). As a summary, the phases are the same at 750 and 1100 °C, only
observing a decrease of the intensity of CaClOH at higher temperature.
Again, the absence of a reference card for CayAlO3 5 avoided any reliable
straight comparison with this possible phase. On the other hand, the
presence of CaO became obvious, and taking into account that the Ca:Al
ratio in hydrocalumite (2) is higher than in most of the mixed oxides
formed by these elements, the formation of other mixed oxides with
segregation of CaO is tentatively suggested. In any case, the “interme-
diate” phases (mayenite, hydroxychloride) were very stable, and for-
mation of the final phases was difficult. Rossi et al. (2019) [34]
remarked the difficulty for detecting HCl, underlying the high energy
involved in its release and thus the difficulty for decomposition of Ca
(OH)CL

3.2. Synthetic hydrocalumites

As stated above, the synthesis of hydrocalumite was, in general,
successful, once the conditions of extraction of aluminum from the slag
and the procedure to obtain hydrocalumite from the extracted liquors
were established in previous works [7,12]. However, in some cases, the
samples showed the presence of other phases. As a representative
example, the solid prepared by MW treatment at 110 °C was selected, as
its powder X-ray diffraction diagram showed the presence of katoite in
addition to hydrocalumite (Fig. 8); carbonate bands were detected by
FTIR spectroscopy, suggesting also the presence of calcite, that was not
detected by PXRD, probably because it was present in a very little
amount and widely dispersed throughout the solid [12].

The thermal curves of this sample are shown in Fig. 9. These curves
can be seen as the superposition of those of hydrocalumite (Fig. 6) and
katoite (Fig. 2). Water was removed in processes centered at 130 °C
(with a shoulder at 114 °C), 260 and 297 °C (determined by the minima
in the DTG curve) (Fig. 9), and the TG curve resembled a sum of those
from the pure compounds. In addition, a clear mass loss was observed at
735-780 °C, which strongly suggested the presence of calcite, confirmed
by the EGA curve of CO (m/z = 44, peak centered at 751 °C), although
this phase had not been previously detected by powder X-ray diffrac-
tion. The mass loss associated to this effect was 1.3%, which allowed to
estimate the amount of calcite in the sample as 2.9%. As expected, the
mass of the final residue, 65.3%, was intermediate between the mass of
the residue derived from the calcination of the pure compounds sepa-
rately. This allowed to estimate the composition of the original solid,
that resulted 60% hydrocalumite, 37.1% katoite, and 2.9% calcite. It
may be remarked here that quantification of this solid by PXRD was
avoided by the usual preferential orientation in layered hydrocalumite
particles.
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Fig. 11. Powder X-ray diffractogram of hydrocalumite calcined at 1100 °C in an open furnace and at 1350 °C in the thermal analyses apparatus.

The presence of katoite and calcite should influence the thermal
behavior of hydrocalumite; to insight in this point, sample MW-110 was
also calcined at 1100 °C, and the powder X-ray diffractogram of the
residue was recorded. This residue was composed of mayenite, CaCIOH
and CaO (Fig. 10) and its comparison with pure hydrocalumite calcined
at the same temperature showed the intensity of the peaks from CaCIOH
as the only difference (Fig. 10). The lower intensity of the peaks due to
this compound in sample MW-110 may be simply due to the lower
content of hydrocalumite (as katoite and calcite do not contain chlorine
and do not produce CaClOH on decomposition), but it is also possible
that the presence of these admixtures induces the decomposition of the
hydroxychloride at a lower temperature.

3.3. Study of the residue formed after calcination of hydrocalumites at
1350 °C

The results above reported encouraged us to study more in detail the
products of the calcination of hydrocalumite at high temperature. The
residue from the thermal analyses was collected and submitted to
powder X-ray diffraction analysis (notice that this residue had been
calcined to 1350 °C). A slower scan speed was applied, and the powder
X-ray diffractogram of the solid calcined in the open furnace at 1100 °C
was also recorded under the same conditions, for comparison (Fig. 11).

The diffractograms were very similar to each other, both samples
contained mayenite and CaO as the main components. However, two
important differences were observed: First, the intensity of the peaks

from CaCIOH, decreased on increasing the calcination temperature from
1100 to 1350 °C, which may suggest that evolution of HCl progressed in
this temperature range. However, the presence of CaCl,-4H,0 (ICDD file
01-072-1015) was clearly detected in the solid calcined at 1350 °C. The
presence of such a hydrated compound was not expected after calcina-
tion at a so high temperature, but it may be considered that CaCl, is
highly hygroscopic [40], so if anhydrous CaCl, was formed under
calcination it may hydrate during the handling for PXRD registration. In
fact, formation of CaCly (hydrophilite) has been reported by Tian and
Guo after heating at 1400-1500 °C (in their case, the anhydrous phase
was found, the authors remarked that the calcined solids were cooled “in
a container previously filled with allochroic silica gel as desiccant™)
[29], but such a caution was not taken in our case. The presence of CaCly
strongly suggests that not all interlayer chloride ions escaped and some
of them were combined with calcium in the original hydrocalumite
structure to form hydrophilite or calcium chloride hydroxide.

Formation of CaCly may occur by segregation from the mayenite-like
phase Caj3Al;4032Cly, but it may also be formed from hydroxychloride
by means of the following reaction (Eq. (8)):

2CaOHClI(s)—CaO(s) 4+ CaCl,(s) + H,O(s) ®

This decomposition route for CaOHCI may not evolve HCI, but led to
formation of CaCly, a compound which presence was previously only
suggested by Tian and Guo [29]. In addition, this route implied the
removal of water at very high temperature. Returning to Fig. 6, evolu-
tion of water seemed to occur at 1200 °C, although the result was not
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Fig. 12. SEM micrographs of MW-125 solid after heating at 700 °C (up, left), at 1100 °C (up, right) and residue after thermal analyses finishing at 1350 °C (down).

The bar scale represents a length of 10 pm in all micrographs.

conclusive.

On the other hand, related to the formation of CaCly, it may be
remarked that, in spite of its strong ionic character, the easy volatility of
this compound has been reported [41]). This was now investigated by
carrying out its thermal analyses under the same conditions used for the
other solids (Fig. S2). The initial dehydration was observed at low
temperature, perfectly agreeing with the calculated mass loss (24.5%),
followed by melting of the compound, detected by an endothermal effect
at 778 °C (tabulated melting point, 772 °C [40]). Once melted, the
volatilization of this compound was observed as a gentle effect from ca.
800-1300 °C. Although the amount of CaCl, in the residue of hydro-
calumite may be low, and its volatility may be different when dispersed
in a matrix mainly composed of mayenite, this effect may not be ruled
out to occur also in our sample, contributing to the total mass loss
observed.

The evolution of this solid was also investigated by SEM. The mi-
crographs (Fig. 12) showed clear differences as a function of the tem-
perature; the micrographs of the samples calcined at 750 °C were typical
of mayenite, the solids became spongier at higher temperature, sug-
gesting the formation of new phases. The EDS analyses (Fig. S3 and S4,
Supplementary Material) showed that Cl was present in high amounts up
to 1100 °C, but strongly decreasing at 1350 °C, in accordance with PXRD
results. Almost Cl-free particles very low Al content seemed to corre-
spond to segregated CaO (see point Spc_005), supporting the formation
of this compound by the final decomposition reactions.

4. Conclusion

The thermal behavior of synthetic hydrocalumite (CagAl
(OH)6Cl-2H30) has been studied. As the synthesis of this compound
implied the possible formation of katoite (CazAlo(OH);2) and calcite
(CaCOg), all these compounds were studied. The decomposition of
hydrocalumite was complicated. Although a simple process leading to
the mixed oxychloride CapAlOsCl and finally to the mixed oxide

CapAlOs 5 has been proposed in the literature, the process is much more
complex. Formation of mayenite (Caj;2Al14033), CaOHCI and CaO was
observed, the hydroxychloride being stable up to high temperature,
explaining the difficulties reported in the literature to detect HCl in the
evolved gasses. Even more, formation of CaCl, (observed as its hydrated
phase by PXRD, due to the hygroscopicity of this compound) was
detected after calcination at 1350 °C, suggesting a new decomposition
route, in which the hydroxychloride decomposed to CaO and CaCly,
without emission of HCI.
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