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Abstract

The leaching characteristics and mechanism of synthetic CaO-Al,Os3 slags in alkaline solution at atmos-
pheric pressure have been studied. The purpose of the study is to have a better understanding of the
leaching part of the Pedersen process, as an alternative to the Bayer process for alumina production.
The crystalline slags containing CaAl,O4, CazAl;0s, CaAlsO7, and Cai2Al14033 phases, and leaching
residues (predominantly CaCOs) are characterized by X-ray Diffraction and semi-quantitative analysis.
Of the leaching characteristics in a solution containing 120 g/L Na,COs, the slag with the highest
amount of Cai»Al14033 phase is the most leachable one in the CaO-Al,O3 system with about 95% of
alumina extraction. The leaching extent is confirmed employing Inductively Coupled Plasma-High Res-

olution-Mass Spectrometer (ICP-HR-MS) analysis, and it decreases by 0.4% for every percent of the



bayerite (AI(OH)3) formation during the leaching. The less stable form of CaCOs, i.e., vaterite, is
formed over the leached slag particles that consist 33 — 49 wt% CaO, while CasAlx(OH): (tricalcium
alumina hydrate) precipitated at relatively low concentrations (< 6 wt%o) in all residue. The non-bridging
oxygen (NBO) over tetrahedral structure (T) index shows that the atomic structure may affect the leach-
ing extent of the slags, the lower NBO/T index of the phase is the more difficult for the phase to leach
or depolymerize. However, the Cai2Al14033 phase is an exception case where it has “free” O-ions at the
center of the cage structure, which makes it easily depolymerize, therefore, the NBO/T index for the
Ca12Al14033 phase becomes irrelevant. Furthermore, the morphology and size evolution of the obtained
residue measured with laser particle analyzer indicates the agglomeration behavior of the residue parti-
cles during the leaching process.

Keywords: Leaching characteristics, leaching mechanism, calcium-aluminate slags, alumina, CaO-
Al,O3 system



1. Introduction

In alumina production by the Bayer process, the digestion of bauxite is one of the most energy consum-
ing steps compared to the other parts (Gu, et al. 2007; Mach 2012). The digestion effectiveness of
bauxite in this process mainly depends on its mineralogy (e.qg., gibbsite, boehmite, or diaspore) knowing
that different Al,Osz-containing minerals require different digestion conditions (Meyer, 2004). Mono-
hydrates (y-AIOOH and a-AlOOH) are less reactive than the trihydrates (y-Al(OH)s), which needs a
higher temperature and alkali concentration for their digestion (Alex et al., 2013). Nevertheless, all
three minerals need considerably high pressure and temperature to yield the metallurgical grade of alu-
mina. It is also known that the pre-desilication process at elevated temperature (Smith, 2009) and the
bauxite residue (red mud) of this process have severe problems with the environment (Azof et al.,
2018a; Safarian, 2018; Safarian and Kolbeinsen, 2016a, 2016b; Sellaeg et al., 2017), which need atten-
tive regulation concerning its disposal and storage (Dentoni et al., 2014; World Aluminum, 2015).

Harald Pedersen (1927) had proven that it is viable to yield alumina at low pressure and temperature-
leaching of calcium-aluminate slags that is produced from smelting-reduction of bauxite. The process
does not produce red mud as the iron oxides of the bauxite is 99.9 % reduced during the smelting (Azof
et al., 2018b). Furthermore, the CO; gas produced from the smelting-reduction process can be utilized
in its later process (precipitation), and the sodium carbonate used in the leaching treatment could be
recovered from the leachate during the precipitation (see Fig. 1). Therefore, the Pedersen process can

be a good alternative for alumina recovery with lower environmental impact than the Bayer process.
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Fig. 1. Simplified flowsheet for material flow in the Pedersen Process.

Some studies concerning the leachability of calcium aluminate phases in a CaO-Al,O3 binary system
have been done in the past. Lundquist and Leitch (1963, 1964) studied the alumina leachability of
CaAl;04 (CA), Cai2Al14033 (C12A7) and CaszAl,0g (C3A) phases that was produced from the lime-soda
sinter process in different solutions. According to their work, the alumina leaching extent up to 100 %
for CA phase was attained in a mixed NaOH + Na,COs solution containing 45 g/L Na>O at 70 °C for
24 hours, while C1,A7was optimally leached up to 100 % in a solution containing 43 — 85 g/L Na,CO3
at 50 — 70 °C for 24 hours. It is obvious that the leaching duration is depending on the amount of the
reacted slags. Bo et al. (2015) showed the synergistic effect of C12A7 and CA mixtures on alumina
leaching property, and Sun et al. (2014) investigated the leachability of Ci2A7 phase in NaOH and
Na,COs-containing solution (7 g/L and 120 g/L, respectively) at 75 °C for 30 minutes where the phase
was synthesized at different holding time. In our previous study (Azof et al. 2017), we showed the effect
of leaching temperature and duration on the leaching extent of three calcium aluminate phases: CA.,
CA, and CsA. Also, it is shown that the less leachable calcium aluminate phase may affect the leacha-
bility of other phases, with the leachability order from high to the low order being CA, CsA, and CA;

phase.



Based on the literature, the C12A7 phase is known as one of the leachable phases in the CaO-Al;O3
system. This phase was reported as a metastable phase (Imlach et al., 1971; Nurse et al., 1965a, 1965b).
Haccuria et al. (2016) claimed that the metastable C12A7 phase formation is not formed in a CaO-Al.0O;
system under a dry-inert (99.999 %Ar) atmosphere. However, the researchers who investigated the
leachability of this phase have not mentioned about its instability (Blake et al., 1966; Bo et al., 2014,
2011; Fursman et al., 1968; Sun et al., 2010; Yu et al., 2012; Zhang et al., 2016; Zhou et al., 2013). It
is worth noting that these researchers could attain a stable C12A7 phase from lime-soda sintering or

smelting-reduction process.

In the Pedersen leaching process, soluble calcium aluminate phases are imperative for successful alu-
mina extraction with high yield. However, comprehensive information on the leaching behavior of syn-
thetic calcium aluminate slags in caustic solution with different conditions, i.e., concentration, solution,
temperature, leaching duration, have not been reported as the process was alive many years ago (1928-
1969) and there were confidentiality concerns. Therefore, these have motivated us to study the stability
of C12A; and other calcium aluminate phases produced from CaO-Al,O; slags, and their leaching be-

havior at specific conditions for alumina recovery.

2. Experimental Procedure

The experimental studies were divided into (1) slag composition selection, (2) smelting and slag mak-
ing, (3) leaching of the slags, and (4) characterization of the leaching products. They are described in

details in the following.

2.1. Slag composition selection and preparation

In FactSage™ pure substances (FactPS) database of the CaO-Al.O; system, the available condensed
phases at room temperature and 1 atm are CaO, C3A, CA, CA;, CaAl12019 (CAs), and AlOs. Whereas,
C12A7 does not exist in the database, which is likely because of its metastable behavior as mentioned
previously in section 1. However, as we want to assess the leachability of several calcium-aluminate
phases in the CaO-Al,Os; system, including C12A7, we should have a phase diagram which includes this
phase. By using the FactSage™ FactPS database and an additional thermochemistry data of C12A7 after
Hallstedt (1990) we established a phase diagram of the CaO-Al,Os system that includes C1,A; phase as
seen in Fig. 2. Moreover, five different compositions of the slags were chosen in the range of 33 - 60
wt%CaO.
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Fig. 2. Phase diagram of the CaO-Al.O; system as constructed in FactSage™ for this study.

Pure CaO and a-Al.O; powders were used to make a mass of 50 g mixture thoroughly inside a mixing-
jar with ceramic balls for each of the targeted slag composition, which is shown in Table 1. These slag
compositions were chosen to produce different amounts of various calcium-aluminate phases in each

slag, which are also given in Table 1, as calculated using the phase diagram of Fig. 2.

Table 1. Compositions of the slags and the estimated co-existing phases.

Raw material ratio ) o
Sample Phase in equilibrium

CaO A|203
name (based on phase lever-rule)

(Wt%o) (Wt%o)
Slag 1 33 67 82.2 wt%CA and 17.8 wt%CA,
Slag 2 38 62 80.7 wt%CA and 19.3 wt%C1.A7
Slag 3 49 51 96.6 Wt%C1,A7 and 3.4 wt%CsA
Slag 4 54 46 60.2 wt%C1.A7 and 39.8 wt%CsA
Slag 5 60 40 83.5 wt%CsA and 16.5 wt%Ci,A7




2.2. Slag production

The mixtures of powders were poured into graphite crucibles with about 30 mm and 50 mm of inner
diameter and height. These crucibles were then put into a larger graphite crucible as illustrated sche-
matically in Fig. 3, and it was put in an open 75-kVA induction furnace and heated slowly at the rate of
30 °C/min until it reached 1650 °C. The smelting duration was 30 minutes at this temperature and
subsequently the furnace power was turned off, while the crucible was kept in the furnace to solidify
and cool down the slags slowly to the room temperature. This was done in exposure to air, the cooling
rate from 1650 to 1300 °C was about 34 - 37 °C/min. The thermocouple used in this study was tung-
sten/rhenium (C-type) which was encapsulated by alumina and graphite insulation tubes.
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Fig. 3. A schematic of the slag making setup in induction furnace.

The obtained slags were pulverized employing vibratory ring mill Retsch RS-200 at 800 rpm for one
minute. Size of the particles was then measured using laser particle analyzer Horiba LA-960 in a wet
analysis (isopropanol with refractive index 1.378) based on volume distribution. Before the laser meas-

urement, an ultrasound vibration was run 4 = 1 minutes.



2.3. Leaching of the slag

A mass of 1 +0.05 g of slag for each of leaching experiments with 20 mL/g of liquid to solid ratio (L/S)
was used. Pedersen (1927) stated that the alumina recovery from slags containing calcium aluminate
phases could proceed in either sodium carbonate or sodium hydroxide solution as in the Bayer process.
In the current study, two different solutions, which are NaCO3z and Na,COs + NaOH, were used to
observe the leaching mechanism and the alumina extraction extent in determined conditions. Our pre-
vious study in the leachability of CA and CA; phase (Azof et al., 2017) indicated a satisfactory alumina
recovery of more than 90% for CA phase. Therefore, we used the same parameters for the present study:
120 g/L of Na,COs and 7 g/L of NaOH for the leaching solutions, 45 - 75 °C for the leaching tempera-
ture, 10 - 120 min for the leaching duration, and 400 rpm for the stirring magnetic speed. The leaching
experiment was performed inside an open beaker glass, which was heated on top of a hot plate as seen
schematically in Fig. 4. The loss of solution due to the evaporation was neglected, and in order to min-
imize the loss, we contained the top of the beaker by using a plastic paraffin film. At the end of leaching,
the leachate and the residue were filtered by an ashless grade of quantitative filter paper. The pregnant
liquid solution (PLS) was stored in a vial, whereas, the residue was stored in a dryer at 100 °C for an

overnight to remove the contained moisture.

Thermocouple

s Plastic paraffin film

Solvent Slag powder

‘ |- Magnetic stirrer
iHot plate

Fig. 4. A schematic of the leaching setup.

2.4. Characterization of the slags and products

High-resolution imaging, Energy Dispersive Spectroscopy (EDS) analysis, and X-ray element mapping
of slags and leaching residues were undertaken by using Hitachi SU6600™ Scanning Electron Micro-

scope (SEM). Large slag particles were mounted by epoxy, polished, and carbon coated for SEM study,



whereas slags powders were put on a particular carbon substrate for a morphology observation using
the same SEM. Phase identification of the slags and residues were done by a Bruker D8 A25 DaVinci™
X-ray Diffraction (XRD) machine with CuKa radiation, between 10 - 75° diffraction angle, 0.01° step
size, and 2.5° for both primary and secondary soller slit. The identification and quantitative phase anal-
ysis of the obtained XRD peaks were done by using DIFFRAC.EVA v.3 and TOPAS v.5 software based
on the Rietveld method, respectively. Chipera and Bish (2013) claimed that the method is suitable for
a quantitative phase analysis (QPA) as this method relies on the assumption that all phases in the sample
are crystalline, which is relevant in the current study as later seen in the XRD results, where the slags
do not contain amorphous phase. Literature (Guirado et al., 2000) showed that a QPA performed by
Rietveld method in aluminous cement was somewhat in agreement with those performed by X-ray Flu-
orescence (XRF). Also, Inductively Coupled Plasma-High Resolution-Mass Spectrometer (ICP-HR-
MS) Agilent 8800™ was used to analyze the compositions of the PLS.

3. Theoretical Evaluation

In order to obtain a proper understanding of the leaching property of the slags and the effect of the
reactions to the pH changes, we need to elaborate the leaching thermochemistry, and both pH and alu-
minum extraction yield calculations.

3.1. Leaching reactions

The leaching reactions between CA, CA,, CsA, and C12A7 phases and sodium carbonate solution can
be written as shown in reactions (1) — (4), respectively (Azof et al., 2017; Blake et al., 1966). The Gibbs

energy of reactions at 25 °C is calculated by using HSC Chemistry™, a thermodynamic software.

CaAl;04 (5) + Na2COs3 (aq) = 2NaAIO; (5q) + CaCOs ) 1)
AG®y5oc = -58.2 kJ/mol CaAl>,04

CaAli07 )+ NaCOs (g + 2NaOH (ag) + 7H20 oy = 4NaAI(OH)4 aq) + CaCOs (s 2
AG®5c=-51.0 kJ/mol CaAl;O-

CazAl06 (5) + 3Na2COs3 a) + 2H20 1y = 2NaAlO; g + 3CaCOs s) + 4ANaOH (5 3
AG®5c=-199.1 kJ/mol C&gA'zOe

Ca12Al14033 Ok 12Na,CO3 (aq) T 5H,0 mn= 14NaAlO; (aq) T 12CaCOs; Ok 10NaOH (aq) (4)
AG®y5:c = -745.2 kJ/mol C&12A|14033



As seen above, CA, C3A, and C12A7 phase can be leached in a solution containing Na,CQOs. The product
of the reactions contains:

(1) Sodium aluminate in hydrated (NaAl(OH).) or un-hydrated (NaAlO,) agueous phase,

(2) NaOH (g such as in reactions (3) and (4), and

(3) CaCOs-containing residue (simply named as residue)

In reaction (2), to leach one mole of the CA; phase, we need one mole of Na2COs3 (ag) and two moles of
NaOH (sq), while other calcium aluminates need no addition of NaOH () in their leaching reactions. In
Fig. 5, we can see the equilibrium amount of thermodynamic reaction (2) at temperature 25 — 100 °C in
1 atm as calculated using HSC Chemistry™ in Equilibrium Compositions module. The modeling is
based on the Pitzer (1973) theory on calculating the activity coefficient of electrolytes. The input
amount and output species that correspond to Fig. 5 is shown in Table 2. The input species and the
amount used in the calculation are chosen as an attempt to indicate the experimental leaching conditions,
i.e., L/S =20, 120 g/L Na,CQg, etc. The same amount of H* a5y and OH" 5 is introduced to maintain
the electronic neutrality of the system. Also, a minor addition of O, (g is necessary to help the Gibbs

solver find the equilibrium composition.

In equilibrium, Fig. 5 indicates that the amount of CA; is considerably low compared to the sodium
aluminate-containing aqueous phase at temperature 25 — 100 °C. This means that according to their
thermodynamic properties the sodium aluminate-containing aqueous phase is more stable in the system
than the slag. However, later we will see that the leaching property results based on the experiment
show that side reactions could happen during the leaching and some calcium aluminate phases could be

identified as the less leachable ones.

10
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Fig. 5. The equilibrium amount of the leaching reaction of CA; phase at a temperature range of 25 —

100 °C.

Table 2. Input amount and output species that are used in the equilibrium calculation

Input species Phase Mass (g) Mass (mol)
H.O Liquid 1000 55.51
CaAl,Or Solid 50 0.24
Na,COs Adqueous 120 1.13
OH- Aqueous 1.7 x 10 1x10%
H* Aqueous 1x10% 1x10%
0O Gas 3.2x10* 1x10°
Output species
Al(OH)2" ag) Ca(OH)ys) CH20:" g NaOHaq)
Al(OH)3(g) Ca*?(aq) CH2OH*(g) NaAl(OH)a aq)
Al(OH) 4 ag) CasAl,Og(s) CH200 ) 02 (ag)
Al1304(0OH)24" gy  CaAl120195)  CH3COO (ag) Oz(g)
Al (OH)2"ag) CaAl204q) CHsO O2(g)
Al,O* (g CaAlOu) CH302 () OH(aq)
Al,O5*) CaAlO) CHs0,"(g OH (ag)

11



Al3(OH)4"(ag)
AlO ()
AlO* (g
AlO* )
AlOz ()
AIOH" )
AIOH*
AIOH*5)
C2oH30%(g)
CoH303 ag)
Ca(CHO2)2()
Ca(OH)2()

CaC2H:0:" gy
CaC;H303"(ag)
CaCHO:" g
CaCOsag)
CaCOx
CaHCOs"(aq)
Ca0-2Al,05
Ca0-Al;03s)
CaOH* g
CaOH*¢)
CH20%()
CH2027

CH3OH (g
CHO(g)
COqo)
COq)
COzq)
COqg
H @)
HC204 )
HCO: (ag)
HCO3 (ag)
Na“(ag)
NaAlOzq

OH'(
OH(g
H20q)

12Ca0-7Al;05
2Ca0-Al;0s
3Ca0-Al;03
3Ca0-Al203:10.2H20
3Ca0-Al203:11.6H20
3Ca0-Al203:6H20
3Ca0-Al203-8H20

3Ca0-Al203-CaC03:10.68H20s)

4Ca0-Al;03-13H.0

3.2. The pH calculation

Na:COs ag) = 2Na* ag) + COs* (aq)

CO3% (ag) + H20 () = HCO3™ (agy + OH" (ag)

the above reaction as Table 3.

weak alkali and can contribute to the pH of the solution as in reaction (6).

The leaching agent was prepared by dissolving 120 g of Na,COs in 1 L of water (1.1 M NaxCQOs).
Therefore, the complete dissolution of Na,COs is shown by reaction (5).

(5)

The reaction of sodium cations and water yield a neutral solution. However, the carbonate anions act as

(6)

As the initial concentration of CO3? is known, we may set an initial, change, and equilibrium table for

Table 3. Initial, change, and equilibrium condition of COs* reaction with water.

Condition | [COs*] | [HCOs] | [OH]
Initial 11 0 0
Change -X +X +X

Equilibrium | 1.1-x X X

12



Based on the HSC Chemistry™ database, the equilibrium constant (Kp) of reaction (6) is 2.049-10,

which gives equation (7).

K, = 2HCos "9OH” _ 5 949.104 7)

Acoz- " H20

Where ancos-, dow-, acosz-, @nzo are the activities of HCOs', OH-, CO3%, and H,0 in a solution, respec-
tively. Assume the solution is an ideal mixture, then the activity is as same as the molar concentration.
Consider the activity of water is unity and, thus, taking into account the equilibrium condition in Table

3, the equation (7) becomes equation (8).

x2

1.1-x

2.049-10*=

(8)

The x value is considerably small, thus neglecting x value in denominator gives x = 0.015. As pOH = -
log [OH] and pH = 14 — pOH, then the theoretical pH in the leaching solution is 12.2.

Moreover, if we consider the slags leaching reactions (1) — (4) in the solution, the leaching product (i.e.,
NaAlO,) can be hydrated with water and produce aluminate ion, whereas in a high pH solution it is in
the form of AlI(OH). (Moolenaar et al., 1970), as seen in reaction (9). Furthermore, reaction (3) and (4)
give NaOH as the leaching product, which is a strong alkali and can dissociate entirely in the solution

as seen in reaction (10).

2NaAlO; (ag) + 4H20 (y = 2Na* @aq) + 2AI(OH)4™ (ag) 9)
NaOH (g = Na* @aq) + OH" (ag) (10)
The NaAIlOzaqueous solution could be considered as a weak alkali where the only fraction of it accepts
protons from water, which means along with the dissociation of NaOH in reaction (10), both of these
reactions most likely increase the pH extent of the leachate during the leaching.

3.3. Aluminum extraction yield

If we have a maximum aluminum leaching extent of each calcium aluminate phase and no materials
loss during the experiment due to the evaporation and/or filtration, then based on the slags composition

provided in Table 1, we may calculate the maximum extraction of aluminum in the leachate after the

leaching treatment as shown in Table 4.

13



Table 4. Maximum extraction of aluminum in the leachate.

Pulp ) )
] Aluminum in
Sample | concentration
leachate (g/L)
(/L)
Slag 1 50 17.7
Slag 2 50 16.4
Slag 3 50 13.5
Slag 4 50 12.2
Slag 5 50 10.6

4. Results and Discussion

The results obtained about the characteristics of the produced slags, their leaching behavior, and leach-
ing products analysis are presented. Mechanisms related to the leaching of calcium aluminate phases
will be discussed, supported by structural modeling of the phases.

4.1. Characteristics of the slags

The particle size distribution of each synthesized slag listed in Table 1 is shown in Fig. 6. Consecutively,
the mean diameter of Slags 1, 2, 3, 4and 5is 7.8 £ 3.9, 7.1 £ 45,26.6 + 228,54 +2.2,and 5.3+ 2.3
um. Slag 3 has the largest mean diameter of the particle as well as the standard deviation compared to
the others as it has an agglomeration-type of particle and not easily disintegrated even though the ultra-
sound was applied for several minutes. We believe the agglomeration-tendency is caused by the high
reactivity of C12A7 phase to the moisture as supported by literature:

(1) Jeevaratnam et al. (1964) and Nurse et al. (1965b) claimed the phase might contain up to 1.3to 1.4
wt% H,0 at 1100 °C in an air of normal humidity,

(2) Roy and Roy (1960) claimed the C12A; phase has zeolitic behavior, which means that the phase can
absorb and desorb water as a function of temperature (with pH,O fixed) without structural change,

(3) Thermogravimetric analysis by Hayashi et al. (2002) revealed that in a dry-oxygen environment the
C12A7 phase losses its weight for about 1 % when heated to 700 °C, and the loss was restored when

cooled down to below 700 °C.

14
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Fig. 6. Laser particle size measurement based on (a) differential and (b) accumulative type of the ob-

tained slags.

The XRD patterns of the obtained slags and the determined phases are presented in Fig. 7. Slag 1 has
CA and CA:; phases, Slag 2 has CA and CsA phases, Slag 3 has a single C12A7 phase, Slag 4 has C;A
and C12A7 phases, and Slag 5 has CsA and CasAlsO14 (CsA3) phases. Most of the phases are well iden-

tified and formed in crystalline form, showing the applied cooling rates were proper for crystallization

of the phases. A result of the relative fraction of the obtained phases is also shown in Fig. 7.

Based on the results in Fig. 7, three points are very important to note. First, the similarity of the Slags

1 and 3 compositions to the equilibrium ones as we have calculated based on lever-rule in Table 1.

Second, the absence of C12A7 phase in Slags 2 and 5, which is discussed later. Third, the co-existence

15



of CsAs in Slag 5 that was “unrecognizable” in the phase diagram of CaO-Al;O3 in Fig. 2, however, it

appears in the XRD spectrum.

Slag 1
1 CA phase (81.7 wt%)
2 CA; phase (18.3 wt%)

1 1 2
2 1 2 1 201
Slag 2
1 CA phase (96.6 wi%)
2 C;A phase (3.4 wt%)
l
1 1
1] I
1
= Slag 3
2 ) | C,A; phase (100 wt%)
£
K=

Slag 4
1 C,A phase (41.5 wt%)
2 C,A, phase (58.5 wt%)

Slag 5

1 C,A phase (63.2 wt%)
2 CsA; phase (30.5 wt%)
3 CaO phase (6.3 wt%)

T T T T [T T T T [T T T T [T T T T [T T T T[T T T T [T T T T[T T T T [ T T T T [T T T T [ T T T T [T T T T T TT T

10 20 30 40 50 60 70
Position (2Theta)

Fig. 7. XRD pattern of the obtained slags with the quantified compositions of the phases.
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As of today, C12A7 and CsA;z phases are not readily established in the CaO-Al,O; system especially in
certain atmospheric conditions as some literature omitted one or both phases in their assessment
(Haccuria et al., 2016; Hallstedt, 1990; Jerebtsov and Mikhailov, 2001; Lutsyk et al., 2012; Mao et al.,
2006). In our previous study (Azof et al., 2017), we also could not observe the presence of C1,A; phase
in a slag produced from the same composition and condition, as we did observe again in this study for
Slag 2. Knowing that CA is the dominant phase in Slag 2 (about 80 wt% based on phase lever-rule),
and C12A7 is a metastable phase, then dissociation of the unstable C1,A7to CsA and CA phase at low
temperature proposed by Nurse et al. (1965a, 1965b), as shown in reaction (11) might be the reason.

2[Ca12Al14033 (5] = 5[CazAl2Op 5] + 9[CaAl204 ) (11)

The stable form of C12A7 phase in Slags 3 and 4 may be due to a relatively similar CaO:Al,O; molar
ratio of these slags to C12A; phase. Also, the presence of “guest” anions, such as OH" (Roy and Roy,
1960), halide ions, i.e., CI-, F- (Jeevaratnam et al., 1964), and S* (Zhmoidin and Chatterjee, 1984), could
favorably stabilize the phase. The latter suggestion needs further investigation to obtain more evidence

on the stabilizing element that presents in the slags.

Concerning the CsAs phase co-existence in Slag 5, Shepherd et al. (1909) were first among the research-
ers who reported the presence of the phase in the CaO-Al,O3 system. Subsequently, Rankin and Wright
(1915) observed CsA; phase with a composition of 47.8 wt%CaO and 52.2 wt%Al,03 and said that it
could form in either stable or unstable monotropic form. The stable form melts congruently at 1455 +
5 °C, and it could form a eutectic mixture with C3A (CaO:Al,O3 mass ratio = 50:50) at 1395 + 5 °C.
This structure gave rise of some discussions and debate among scientists, Blissem and Eitel (1936) said
that the measured density of CsAs phase does not agree with its chemical formula, and they proposed
C12A7 formula instead of it. Thorvaldson and Schneider (1941) investigated the composition of the
aluminate obtained by thermal decomposition of 3CaO-Al;03-6H,0 (CasAl,(OH):2) and showed that
the free lime amount produced from CasAl>(OH)1, dehydration suits with the composition of C12A7 than
CsAs, correspondingly. In contrary, Aruja (1957) measured the density of two single-crystals of CsAs
and said that the orthorhombic CsAs formula gives a better fit than C1,A7, and the XRD pattern of both
CsAs3 and Cq2A7 showed that the compounds show no resemblance. Zhmoidin and Chatterjee (1984)
stated that it is possible under conditions of deficit oxygen C12As is unstable, and CsAs phase stabilizes
with denser (3.03 g/cm?) orthorhombic structure. Later on, Brisi et al. (1986) confirmed the possibility
of making CsAs from the C12A; phase in solid-state reaction provided that low oxygen partial pressure

and water vapor be preserved. In this study, the presence of reducing gas (CO (g)) during smelting trials
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due to the use of graphite crucible could reduce the oxygen partial pressure and is believed to stimulate
the stability of CsAs in Slag 5.

4.2. Leaching behavior of the slags

The obtained leaching residue was analyzed to characterize the leaching behavior of the existing phases
in the slags and the effect of dissolved slags on the pH of the leachate.

4.2.1. Phases of the leached residue

Fig. 8 shows the XRD patterns of each residue obtained after filtering the leachates. As expected, resi-
due from each slag contains a considerably high amount of CaCQOgs, which is in the form of calcite and
vaterite, and some remaining undissolved phases. Also, Al(OH)s in bayerite form and CasAlx(OH)1.
phase are observed in some of the residues. The formation of solid AI(OH)s in this stage could be detri-
mental as it decreases the alumina yield in the leachate. While the latter phase is usually prepared in the
Bayer process, which could assist the removal of impurities from the pregnant liquor (Whittington and
Cardile, 1996). In this study, we may say that both AI(OH); and CasAlx(OH)12 can be formed due to the
hydration of CA in water during the leaching treatment, which was proposed earlier by Lundquist and
Leitch (1963) as in reaction (12).

3[CaAlz04 )] + 12H,0 ) = CazAl2(OH)12 5 + 4AI(OH)s () (12)
AG®5c=-27.0 kJ/mol CaAI204
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Fig. 8. XRD results of the residue of the slags after the leaching treatment at 45 °C in 30 minutes.
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The formation of CazAl2(OH)12 in the residue of Slag 5 is not necessarily producing AI(OH); as in the
case of Slags 1 and 2. We suggest that the hydration of the CsA phase in Slag 5 may produce
CaszAlx(OH)12 as seen in reaction (13), which could explain the absence of AI(OH); in the residue. Fur-
thermore, the presence of free-CaO in Slag 5 could enhance the amount of CasAlz(OH); after the leach-
ing, as was proposed by Whittington et al. (1997) who claimed that the addition of CaO in sodium
aluminate solution produces CasAl>(OH)1. as we see in reaction (14).

CazAl0¢ (5 + 6H20 () = CazAlz(OH)12 () (13)
AG®25:¢c = -134.3 kJ/mol CazAl.O¢

2NaAI(OH)4 ag) + 3Ca0 ) + 3H20 () = CazAlx(OH)12 ) + 2NaOH (g (14)
AG®5¢c = -49.9 kJ/mol CaO

4.2.2. Effect of temperature

Fig. 9 shows the XRD patterns of Slag 1 residue after being leached by Na,COs solution for 10 minutes
at45, 60, and 75 °C. The most distinct peaks observed from the three different temperatures are AI(OH);
and CA: peaks. It seems that by increasing temperature the intensities of AI(OH); peaks become more
apparent. Lundquist and Leitch (1963) stated that the temperature gives modest effect to the precipita-
tion of Al(OH); when CA is leached in water. However, in principle, the formation of AI(OH)sin the
Na,COs3 solution is as same as in the water, where it employs the hydration of CA (reaction (12)). We

suggest that the undesirable precipitation may be accelerated by thermal energy.

On the other hand, by increasing the temperature, the CA; phase becomes more leachable as the inten-
sity of its peaks decreases. This is supported by our former observation (Azof et al., 2017) that stated
the leaching extent of CA; phase is markedly increased after about 60 °C. Therefore, it can be concluded
here that the effect of leaching temperature on the alumina extraction extent is likely dependent on both

the calcium aluminates composition and the solvent characteristics.
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Fig. 9. XRD patterns of the residue obtained from Slag 1 after the leaching treatment in Na,COj3 solu-
tion at 45, 60, and 75 °C in 10 minutes.

4.2.3. Effect of sodium hydroxide addition

In the original method of Pedersen (1927), “free sodium hydroxide” is used to prevent the dissolution
of silica in pregnant solution, which is not of the interest in the current CaO-Al,Os system. However,
Pedersen claimed that if a larger proportion of “free sodium hydroxide” is used, the rate of alumina
dissolution and the ratio of alumina to soda in the solution are decreased. As Pedersen did not mention
specifically the amount of “free sodium hydroxide,” we introduced NaOH in Na,COj3 solution about
two times than the stoichiometry required in Slag 1 and 2 in our previous study (Azof et al., 2017), to

validate Pedersen’s statement.
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Fig. 10 and 11 show the comparison of XRD patterns of the residues produced from Slags 1 and 2 in
different solutions. As shown, the peaks intensity of Al(OH); and CaszAlo(OH)12 in the two residues are
noticeably low. The dissolution process of these phases in NaOH-containing solution is shown in reac-
tion (15) and (16). The first one is a typical reaction in the pressure leaching of the Bayer process (Bayer,
1894; Safarian and Kolbeinsen, 2016a). While the latter is proposed by Alekseev (1982) that in NaOH
solution (6 — 200 g/L) and at a certain temperature (25 — 90 °C) the CazAl2(OH).> may be unstable and
dissociates to Ca(OH). and NaAI(OH).

A|(OH)3 Ok NaOH (aq) = NaAI(OH)4 10) (15)
AG®35°¢c = -7.0 kd/mol A|(OH)3

Ca3A|2(OH)12 Ok 2NaOH (aq) = 2NaAI(OH)4 (ag) T 3C6(OH)2 (s) (16)
AG®o5c=-22.9 kJ/mol C&3A|2(OH)12
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Fig. 10. XRD pattern of the obtained residues from Slag 1 after leaching in different solvents with the

same temperature and duration.
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Residue - Slag 2 after leaching with Na,CO; and NaOH (Azof et al., 2017)
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Fig. 11. XRD pattern of the obtained residues from Slag 2 after leaching in different solvents with the

same temperature and duration.

In reaction (12), we see that the CA phase can be hydrated in water and form CasAl>(OH)1.. However,
it should be considered here that in a solution with some extent of NaOH concentration, the CA phase
may also react with NaOH to form CazAlx(OH):. that leads to the alumina losses. Nevertheless, it gives
sufficient OH" ions to prevent AI(OH)s from precipitating (R.V. Lundquist and Leitch, 1963), as shown

in reaction (17).

3[CaAl;04] (s) + 4NaOH (ag) + 12H,0 (y = CazAlx(OH)12 s) + 4NaAI(OH)s (ag) a7
AG®o5.c = -36.42 kJ/mol CaAI204

This means if we take into account the reaction of calcium aluminate in sodium carbonate and sodium
hydroxide as in reactions (1) and (17), respectively, we can predict the equilibrium of the precipitated
CaCOs; and CazAly(OH)12in residue based on the amount of NaOH and Na,COs in the mixed solution.
Fig. 12 shows the relationship between the mixed solution ratio of NaOH:Na,COs to the number of
precipitated compounds in the residue as reconstructed from Lundquist and Leitch (1963). The figure
indicates that the carbonate anions in the solution are necessitated to the alumina loss prevention as it
reacts with the calcium cations and replacing the hydroxyl ion, Al,(OH)1,%, so that CaCOs precipitation

is more favorable than the CazAl>(OH)1 precipitation.
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Fig. 12. Mixed solutions of NaOH and Na,COs in accordance with the precipitated compounds as re-
constructed from Lundquist and Leitch (1963).

4.2.4. The solution pH and aluminum recovery

We measured the pH changes in the solution before and after the leaching of Slags 1 — 5 at certain
temperatures. The pH meter was calibrated with buffer pH 4.0 and 7.0 before use. The pH was measured
for the blank solution that consisted of 120 g/L Na,COs at 25 °C is 11.4 + 0.1. Moreover, the pH range
of the leachate is 12.5 — 12.9, which changes according to the leaching temperature and OH" concentra-
tion. The aluminum amount in the leachates is then measured by ICP-HR-MS, and by comparing the

result with the maximum aluminum recovery extent in Table 4, we may calculate the aluminum recov-
ery extent as shown in Table 5.

Table 5. The pH of leachates and aluminum recovery in several leaching conditions

Leaching condition Hi Aluminum in | Aluminum
in
Sample ) Temperature | Time P the leachate | recovery
Solution ) the leachate
(°O) (minute) (o/L) (%)
Slag 1 75 10 125+0.1 3.1+£0.05 17.5+0.3
120 g/L
Slag 2 60 10 129+0.1 4.0£0.03 244 +0.2
Na,COs
Slag 3 45 10 129+0.1 126+£0.03 | 93.3+0.2
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Slag 4 45 10 129+0.1 6.1+ 0.05 50.0+0.4
Slag 5 45 10 128+0.1 49+0.14 46.2+1.3

The corresponding residues of the leaching experiments in Table 5 were washed and analyzed by XRD,
and then semi-quantitatively calculated as shown in Fig. 13. The co-existing phases of the obtained
residues are relatively similar to the residues that are leached at 45 °C after 30 minutes in Fig. 8. How-
ever, semi-quantitative calculations of the fraction of the phases of the residues may indicate that the
calcite most likely precipitates in the increasing order of CaO:Al>Os; mass ratio, which is seen in the
residues of Slags 1, 2, and 3, and then it starts decreasing in residue of Slags 4 and 5. Vaterite, the less
stable form of CaCOs, precipitates only in the residue of Slags 1 and 2, while it is unobservable in the

residues of Slags 3, 4, and 5. More details on the vaterite phase formation are discussed later.

A relatively high amount of bayerite (21 — 39 wt%) is detected in the residue of Slags 1 and 2, while a
low trace of it is seen in the residue of Slag 4. We may say that the precipitation of bayerite gives a
significant contribution to the low extent of aluminum recovery, especially for Slags 1 and 2, as it
consumes three-quarter moles of CA phase for one mole of bayerite, as seen in reaction (12). Based on
the semi-quantitative result in Fig. 13, we suggest that the aluminum recovery decreases by 0.4% for
every percent of bayerite precipitation. Furthermore, the CasAlz(OH)12 phase is noticed at relatively low
guantities (< 6 wt%) in all of the residues. We may conclude that the extent of alumina recovery in
leaching is affected by the unleached slags and precipitation of unwanted compounds as in reaction (12)
— (14); CasAlx(OH)12 and bayerite.
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Fig. 13. XRD pattern of the obtained residues from the experiments carried out in conditions given in

Table 5.

4.3. Leaching Mechanism

As discussed in previous part, not all calcium aluminates have the same leaching behavior and extent
as we would have expected in the equilibrium condition in Fig. 5. This means that thermodynamic
consideration is not the only factor that defines the leachability of the calcium aluminate phases if a
specific leaching rate is expected. In this section, we discuss other factors that may also contribute to
the leaching property. Moreover, the changes in particles morphology before and after the leaching

process are shown and discussed.
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4.3.1. The structure of calcium-aluminate phases

The previously determined crystal structures of CA (Ma et al., 2011), CA: (Baldock et al., 1970), CsA
(Mondal and Jeffery, 1975), and C12A7 (Boysen et al., 2007) were observed in the current study. We model
the atomic arrangements in a unit cell of calcium aluminates that is shown in Fig. 14. The drawings
produced by VESTA™ ver.3, which is a program for three-dimensional visualization and investigation
of crystal structures (Momma and lzumi, 2011).

The CA and CA; phase have monaoclinic (Baldock et al., 1970; Ma et al., 2011), while CzA and C1,A7
phase have cubic lattice system (Boysen et al., 2007; Mondal and Jeffery, 1975). Ca- and Al-atom
shares six (octahedral) and four (tetrahedral) coordination number with O-atom, respectively. Calcium
aluminate slag is an ionic compound in nature; consists of cations, i.e., Ca?* and AI**, and anions, i.e.
O and OZ. However, the Al-tetrahedral sites are joined together in chains by bridging oxygen (BO),
this results in a polymerized network structure, which is considered as a network former. In other words,
we could say that the slag consists of both covalent (joined tetrahedrons) and ionic (cation-oxygen)
bonds. The strength of the cation-oxygen bond could be presented by the field strength (z/r?), where z
is the charge and r is the radius of the cation (Mills et al., 2013). From the formula, we may conclude
that the field strength decreases with increasing cation size. Shannon (1976) stated that the Ca atomic
radius is about two times larger than Al. Therefore, compared to the Al-O bond, the Ca-O bond is

relatively weak.
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Fig. 14. Structure of CA, CA;, C3A, and C12A crystals. Green, light blue and red balls represent Ca,
Al, and O atoms. AlO, tetrahedral and CaOs octahedral are shown by dark (purple) and light (green).
The dark blue balls at the center of the C12A7 “cage” structure is the “free” O-ions in (1/4, 3/8, 0) posi-
tion as proposed by Boysen et al. (2007).

Moreover, when Ca?* and Na* cations (in the form of Na,O) co-exist in the structure, it tends to break
the BO and form non-bridging oxygens (NBO). An NBO is oxygen that bridges from a tetrahedron to
a neighboring, non-tetrahedral polyhedron (in this study, Ca-octahedral). The degree of polymerization
of an aluminate compound is expressed as NBO/number of tetrahedral (T), whereas NBO/T = 0 shows
a fully polymerized structure (Mysen, 1990; Mysen et al., 1985). In other words, by increasing the ratio
of NBO/T then the structure is prone to depolymerize. Mills et al. (2013) proposed an equation of
NBO/T as the ratio of the mole fraction of “available” network breaking oxides (where “available”
means the total number of cations minus those on charge balancing duties) divided by the mole fraction
of the network-forming oxides as in equation (18).

NBO/T = 2(X Xmo + X Xm,0 — Xa1,05)/ Xsio, + 2Xa1,0,) (18)
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Where X is the mole fraction and Xmo = Xmgo + Xcao + Xgao + Xreo + Xmno + ... and Xmzo = Xiizo + Xna2o
+ Xkz2o0. The order of NBO/T for calcium aluminate phases in a typical leaching reaction (1) - (4) be-
comes C3A > Ci2A7 > CA > CA,. The index of the NBO/T of the Slags 1 — 5 and their leaching extent
is shown in Table 6. It is noted here that the structure of C12A7 in Fig. 14 has a loose-bond of O-ions in
the “cage,” which may increase the depolymerize extent. Therefore, the NBO/T index for C1,A7 be-
comes irrelevant. Nevertheless, the NBO/T order shows good agreement with the leachability of the
calcium aluminate phases in literature (Azof et al., 2017; Fursman et al., 1968), where C3A, C1,A7, and
CA are considered as the soluble phases in sodium carbonate solution, while CA; phase is the insoluble
one. Also, Wells (1928) claimed that CsA has a vigorous reaction towards the water, and the activity of
the other aluminates (i.e., CA, CsAs) is distinctly less than that shown by CsA. Thus it is obvious that
the increasing degree of depolymerizing structure of calcium aluminates affecting the extent of its leach-

ing property.

Table 6. A relationship between NBO/T index of the slags and aluminum recovery.

Sample | NBO/T | Aluminum
name index | recovery” (%)
Slag 1 -01 175+£0.3
Slag 2 0.1 244 +0.2
Slag3** | N/A 933+0.2
Slag 4 1.2 50.0+£04
Slag 5 14 46.2+1.3

*Based on the ICP-HR-MS results in Table 5

**Slag 3 consists of single C12A7 phase, which has “free” O-ions and easily depolymerize

4.3.2. Morphology changes and size evolution

As mentioned in section 4.2.1., the predominant phase of residue produced from the leaching reaction
is CaCOs. However, the formation and morphology of residues produced from this typical reaction are
still unclear. Fig. 15(a) shows the SEM image of solid Slag 1 before the leaching treatment, while Fig.
15(b), (c), and (d) show the residue with spherical and dendritic arm growth, agglomerated sphere par-
ticles with cauliflower-like in 3000x, and 5000x magnification, respectively. The SEM images of the
residue are in agreement with the result of Hostomsky and Jones (1991) in their works on CaCOs pre-
cipitation from a supersaturated solution. They suggested that the agglomeration of an individual CaCO;
particle is the dominant mechanism of increasing particle size compared to the primary crystal growth.

This means that the agglomeration most likely causes changes in size.
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Moreover, in Fig. 15(b) — (d) we see the morphology of the residue particles is in the small rounded
particles clustered together, which is a typical morphology of vaterite (Séhnel and Mullin, 1982; Spanos
and Koutsoukos, 1998). Vaterite is favorable to form at high pH (> 9.5) solution (Gomez-Morales et
al., 1996; Hostomsky and Jones, 1991; Séhnel and Mullin, 1982). Also, vaterite is considered as a met-
astable phase and is gradually transformed into either calcite or aragonite, where calcite is the thermo-
dynamically stable under normal conditions (Koutsoukos and Kontoyannis, 1984; Séhnel and Mullin,
1982). In the previous discussion in 4.2.4., and also shown in Fig. 13, the higher ratio of CaO:Al;O3
slags we have, the lower amount of vaterite would exist. However, it is difficult to distinguish the form
of calcite and vaterite in Fig. 15 as it may not be separated clearly. Extensive works by Koutsoukos and
Kontoyannis (1984) and Nancollas and Reddy (1971) showed that the temperature also plays an essen-
tial role in the precipitation rate of the vaterite’s nuclei. However, it is relatively independent to the

stirring speed (agitation).

20.0kV 10.0mm x3.00k SE 20.0kV 10.0mm x3.00k SE

20.0kV 10.0mm x3.00k SE 2 20.0kV 10.0mm x5.00k SE 10.0umr

Fig. 15. SEM image of (a) the anisotropy and rock-like Slag 1, (b) spherical and dendritic arm growth
of the residue, (c) and (d) agglomerated sphere particles with cauliflower-like in 3000x and 5000x

magnification, respectively.
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According to the leaching mechanism that is discussed earlier in 4.3.1., depolymerization of solid cal-
cium aluminates might take place in order to proceed with the leaching reactions. We suggest that the
residue nucleation is taking place after the disintegration of solid slag in alkaline solution, which is
caused by cations (Ca?* and Na*) depolymerization, and followed by strong ionic bonding between
Ca?*-COs%. In addition, we suggest that the primary nucleation is favorably taking place at the existing
surface of particle (heterogeneous nucleation), in this case, the most suitable position is the surface of
the reacting slag. Therefore, we may conclude here that the grown CaCOs layer at the surface of not
completely reacted slag causes a slower conversion progress. Eventually, the more growth and then
agglomeration of the CaCOs-containing residue occur as illustrated in Fig. 16.

_COs*

i

| <
/
O ca
9
|
(6]
[

Depolymerization

Calcium of CaO-Al,O, and CaCO, formation Agglomeration of
aluminate at the surface of slag Ufreacted the leaching residue
slag - slag »”
CaCO3 - >

Leaching residue . . .
Increasing particle size

due to the agglomeration
Fig. 16. lllustration of a leaching residue formation from a leachable calcium aluminate phase and

increasing particle size of the CaCOs-containing residue due to the agglomeration.

The evidence of agglomeration of CaCOs-containing residue is shown by the particle size distribution
of the obtained residue from Slags 1, 2, 3, and 4 in Fig. 17. It can be seen that the particle size could be
classified into three different range; small (< 15 um), moderate (30 — 40 um), and large (100 — 170 um).
From Fig. 6 we know that the initial slags have an average of mean diameter less than 15 um. Consid-
ering some slags were not reacted (or have low reactivity) with the Na,CQOj3 solution during the leaching
treatment, the small range size of the residues is most likely a mixture of the residual of the unleached
slag and primary nucleation of CaCOs, while the moderate and large range sizes of the residues is com-
posed mostly the CaCOs in vaterite and calcite forms. In general, the particle size range is relatively
similar for all the obtained residues, which needs further investigation to see the factors that might

influence the nucleation, growth, and agglomeration of the CaCOs.

The use of the Scherrer equation (Langford and Wilson, 1978) to calculate the crystallite size through

the full width at half maximum (FWHM) of each residue’s XRD peak is not wise as the residue was
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finely grounded prior to the XRD observation, which, therefore, may give biased results on the precip-
itated and agglomerated residues.

a) Residual of unleached slag
1 + nucleation of CaCO4
20
z Growth &
< agglomeration of
&
= CaCO
£ s !
g
=4 —Residue of Slag 1
o —Residue of Slag 2
—Residuc of Slag 3
—Residue of Slag 4
5 4
o]
| 10 100 1000
Diameter (pm)
100 i
b .
90 3 ) iResidual of unleached slag
+ nucleation of CaCO,
80 4
— 70 1
= 6 —Residue of Slag 1
< 60 ]
g = —Residue of Slag 2
£ 50 ——Residuc of Slag 3
= .
= —Resid fSlag 4
“‘; e Growth & esidue of Slag
a8 agglomeration of
30 CaCO;
20 4
10 4
0 T T
1 10 100 1000

Diameter (pm)

Fig. 17. Laser particle measurement based on (a) differential and (b) accumulative type of the ob-

tained residues from Slags 1, 2, 3, and 4.

The “humps” given by the laser particle measurement in Fig. 17(a) might give us doubt if the particle
size was obtained without erroneous measures as the size classifications are so apparent and interest-
ingly occur in each slag. Problems with the particle size measurement, in this case, employing laser
diffraction, should be taken into account because the misrepresented data could lead us to an incorrect
conclusion about the morphology and size evolution of the residues. Sabin (2011) described some issues

related to the problems in measuring particle size employing the laser diffraction observation. Some of
the problems are as follows:

(1) Broken particles that are caused by excessive ultrasonic energy,

(2) Bubble (artificial) peaks where the instrument cannot distinguish the particle and bubbles/gaseous
objects, and
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(3) Opalescent/reflective particle artifact peaks where in some instances occurred when the particle is

shiny, reflective, and opalescent.

Therefore, in an attempt to assure the results in Fig. 17, we have conducted SEM observation at low
100x and 500x magpnification, which is shown in Fig. 18(a) and (b), respectively. By performing image
analysis with ImageJ™, we can measure the size of the observed particles. Fine particle is excluded
from the measurement as it is not easy to count small particles with an irregular shape. The result in
Fig. 18(c) shows that the majority of coarse residues accounted for a moderate size diameter (30 — 40

um), while the remainder is in tenth and hundredth-micrometer range, which support the measurement

results in Fig. 17.
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Fig. 18. SEM images of the residue of Slag 3 at (a) 100x and (b) 500x magnification, whereas, (c) the

size distribution as calculated by ImageJ™ at coarse particles of CaCOs in (a) and (b).

33



5. Conclusions

A calcium aluminate slag which consists only Cai2Al14033 phase is seen as the most leachable slag in a
sodium carbonate solution compared to the other slag compositions in the CaO-Al,O3 binary system.
The leaching recovery may decrease with the precipitation of AI(OH)s in bayerite form, and
CazAl(OH)12 phase. However, a “free-NaOH” can suppress the formation of those two compounds,
accordingly. The less stable form of CaCOs, vaterite, is likely formed in the residue from a relatively
low calcium-containing slag (33 — 49 wt%), and the stable form, calcite, is optimally formed from slag
which contains CaO more than 49 wt%. The non-bridging oxygen (NBO) over tetrahedral structure (T)
index shows that the atomic structure may affect the leaching extent of the slags, where in decreasing
order the index of NBO/T of the calcium aluminate phases is CasAl,O¢ > CaAl,04 > CaAl:O7. The
Cai12Al14033 phase is an exception case where it has “free” O-ions at the center of the cage structure,
which makes it easily depolymerize. The morphology and size changes of the obtained residues are
apparent and clustered in the range of small (< 15 pm), moderate (30 — 40 um), and large (100 — 170
um), whereas the agglomeration of individual CaCOs particle might be the dominant mechanism of

increasing particle size compared to the primary crystal growth.
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