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Abstract  

The cement industry is carbon-intensive, and the valorisation of industrial 

side-streams/residuals for use as alternative raw materials can enable the 

cement industry to reduce its carbon footprint as well as promote resource 

efficiency. Apart from key clinker ingredients such as CaO, Al2O3, and SiO2, 

industrial residues can also contain MgO, CaCl2, and SO3. Therefore, this 

study investigates the formation of cement clinker assemblages in the system 

CaO-SiO2-Al2O3-SO3-CaCl2-MgO at temperatures ranging between 1100 – 

1300°C. The production of a clinker composed mainly of alinite and 

ye’elimite is first attempted; it is found that these phases cannot be 

simultaneously produced. Ternesite is also not compatible with alinite under 

the conditions studied. Wadalite is compatible with both ye’elimite and 

ternesite, while ternesite is also compatible with chlormayenite at 1150°C. 

Additionally, the low-temperature formation of alite was also observed with 

the presence of CaCl2 in the raw-material mix. 

Keywords: cement clinker production; alinite; ye’elimite; ternesite; calcium 

chloride; industrial circular economy; low-CO2. 

Highlights 

• Alinite formation conditions are optimised 

• Ye’elimite and alinite cannot be simultaneously produced 

• Ternesite and chlormayenite are compatible at 1150°C 

• Alite is formed at a reduced temperature of 1300°C  

• Wadalite and chlorellestadite can incorporate chloride in cement 
clinker assemblages 
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1. Introduction 1 

1.1. Background 2 

Given the important environmental burden linked to cement manufacture [1], 3 

the industry is prioritising the search for low-carbon solutions. Among others, 4 

the valorisation of industrial side-streams for use as alternative raw materials 5 

and the manufacture of low-impact clinker, are major solutions. Side-streams 6 

from industries such as waste-to-energy plants [2, 3] and soda ash 7 

manufacture [4] contain CaO-SiO2-Al2O3 in varying quantities, and can be 8 

attractive alternative raw materials for the manufacture of cement clinker as 9 

they would reduce the use of CO2-containing limestone. However, they also 10 

comprise significant amounts of CaCl2, MgO, and SO3 [5, 6] in quantities 11 

which are unusual for conventional cement kiln raw-meal. Chloride is usually 12 

avoided in cements as it can exacerbate the corrosion of mild steel 13 

reinforcement in concrete [7]; however, Cl-containing cement clinker can still 14 

be employed where steel reinforcement is not utilised or where the Cl is not 15 

labile. In addition, more than 60% of cement usage is unreinforced [8].  To 16 

enhance industrial circular economy and decarbonisation, it is advantageous 17 

to understand clinker phase assemblages in the system: CaO-SiO2-Al2O3-18 

SO3-CaCl2-MgO. 19 

 20 

 21 

 22 



Page 3 of 34 

 

1.2. Objectives 23 

 24 

This study seeks to provide new understanding of the CaO-SiO2-Al2O3-SO3-25 

CaCl2-MgO system. Firstly, ye’elimite was targeted as the SO3-containing 26 

phase, whereas alinite was targeted to accommodate CaCl2 and MgO. The 27 

separate syntheses of ye’elimite and alinite are first investigated to understand 28 

their optimal process conditions for maximum formation. The ye’elemite and 29 

alinite produced were then blended in different amounts and fired to assess 30 

their co-existence. Then, the co-formation of ye’elemite and alinite in one-31 

step sintering was investigated based on their overlapping formation 32 

conditions. The compatibility of alinite and ternesite is also tested and, finally, 33 

the co-formation of alinite and chlormayenite is studied with increasing 34 

contents of CaCl2. 35 

 36 

1.3. Clinker phases of interest 37 

 38 

One clinker phase of interest in the system studied here is alinite, a structural 39 

variant of tricalcium silicate (alite) [9, 10]. This phase is interesting because 40 

it can incorporate chloride, magnesium and aluminium as shown in the 41 

chemical formula below, proposed by Neubauer et al. [9]; 42 

 𝐶𝐶𝑎𝑎10 𝑀𝑀𝑔𝑔1−𝑥𝑥2 𝑉𝑉𝑥𝑥2 [(𝑆𝑆𝑆𝑆𝑂𝑂4)3+𝑥𝑥 (𝐴𝐴𝐴𝐴𝑂𝑂4)1−𝑥𝑥] 𝑂𝑂2𝐶𝐶𝐴𝐴     (1)    43 
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where the lattice vacancy (V) can be introduced depending on the substitution 44 

factor (x). Alinite cement was patented in the USSR in the 1970s and is 45 

reported to have been commercially produced by sintering raw materials at 46 

1150°C [11]. Alinite cements are widely accepted to have comparable 47 

mechanical properties to Portland cement (PC) but with faster setting times 48 

[9, 12]. Table 1 compares the compositions of PC with that of alinite cements, 49 

C3S, and with pure alinite produced at a substitution factor of 0.35 (x = 0.35) 50 

[9]. As shown in Table 1, significant amounts of chloride and MgO are 51 

included in alinite cements; thus, this clinker phase is a good candidate in the 52 

CaO-SiO2-Al2O3-SO3-CaCl2-MgO system. The presence of chloride salt may 53 

also enhance the clinkering reactions by acting as a molten flux [13-16]. 54 

Ye’elimite (C4A3$), which is the main phase in calcium sulfoaluminate based 55 

(CSA) cements, is another clinker phase of interest in the system studied. 56 

CSA cements require both a smaller amount of calcium component and a 57 

lower production temperature than PC [17]. Considering the compatible 58 

formation temperatures of alinite [9, 18] and ye’elimite [17], this study 59 

explores the feasibility of producing alinite-CSA clinker assemblages. Given 60 

the known compatibility issues of alite and ye’elimite under standard 61 

processing conditions [19], and the similar cementitious properties of alite 62 

and alinite [9, 12], the target clinker assemblage may provide an alternative 63 

to alite calcium sulfoaluminate (a-CSA) cements that may combine the 64 

favourable characteristics of PC  and CSA cements [19]. Additionally, certain 65 

quantities of MgO in the raw meal have been found to improve the burnability 66 
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of raw meal and promote the formation of C3S and C4A3$ in a-CSA cements 67 

[20, 21]. 68 

 69 

Table 1. Oxide compositions (wt.%) of PC, alinite- based cements, and alinite (x=0.35) with 70 
general formula: Ca10 Mg(1-x/2) V(x/2) [(SiO4)(3+x) (AlO4)(1-x)] O2Cl. 71 

 
PC 

[22] 

Commercial 

alinite cement 

[11] 

Other 

alinite 

cements 

[18, 23] 

Pure alinite 

(x = 0.35) [9] 

Stoichiometric 

alite (C3S) 

CaO 67 45 – 55 45 – 61 62 74 
SiO2 22 13 – 19 13 – 21 24 26 
Al2O3 5 9 – 12 2 – 12 4 - 
Fe2O3 3 4 – 10 2 – 10 - - 
MgO <3 1 – 10 1 – 10 4 - 
CaCl2

 - 6 – 18 4 – 18 6 - 

 72 

2. Materials and methods 73 

2.1. Materials 74 

 75 

Raw mixtures were prepared from reagent grade chemicals: CaCO3 (≥99%, 76 

Acros Organics), CaSO4 (99%, Acros Organics), SiO2 (99.5% Alfa Aesar), 77 

Al2O3 (≥99%, Acros Organics), CaCl2 (96%, Acros Organics), and MgO 78 

(≥99.5%, Strem Chemicals Inc.). 79 

 80 

2.2. Analysis techniques  81 

 82 

X-ray diffraction (XRD) patterns were collected using a Panalytical X’Pert 83 

Pro PW3040 operating in reflection mode with Cu-Kα radiation (45 kV, 40 84 
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mA) and a diffracted beam monochromator (5.5 mm), at a scanning speed of 85 

0.013° per second. All samples were backloaded, and measurements were 86 

conducted without rotation. Rietveld quantitative analysis was performed 87 

using Highscore plus (database PDF-42019) for all the samples, and the 88 

diffraction patterns used as a reference (Table 2) were from ICDD 89 

(International Centre for Diffraction Data) files.  90 

 91 

Table 2. Phases detected in the products and the associated crystallographic information 92 
files/references used for Rietveld analysis. 93 

Mineral 

name 
Formula 

Crystal 

system 
Notation 

ICCD  

PDF no. 
Ye’elimite Ca4(AlO2)6SO3 Orthorhombic C4A3$ 01-083-9042 [24] 
Mayenite Ca12Al14O33 Cubic C12A7 01-073-6332 [25] 
Krotite CaAl2O4 Monoclinic CA 01-077-3822 [26] 

Corundum Al2O3 Hexagonal A 01-089-7716 [27] 
Grossite CaAl4O7 Monoclinic CA2 04-007-8974 [28] 

Anhydrite CaSO4 Orthorhombic C$ 01-072-0916 [29] 
Lime CaO Cubic C 04-004-8985 [30] 

Alinite See Equation 1 Tetragonal Alinite 04-012-3723 [31] 
Chlormayenite Ca12Al14O32Cl2 Cubic C11A7∙CaCl2 01-083-4322 [32] 

Wadalite (Ca,Mg)6(Al3+)4((Si,Al)O4)3O4Cl3 Isometric Wadalite 04-017-5842 [33] 
Larnite Ca2SiO4 Monoclinic β-C2S 04-007-2687 [34] 

Lime olivine Ca2SiO4 Orthorhombic γ-C2Ss 04-010-9508 [34] 
Ternesite Ca5(SiO4)2SO4 Orthorhombic C5S2$ 01-088-0812 [35] 
Periclase MgO Isometric M 04-003-5841 [36] 
Hatrurite Ca3SiO5 Trigonal C3S 00-049-0442 [34] 

Chlorellestadite Ca5(SiO4)1.5(SO4)1.5Cl Hexagonal 3C2S∙3C$∙CaCl2 01-083-9122 [37] 
Calcium chlorosilicate Ca3SiO4Cl2 Cubic C2S∙CaCl2 04-013-7711 [38] 

 94 

Apart from a good match between the measured and calculated Rietveld 95 

patterns, Rwp (weighted pattern residual error) and GOF (goodness of fit) 96 

values [39] below 10.0% and 5.0% respectively were required for reliable 97 

results [40]. To validate the Rietveld analysis, opportune calculations were 98 

performed; firstly, by retro-calculation from Rietveld quantification, the 99 

weight losses Δwt.%(R) were obtained as a sum of CO2 (Δwt.%CO2(R)), CaCl2 100 
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(Δwt.%CaCl2(R)) and SO3 (Δwt.%SO3(R)) losses; the difference between the 101 

experimental weight losses Δwt.%(Exp) and the calculated Δwt.%(R) was 102 

expressed as Δwt.%(Exp-R) and are reported in the Appendix. Furthermore, all 103 

the weight compositions were normalised only in terms of CaO (C), Al2O3 104 

(A) and SiO2 (S); the respective input/output differences ΔC, ΔA and ΔS 105 

(Appendix) would also allow for the evaluation of the Rietveld analysis. The 106 

lower the ΔC, ΔA, and ΔS values, the more reliable the solid phase 107 

quantification is.  While MgO was not taken into account for this calculation 108 

because of its small content, both CaCl2 and SO3 were also excluded from 109 

this mass balance since they were volatile.  110 

Simultaneous DSC/TG (SDT) analysis was performed on 20 – 40 mg of 111 

powder samples in a SDT Q600 (TA Instruments) instrument, operating 112 

between 50 °C and 1400 °C in an air atmosphere (flow rate 100 mL/min) at a 113 

heating rate of 10 °C / min; the samples were placed in disposable alumina 114 

crucibles for measurement. 115 

 116 

2.3. Clinkering procedure 117 

 118 

To ensure homogeneity, all the samples were prepared by blending the pre-119 

dried powders for five minutes using a Rocklabs BenchTop Ring Mill (Scott 120 

products) within a Carbon/Chrome 100 head. Powders were then pelletised 121 

by applying a pressure of 11 atm; ~2 cm diameter and ~0.5 cm height pellets 122 

were obtained. All the pellets were placed in platinum crucibles and pre-123 
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heated at 150°C for 30 minutes prior to firing. Preliminary experiments 124 

highlighted a lower efficiency in the synthesis of alinite when a ramp 125 

temperature program was used compared to when samples were inserted at 126 

target temperature; the gradual temperature increase led to increased 127 

volatilisation of CaCl2. Since alinite was a main target phase, no ramp was 128 

used in clinkering. This method also enabled avoiding formation of any 129 

phases that are stable at a lower temperature, and that may then persist after 130 

heating; in this way, only phases stable at the target temperature will be 131 

observed. In all experiments, samples were fired once only at target 132 

temperature and only one sample was produced for each experiment using a 133 

consistent methodology. 134 

All sintered products were cooled in air (fan-assisted) at room temperature 135 

before grinding and sieved below 75 µm for XRD analysis. The individual 136 

production of alinite was tested under different conditions aiming for a 137 

maximum conversion; two procedures were tested. The first method was 138 

based on the setup of Neubauer et al. [9] where the pellet was reacted in a 139 

sealed system. This was mimicked by using a sealed ceramic outer vessel with 140 

a total volume of 40 mL. The sealed system was provided with an extra source 141 

of CaCl2, external to the sample, which was ~5 times the amount present in 142 

the reacting solid blend; this provided a CaCl2-rich atmosphere within the 143 

system, inhibiting CaCl2 escape from the raw-material mixture. In the second 144 

method, similar to that used by Vaidyanathan et al. [18], excess CaCl2 was 145 

used directly within the raw-material mixture. Both studies [9, 18] indicated 146 
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optimal sintering conditions of 1150°C for 5 hours; in the present study, 147 

experiments were carried out at various temperatures and times as detailed in 148 

the following sections.  149 

To investigate the possibility of single-stage manufacture of clinker 150 

containing both alinite and ye’elimite, the conditions allowing for the 151 

individual optimal production of each phase was tested. Variations in 152 

temperature and sintering time were investigated, and the conditions allowing 153 

for the maximum conversions were detected. Then, the phases produced from 154 

these tests were used as raw materials in a second stage of experiments, to 155 

study their co-existence upon re-firing. The co-formation of both alinite and 156 

ye’elimite was then attempted from raw-material mixtures. Finally, the 157 

production of clinkers mainly composed of alinite and chlormayenite was 158 

tested; the synthesis was characterised at different starting CaCl2 contents in 159 

order to understand the effect of CaCl2 content. It must be noted that no 160 

precautions were made for sulfur loss as it should not be significant below 161 

1300°C where ye’elimite forms, and none of our experiments exceeded this 162 

temperature. 163 

 164 

3. Results and discussion 165 

3.1. Ye’elimite: synthesis optimisation 166 

 167 
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The starting solid mixture for C4A3$ production was obtained by blending 168 

calcium carbonate (42.8 wt.%), aluminium oxide (39.6 wt.%), and calcium 169 

sulfate (17.6 wt.%) to allow for optimal yield [41]. The production of C4A3$ 170 

was attempted by sintering the reactants for 1 or 2 hours at 1100°C, 1200°C, 171 

1250°C, and 1300°C. Figure 1 shows the ye’elimite content detected within 172 

the samples produced; Rietveld analysis of the XRD data (Figure 2) enabled 173 

the quantification of the phases obtained (see SEI-I). No major differences 174 

were detected between the sintering times tested, whereas the operating 175 

temperature largely affected the formation of ye’elimite (Figure 1); a sharp 176 

increase was detected between 1200°C and 1250°C, from ~30 to 95 wt.%. A 177 

slight drop in ye’elimite content between 1250°C and 1300°C may be due to 178 

the onset of decomposition [42].  179 

 180 

 181 

Fig. 1. C4A3$ (wt.%) obtained through Rietveld analysis of samples Y1 – Y8. The trend shows a 182 
critical sintering zone above 1200°C and a favourable clinkering temperature of ye’elimite between 183 

1250°C and 1300°C. 184 

 185 
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As shown in Figure 2, the decrease in the peak intensity of the reactants can 186 

be observed at higher temperatures, and their peaks were almost 187 

unidentifiable at 1250°C and 1300°C. Significant amounts of CA were 188 

identified at the lower temperatures and reduced at 1250°C and 1300°C, as 189 

the formation of ye’elimite was occurring at the expense of the calcium 190 

aluminate phases [43]. Furthermore, significant amounts of CA2 were 191 

detected only at 1200°C. Low SO3 losses were retro-calculated from Rietveld 192 

analysis of the samples within this series (see Appendix). 193 

 194 

 195 

Fig. 2. Selected XRD patterns of ye’elimite synthesis samples, Y1, Y2, Y3, and Y4, sintered for 1 hour at 196 
1100 °C, 1200 °C, 1250 °C, and 1300 °C respectively. Labels refer to the mineral name associated: 197 
Ye’elimite (Y), Grossite (G), Krotite (K), Corundum (C), Lime (L), Anhydrous Calcium Sulfate (C$). 198 

 199 

3.2. Alinite: synthesis and optimisation 200 

 201 

In order to assess the influence of the substitution factor x (in Ca10Mg1-202 

x/2Vx/2[(SiO4)3+x(AlO4)1-x]O2Cl) as well as the cooling rate, on alinite 203 

10 20 30 40 50 60 70

Angle (2θ)

Ym1 (1100oC)

Ym3 (1250oC)

Ym2 (1200oC)

Ym4 (1300oC)

Y

K

Lime

Anhydrous Calcium Sulfate

Y

Ye'elimite

C/C$

Corundum

C

Krotite

L
C/K L

LC/C$K/G

C/L

L

LC$

Grossite G

G

K

Y Y

Y

YY
Y

Y

Y Y
Y

Y Y Y
Y Y Y Y

K
K K

C

CCC$ C$ C$
C$

C

L

C$



Page 12 of 34 

 

formation, four samples were prepared by sintering at 1150°C for 5 hours [9]; 204 

the compositions used are shown in Table 3. Two samples were prepared at 205 

x = 0.35 for different cooling rates (N1 and N2), and two samples at x = 0.45 206 

again for different cooling rates (N3 and N4). N1 and N3 were quenched at 207 

room temperature (fan-assisted), whereas N2 and N4 were kept sealed and 208 

slowly cooled down overnight within the muffle furnace by stopping the 209 

power input to the furnace after the desired sintering time.  210 

 211 

Table 3. Raw mix and normalised (upon decarbonisation) batch oxide compositions (wt.%) 212 
for the alinite samples produced with substitution factors of x=0.35 and x=0.45 in Ca10Mg1-213 

x/2Vx/2[(SiO4)3+x(AlO4)1-x]O2Cl. Only the weight loss linked to the loss of CO2 was 214 
considered for the normalisation.  215 

  Raw-mix composition Normalised composition  

x Samples  Cc  S  CaCl2 M A C  S  CaCl2 M A 
0.35 N1-N2 74.6 15.8 4.4 2.6 2.6 62.2  23.5 6.5 3.9 3.9 
0.45 N3-N4 74.7 16.3 4.4 2.4 2.2 62.4  24.2 6.5 3.6 3.3 

 216 

Selected XRD patterns for samples in this series (N1 and N3) are shown in 217 

Figure 3; the main peak of alinite can be observed at 31.9° 2θ, and slightly 218 

lower intensities of alinite peaks could be observed for N3 with respect to N1, 219 

in accordance with the Rietveld XRD outcomes (see SEI-I). Furthermore, the 220 

production of small amounts of C2S∙CaCl2 could be observed for N3, prepared 221 

with a substitution factor x = 0.45. By comparing the phase compositions of 222 

N1 and N3, a higher yield of alinite was observed at a substitution factor of 223 

0.35 than 0.45, and the content of β-C2S detected in N3 was larger than in N1. 224 

From N1 and N2, it is observed that quenching allows for a higher persistence 225 

of alinite. In the slow-cooled systems (N2 and N4), C2S∙CaCl2 was found as an 226 
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additional chlorine-containing phase. N1 showed the highest production of 227 

alinite (72 wt.%), and therefore a substitution factor of 0.35 was considered 228 

here for the next set of experiments.  229 

While small ΔCaCl2(%)(R) values were observed for the quenched samples 230 

(N1 and N3), as shown in Appendix, negative values were calculated for N2 231 

and N4. This suggests CaCl2 uptake from the system atmosphere, provided by 232 

the external excess of CaCl2, and leading to the overnight formation of 233 

C2S∙CaCl2. Nonetheless, the small differences in terms of ΔC, ΔA, and ΔS 234 

between the input and output oxides, suggest a good accuracy of the Rietveld 235 

analysis performed.  236 

 237 

 238 

Fig. 3. XRD patterns of N1 and N3, yielding 72 and 64 wt.% alinite contents respectively. Labels refer 239 
to the mineral name associated: Alinite (An), Calcium Chlorosilicate (Cs), Chlormayenite (Cm), 240 

Belite (B), Periclase (P), Lime (L). 241 
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the raw mix batch [18], and the effects of cooling rate and sealing of the 245 

system were assessed. Samples P1 and P2 were sealed, P3 and P4 were not; P1 246 

and P3 were quenched while P2 and P4 were slow-cooled; the CaCl2 excess 247 

was 68 % (see SEI-I). In the sealed samples (P1 and P2), it is shown again that 248 

quenching (P1) enhances the production of alinite, whereas slow cooling (P2) 249 

led to the formation of C2S∙CaCl2. The higher yield of alinite in P1 with respect 250 

to P3 suggests that a sealed system also promotes the production of alinite, as 251 

observed in a parallel study [44], and this behaviour is related to a higher 252 

CaCl2 partial pressure of the atmosphere surrounding the sample during the 253 

reaction, preventing the loss of chloride.   254 

A difference in weight loss was recorded between sealed and unsealed 255 

samples after the heat treatment (33 wt.% and 35 wt.%, respectively), 256 

suggesting different amounts of CaCl2 loss during heat treatment. This is 257 

confirmed by the lower ΔCaCl2(R) values retro-calculated from Rietveld for 258 

the sealed samples P1 and P2 (see Appendix). Again, the formation of 259 

C2S∙CaCl2 in P2 may have been enhanced by reaction with volatilised CaCl2 260 

still present in the sealed system during the overnight cooling within the 261 

furnace.  262 

To optimise the manufacture of alinite alone, clinkering experiments were 263 

conducted at 1150°C, 1200°C, 1250°C, and 1300°C within a time range 264 

between 1 and 5 hours (An1-An16 series), following the setup of experiment 265 

P1; the Rietveld analyses are shown in SEI-I. As shown in Figure 4A, a higher 266 

temperature generally allows for a higher yield of alinite. The highest alinite 267 

contents were registered at 1300°C throughout the sintering times examined.  268 
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 269 

Fig. 4. Yield of alinite (x=0.35) obtained at four different clinkering temperatures with sintering times 270 
of 1, 2, 3, and 5 hours, corresponding to the samples An1-An16 (Fig. 5A, left). CaCl2 lost (wt.%) 271 

against the alinite percentage registered in the specific sample (Fig. 5B, right). 272 

 273 

CaCl2 losses were retro-calculated for all the samples presented in this 274 

experimental set. As shown in Figure 4B, a linear decreasing trend of 275 

ΔCaCl2(%)(R) values was observed with increasing alinite contents. Slightly 276 

lower chloride loss was reported for those samples where C2S∙CaCl2 was 277 

produced (An9, An10 and An11). 278 

 279 

3.3. Thermal analysis of alinite, ye’elimite and mixtures 280 

 281 

Two of the batch mixtures used for the ye’elimite and alinite (Pn series) 282 

synthesis were subjected to thermal analysis, and the TG results are shown in 283 

Figure 5.  284 
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 285 

Fig.5. Weight loss (TG) and derivative weight loss (dTG) of raw mixtures used to synthesise 286 
ye’elimite (A) and alinite (B).  287 

 288 

For the ye’elimite sample, the weight losses were observed in four 289 

temperature regions: ~100°C (0.6 wt.%), 600 – 800°C (18.6 wt. %), 1100 – 290 

1350°C (1.5 wt.%) and 1350 - 1400°C (0.8 wt.%). They can be attributed to 291 

the dehydration of the hygroscopic calcium sulfate, carbon dioxide (from 292 

CaCO3), SO2 and O2 from the thermal decomposition of calcium sulfate [45], 293 

and the beginning of ye’elimite decomposition [17], respectively.  294 

For the alinite sample, the weight loss of 2.1 wt.% at around 100 °C is likely 295 

due to the dehydration of the hygroscopic calcium chloride, in addition to the 296 

water adsorbed on the raw powder reagents. A series of two overlapping main 297 

weight losses of 5.2 wt.% and 25.7 wt.% were detected within the temperature 298 

ranges 400 - 620°C and 620 - 800°C, respectively. Regarding the first 299 

temperature range, relative maximums could be observed at 405°C, 501°C 300 

and 595°C and they were probably linked to the evaporation of CaCl2. CaCl2 301 

melts at 772°C, and Freidina et al. [46] reported the melting of the eutectic  302 
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CaCl2 (70 mol%) - CaCO3 (30 mol%) at 628°C and the eventual formation of 303 

a double salt CaCl2∙CaCO3. The proportioning of CaCO3 (92 mol%) and 304 

CaCl2 (8 mol%) in the here-studied system would eventually lower the 305 

melting and lead to the formation of intermediate CaCl2∙CaCO3-based 306 

compounds melting between 400°C and 620°C. Despite the partially masked 307 

signal, a retro-calculated 52.0 wt.% CaCl2 loss was calculated, in accordance 308 

with the values registered for the Pn series (Figure 4B). Above 880°C, an 309 

increasing weight loss of 3 wt.% with maximum at 1210°C is observed; this 310 

may be attributed to weight loss from Cl-containing intermediate phases 311 

eventually formed. A sharp endothermic peak at 1005°C in the DSC data 312 

(SEI-II) is likely related to the formation of alinite [9].  313 

The stoichiometric alinite/ye’elimite solid solutions at increasing weight 314 

ratios 50:50, 70:30 and 80:20 (raw oxide batch compositions AY1-AY4, AY5-315 

AY6 and AY7-AY8 (see Table 6) were also tested by TG and DSC as shown 316 

in Figure 6. Apart from the increasing water loss around 100°C, increasing 317 

CaCl2 initial contents led to higher weight losses in the temperature range 318 

400°C - 620°C, confirming the link between CaCl2 and the weight losses 319 

observed in that temperature range in Figure 5. The presence of CaSO4 may 320 

have further contributed to the eutectic. The heat flows of mixtures are 321 

reported in Figure 6B. No endothermic signal was detected at 1005°C, 322 

previously linked to the formation of alinite, and suggesting that its formation 323 

was inhibited. 324 
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 325 

Fig.6. DTG (A) and heat flow (B) data for raw mixtures used to synthesise ye’elimite and alinite 326 
stoichiometric proportions of 50:50, 70:30 and 80:20 by weight. 327 

 328 

3.4. Alinite and Ye’elimite: co-existence 329 

 330 

To investigate the co-stability of alinite and ye’elimite, co-existence 331 

experiments were carried out. The first sintering procedure tested was to hold 332 

these synthetic phases at 1150°C for 5 hours, as this was found to be the best 333 

condition  for alinite formation in the literature [9, 18]. Since pre-produced 334 

alinite and ye’elimite samples were used, the co-existence experiments were 335 

conducted in an open system (not sealed). To investigate the effects of a 336 

different proportioning of alinite and ye’elimite, two different compositions 337 

S1a and S2a (see table 4) were prepared according to a 50:50 (wt.%) blending 338 

of the pre-produced samples P3-Ym2 and P4-Ym3, respectively. As a result, S1a 339 

and S2a represented the ye’elimite-poor and rich systems, respectively. The 340 

phases composition of the products S1b and S2b, obtained are also reported in 341 

Table 4. Although alinite was initially present as a main phase both in S1a and 342 
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S2a, no traces were detected after the sintering; chloride combined mainly as 343 

chlormayenite, and some wadalite.  344 

 345 

Table 4. Phase composition (wt.%) of S1 and S2 before sintering (a), and the results of 346 
Rietveld analysis after sintering (b). 347 

 Alinite C4A3$ C11A7·CaCl2 β-C2S C CA2 C5S2$ CA A Rwp 

S1a 40 16 2 5 9 8 - 6 7 - 
S2a 41 48 2 5 2 - - - - - 
S1b - 3 49 14 1 - 29 - - 6.7 
S2b - 10 46 15 1 - 27 - - 7.1 

*Sample S1b also contained 2 wt.% of wadalite, samples S1a, S2a, S1b and S2b also 

contained 1, 2, 2 and 1 wt.% of M, respectively, sample S1a also contained 7 wt.% of 

C$. 

 348 

Also, the amounts of ye’elimite and free lime dropped while larnite and 349 

chlormayenite increased. For both samples, Rietveld analysis over-estimated  350 

the chloride content, suggesting a slight uncertainty on the contents of the Cl-351 

containing phases; slight ΔSO3(R) values were also observed (see Appendix). 352 

The sulfur initially present in C4A3$ and C$ appears to be combined as 353 

considerable quantities of ternesite (C5S2$), which was not expected in the 354 

open system considered. In fact, ternesite formation is known to be enhanced 355 

in sealed or controlled systems that have a higher local partial pressure of SO3 356 

and O2 [47-49]. Considering the improved hydraulic properties of ternesite 357 

produced in the presence of MgO [50] and its enhanced hydration in presence 358 

of mayenite [51], the clinker phase assemblages (containing ternesite and 359 

chlormayenite) produced in S1b and S2b are potentially interesting low-energy 360 

clinkers. The results presented in the previous sections showed improved 361 

alinite and ye’elimite formation at 1250 and 1300°C; therefore, these 362 
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temperatures were also tested to assess their co-existence at those conditions. 363 

Powder mixtures at different alinite/ye’elimite ratios were sintered for 60 364 

minutes (not sealed) and then quenched to room temperature in air (fan-365 

assisted). Three starting compositions were considered to produce the pairs 366 

of samples E1-E2, E3-E4 and E5-E6, respectively shown in Table 5. They were 367 

assembled by blending the pre-produced samples An16-Ym7 50:50 (wt.%), 368 

An16-Ym3 70:30 (wt.%) and An15-Ym4 80:20 (wt.%), respectively, and 369 

resulting in increasing alinite/ye’elimite ratios (see Table 5).  370 

 371 

Table 5. Initial batch compositions of samples for alinite/ye’elimite co-existence 372 
experiments. E1, E3 and E5 were sintered at 1300 °C while E2, E4 and E6 at 1250 °C, for 60 373 

mins. 374 

Samples Alinite C4A3$ C11A7·CaCl2 β-C2S Others* 

E1 and E2 46 48 2 1 1 
E3 and E4 65 29 1 4 - 
E5 and E6 74 19 1 4 1 

* Others (<1 wt.%): C$, M, CA, sample E5/E6 also contained 1 wt.% of 

C, samples E1/E2 and E3/E4 also contained 2 and 1 wt% of C12A7, 

respectively. 

 375 

E1, E3 and E5 were sintered at 1300°C while E2, E4 and E6 at 1250°C. The 376 

outcomes from these experiments are all detailed in SEI-I, and they showed 377 

that alinite and ye’elimite could not co-exist in any of the systems studied; 378 

however, they reacted to form chlormayenite and belite and ternesite was not 379 

detected at these higher temperatures. Wadalite was identified in the most 380 

alinite-rich composition at 1300°C (E5), while significant amounts of 381 

chlorellestadite and larnite were formed in the compositions with moderate to 382 

high proportions of alinite (E3-E6). No ye’elimite and reduced amounts of 383 
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alinite were observed in samples E3 – E6. In the more ye’elimite-rich system 384 

(E1, E2), sulfate ions tend to form calcium sulfate instead of chlorellestadite 385 

under these conditions, and small amounts of ye’elimite were still present.  386 

 387 

 388 

Fig. 7. Comparison between the XRD patterns of samples S2 and E3 (A, top) and An16 and 389 
Y3 (B, bottom). Labels refer to the mineral name associated: Alinite (An), Chlormayenite 390 

(Cm), Lime (L), Belite (B), Periclase (P), Ye’elimite (Y), Ternesite (T), Lime olivine. 391 

 392 

For all the E1-E6 samples, slightly negative ΔCaCl2(%)(R) values were 393 

suggesting an over-estimation of the overall content in Cl-containing solid 394 
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phases detected; coupled with relatively high ΔC values (see Appendix), an 395 

over-estimation of C11A7∙CaCl2 is supposed. On the other hand, large 396 

ΔSO3(%)(R) values were suggesting a significant loss of $ from the solid 397 

system for all the samples; in fact, a poor presence of SO3-containing solid 398 

phases was gained from Rietveld analysis, with no apparent dependence on 399 

the sintering temperature. This suggests that the instability of ye’elimite in 400 

these systems promoted the loss of sulfur from phases more volatile at these 401 

temperatures. The XRD patterns of samples S2b and E3 (Figure 7A) show the 402 

disappearance of both the alinite and ye’elimite phases pre-produced 403 

separately (Figure 7B) and used in these experiments. The sample S2b clearly 404 

shows the formation of ternesite and its compatibility with chlormayenite at 405 

1150°C. 406 

 407 

3.5. Co-formation experiments 408 

 409 

The co-formation of alinite and ye’elimite was tested using reagent grade 410 

materials (see Table 5). As significant quantities of ternesite were found to 411 

form in S1b and S2b, its compatibility with alinite was also assessed. 412 

Additionally, as chlormayenite is the most compatible aluminate phase with 413 

alinite, the possibility of co-producing them was tested along with the effect 414 

of increasing CaCl2 in the raw mix.  415 

 416 
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 417 

Table 6. Compositions (wt. %) of the raw mix, and normalised values accounting for 418 
decarbonisation. 419 

 Raw-mix composition Normalised composition  

Samples Cc S A  CaCl2 C$ M C S A  CaCl2 C$ M 

AY1 – AY4 61.2 7.9 18.3 3.8 7.5 1.3 46.9 10.8 25.1 5.2 10.3 1.8 
AY5 – AY6 65.6 10.9 11.9 5.3 4.5 1.8 51.7 15.3 16.7 7.4 6.3 2.5 
AY7 – AY8 67.9 12.4 8.7 6.0 2.9 2.1 54.2 17.6 12.4 8.5 4.2 2.9 
AT1 – AT2 66.8 16.8 1.3 3.8 10.0 1.3 53.1 23.8 1.8 5.5 14.2 1.8 

AC1 70.4 12.4 9.1 6.0 - 2.1 57.1 18.0 13.2 8.7 - 3.0 
AC2 69.6 12.4 9.4 6.5 - 2.0 56.2 17.9 13.6 9.4 - 2.9 
AC3 68.7 12.3 9.4 7.5 - 2.0 55.2 17.6 13.5 10.8 - 2.9 
AC4 68.1 12.2 9.2 8.5 - 2.0 54.5 17.4 13.1 12.2 - 2.8 
AC5 67.3 12.0 9.1 9.6 - 2.0 53.6 17.1 12.9 13.6 - 2.8 

 420 

Samples AY1-AY4, AY5-AY6, and AY7-AY8 were designed for the 421 

stoichiometric formation of 50:50, 70:30, and 80:20 alinite:ye’elimite 422 

clinkers, respectively. Samples AT1-AT2 were prepared in order to obtain a 423 

stoichiometric 50:50 alinite:ternesite clinker. Samples AC1-AC5 were 424 

designed for the co-formation of a 80:20 alinite:chlormayenite clinker, which 425 

require 4.3 wt.% of Cl, but with higher and increasing quantities of excess 426 

(5.6, 6.0, 6.9, 7.8, and 8.7 wt.%) to assess the volatilisation of CaCl2 during 427 

the sintering. AY1 and AY2 were first sintered at 1150°C for 3 and 5 hours 428 

respectively, to test the sintering parameters indicated by Neubauer et al. [9]. 429 

The optimal temperatures and clinkering time (1 hour) deduced in previous 430 

sections were also tested; specifically, AY3, AY5, and AY7 were sintered at 431 

1300°C, whereas AY4, AY6, and AY8 at 1250°C. All the AYn samples were 432 

sintered in a sealed system. The co-formation of alinite and ye’elimite was 433 

not observed at any condition tested; detailed phase compositions are 434 

provided in SEI-I. Regarding AY1 and AY2, no trace of alinite was detected 435 

but chlorine was found to preferably combine to form chlormayenite and/or 436 
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wadalite. Small amounts of ye’elimite were registered, but most of the sulfur 437 

component was found as ternesite, further promoting the interesting 438 

compatibility of ternesite with both belite and chlormayenite in the tested 439 

system. In accordance with the known behaviour of ternesite, which needs O2 440 

and SO2 thermodynamic activity to form at higher temperatures [47], no 441 

ternesite was detected above 1150°C. In the samples AY5-AY8, higher overall 442 

contents of Cl, Mg, and Si allowed for enhanced alinite formation, but none 443 

of these samples contained C4A3$. The formation of relevant amounts of C3S 444 

was observed in both AY5 and AY7 at 1300°C, which in turn reduced the 445 

formation of β-C2S and chlorellestadite compared with their counterparts 446 

sintered at 1250°C (AY6 and AY8, respectively). As an example, the XRD 447 

pattern of AY7 is provided in Figure 8, where the characteristic peak of alite 448 

is observable at 14.9° 2θ. Alite is thermodynamically stable at 1250°C [52] 449 

but only practically forms at temperatures >1400°C [53], mineralisation by 450 

the presence of CaF2 has been reported to reduce its formation temperature 451 

[54, 55], and similar mechanism may have occurred with chloride ions, as 452 

reported by Odler and Abdul-Maula [56] and Hanein et al. [16]; a low-453 

temperature (around 1200°C) formation of C3S was also observed by Chen et 454 

al. [57] using CaCl2 and CaSO4 as mineralizers for a more sustainable PC 455 

production.  456 

 457 
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 458 

Fig. 8. XRD patterns of the samples AC5, AY7 and AT1. 459 

 460 

Significant amounts of chlormayenite were also found in all the AYn samples, 461 

suggesting a weak dependence of its formation on sintering temperature in 462 

the range investigated, and small amounts of wadalite were also detected in 463 

all the samples. Regarding the samples AY1-AY4, higher ΔCaCl2(%)(R) values 464 

of the samples sintered at 1150°C, compared to 1300°C (see Appendix), 465 

suggested combining of chloride within the solid mixture at higher 466 

temperatures. However, the higher Δ(Δwt.%)(Exp-R) values calculated for AY3 467 

and AY4 might be linked to a greater CaCl2 loss than that calculated from 468 

Rietveld analysis. On the other hand, the ΔSO3(%)(R) values were suggesting 469 

a higher loss of SO3 at 1300°C than 1150°C. Nonetheless, very low ΔC, ΔA, 470 

and ΔS values for all the AY1-AY4 samples suggest a good reliability of the 471 

Rietveld analysis performed here. Higher CaCl2 losses were observed at 472 
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increasing initial CaCl2 contents, in accordance with the TG analyses. On the 473 

other hand, a significant difference in terms of SO3 losses was observed 474 

between the different compositions inspected; the negative ΔSO3(%)(R) values 475 

observed for AY6 and AY8 (see Appendix) suggest a slight over-estimation of 476 

chlorellestadite and the relatively high ΔC and ΔA values for AY6 and AY8 477 

confirm this assumption.  478 

Samples AT1 and AT2 were sintered at 1150°C to test the co-formation of 479 

alinite and ternesite. The samples were sealed and sintered for 3 (AT1) and 5 480 

(AT2) hours. No significant differences were detected between products 481 

sintered for 3 or 5 hours. β-C2S was the main phase observed, accounting for 482 

over the 50 wt.% in both samples. Only a small amount of alinite, one of the 483 

target phases, was formed. The chlorine was incorporated mainly in 484 

chlorellestadite (> 30 wt. %), and also small amounts in chlormayenite (< 4 485 

wt.%). Ternesite, was not detected in these samples, suggesting that the co-486 

formation of alinite and ternesite is not possible under the processing 487 

conditions used.  488 

Finally, the co-formation of alinite and chlormayenite was tested with 489 

increasing contents of excess CaCl2 (samples AC1-AC5), as shown in Table 490 

6. All the samples were sealed and sintered at 1300°C for 1 hour, then cooled 491 

(fan-assisted) to room temperature; the detailed compositions are provided in 492 

SEI-I. The amount of alinite formed increased with the initial CaCl2 content 493 

in the raw mix, ranging from ~63 wt.% to 74 wt. %; this is a very good 494 

outcome, since the target based on raw mix stoichiometry was 80 wt.%. The 495 
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contents of chlormayenite were also close to the target of 20 wt.% in all 496 

samples and did not indicate any obvious trends related to the increase in 497 

CaCl2 content in the raw-material mix. β-C2S was also observed in decreasing 498 

quantities with increased quantities of initial CaCl2. However, the amounts of 499 

minor phases such as β-C2S and free lime are limited in AC4 and AC5 (< 5 500 

wt.%); therefore the optimal excess of chlorine required to produce 80:20 501 

alinite:chlormayenite by weight was 7.8–8.7  wt.% in the tested conditions. 502 

An overall weight loss of around 32 - 33 wt.% was observed for all these 503 

samples; the initial amount of calcium carbonate would contribute a 29 – 31 504 

wt.% weight loss, suggesting that part of the CaCl2 was also lost. The low 505 

ΔC, ΔA, ΔS values suggest a good reliability of the Rietveld analyses 506 

performed (see Appendix). 507 

 508 

4. Implications for clinker manufacturing 509 

 510 

The experiments conducted in this work demonstrate limited potential for the 511 

manufacture of ye’elimite - alinite clinkers in a single stage; these two phases 512 

were never found together in any sintered sample. Although some samples 513 

may not have fully reached equilibrium, a large portion of the results may be 514 

used to extend and validate thermodynamic studies [52] as well as open new 515 

areas of research to producing low-energy clinkers. This work will also spur 516 

interest in the use of chloride in cement manufacturing and the system studied 517 
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relates to various wastes which can be valorised for cement manufacture. 518 

Future work should study the inclusion of Fe2O3 in the evaluated clinker 519 

system. 520 

In the context of clinker manufacture in a current industrial rotary kiln 521 

configuration, it must be noted that the kiln atmosphere, which is constantly 522 

renewed due to the counter-current operation, will have a constant 523 

composition varying at different parts of the process. This may inhibit or 524 

promote the formation or decomposition of volatile phases; for example, 525 

chloride may be lost at an earlier stage before reaching alinite formation 526 

temperature, as the raw meal is heating up and tumbling through the kiln. 527 

This, in turn, may also promote a volatilisation cycle and operational issues 528 

in existing kiln configurations.  529 

 530 

5. Conclusions 531 

Clinker assemblages in the system CaO-SiO2-Al2O3-SO3-CaCl2-MgO have 532 

been produced and characterised. First, the individual production conditions 533 

of pure alinite and ye’elimite were optimised, and the optimal processing 534 

conditions observed for alinite contradict those declared in literature. More 535 

markedly, it is found that alinite and ye’elimite could not be simultaneously 536 

produced under any of the conditions tested. Co-existence experiments using 537 

pre-produced alinite-ye’elimite mixtures confirmed that these two phases are 538 

incompatible at clinkering temperatures. Furthermore, alinite and ternesite 539 
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could not be co-produced, also suggesting their incompatibility under the 540 

assessed processing conditions.  541 

Alinite is compatible with both chlormayenite and belite; increasing CaCl2 542 

contents in the raw-material mix led to the formation of clinkers with higher 543 

alinite/belite ratios, while significant quantities of calcium chlorosilicate was 544 

detected in samples that were slow-cooled. Moreover, it is shown that in 545 

systems where ye’elimite is not stable, sulfur loss is more pronounced below 546 

1300°C 547 

The co-formation of ternesite and chlormayenite was observed and is 548 

attractive because of the low clinkering temperature of 1150°C. Also, the 549 

composition of the raw-material mix considered would lead to optimised 550 

hydraulic reactivity of ternesite. Chlorellestadite and wadalite are found to 551 

form at clinkering temperatures of the studied system and this offers a route 552 

to lock chloride in phases of lower hydraulic character when producing 553 

clinkers in this way. The formation of a significant amount of C3S is observed 554 

after only 1 hour of sintering at 1300°C, suggesting that CaCl2 can aid in the 555 

mineralisation of alite, and thus Portland cement systems. Moreover, the high 556 

compatibility observed between alinite and chlormayenite would suggest 557 

additional possibilities for the synthesis and testing of novel clinkers 558 

containing chloride. Consequently, this work uncovers new routes to 559 

improving resource efficiency and cement decarbonisation in a time where 560 

the world is seeking climate justice and pushing for an industrial circular 561 

economy. 562 
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APPENDIX.  Summary of the ΔCO2 (%), ΔCaCl2 (%) and ΔSO3 (%) values retro-calculated from the Rietveld (R) analyses. 563 
The retro-calculated weight losses (Δwt.%(R)) are compared with the experimentally observed ones (Δwt.%(Exp)) and the 564 
difference) was reported in % as Δ(Δwt.%)(Exp-R). The normalised input/output differences referring to CaO, Al2O3 and SiO2 565 
(ΔC, ΔA and ΔS, respectively) are also reported. 566 

ID 
ΔCaCl2 (%) 

(R) 

ΔSO3 (%) 

(R) 
ΔC ΔA ΔS 

Δwt.% 

CO2 

(R) 

Δwt.% 

CaCl2 

(R) 

Δwt.% 

SO3 

(R) 

Tot. 
Δwt.% 

(R) 

Δwt.% 

(Exp) 

Δ(Δwt.%) 
(Exp-R) 

Ym1 - 2.6 1.1 -1.1 - 18.6 - 0.3 18.9 18.9 0.0 

Ym2 - 4.0 1.2 -1.2 - 18.6 - 0.4 19.0 19.5 0.5 

Ym3 - 1.2 1.1 -1.1 - 18.5 - 0.1 18.7 20.0 1.3 

Ym4 - -3.0 0.9 -0.9 - 18.5 - -0.3 18.2 19.7 1.5 

Ym5 - -0.5 0.9 -0.9 - 18.5 - -0.1 18.5 19.4 0.9 

Ym6 - 7.3 3.1 -3.1 - 18.1 - 0.8 18.9 19.6 0.7 

Ym7 - 1.2 1.2 -1.2 - 18.5 - 0.1 18.7 20.0 1.4 

Ym8 - 3.6 0.7 -0.7 - 18.7 - 0.4 19.1 20.3 1.1 

N1 22.4 - 0.7 -1.5 0.7 32.9 1.4 - 34.3 34.5 0.2 

N2 -54.4 - 1.5 -1.7 0.2 32.3 -3.5 - 28.8 32.7 3.9 

N3 17.3 - 1.2 -0.4 -0.8 32.8 1.1 - 34.0 33.2 -0.8 

N4 -10.3 - 1.1 -0.7 -0.4 32.7 -0.7 - 32.0 33.8 1.7 

P1 46.7 - -0.3 -1.5 1.7 31.2 3.3 - 34.6 33.2 -1.4 

P2 26.9 - -0.9 -1.0 1.9 30.8 1.9 - 32.8 33.7 1.0 

P3 50.2 - -0.5 -1.2 1.7 31.4 3.6 - 34.9 34.7 -0.3 

P4 48.0 - -0.9 -1.0 1.9 31.7 3.4 - 35.1 34.8 -0.3 

An1 53.5 - 0.7 -1.2 0.6 32.2 3.8 - 36.1 34.1 -2.0 

An2 53.3 - 0.6 -1.3 0.8 32.3 3.8 - 36.1 34.9 -1.2 

An3 54.0 - 0.4 -1.3 1.0 32.3 3.9 - 36.2 34.5 -1.6 

An4 46.3 - 0.5 -1.3 0.8 32.2 3.3 - 35.5 33.2 -2.3 

An5 51.7 - 0.6 -1.2 0.6 32.2 3.7 - 35.9 34.1 -1.8 

An6 51.7 - 0.6 -1.2 0.6 32.2 3.7 - 35.9 34.9 -1.1 

An7 48.5 - 0.5 -1.3 0.7 32.2 3.5 - 35.7 33.7 -2.0 

An8 47.6 - 0.6 -1.4 0.8 32.2 3.4 - 35.6 33.7 -1.9 

An9 46.4 - 0.9 -1.0 0.1 32.1 3.4 - 35.5 33.1 -2.4 

An10 47.6 - 0.9 -1.1 0.2 32.1 3.5 - 35.6 33.8 -1.8 

An11 44.7 - 0.7 -1.1 0.5 32.1 3.2 - 35.4 33.5 -1.9 

An12 48.7 - 0.4 -1.0 0.6 32.2 3.5 - 35.7 33.8 -1.9 

An13 46.2 - 0.8 -1.0 0.2 32.1 3.4 - 35.5 32.9 -2.5 

An14 45.3 - 0.7 -0.9 0.2 32.1 3.3 - 35.4 34.3 -1.1 

An15 44.5 - 0.5 -0.5 0.0 32.1 3.2 - 35.4 34.0 -1.4 

An16 45.4 - 0.4 -0.5 0.0 32.2 3.3 - 35.4 34.4 -1.1 

S1b -32.9 12.1 1.9 -0.2 -1.7 - -1.0 0.7 -0.2 0.5 0.7 

S2b -22.4 5.4 3.2 -2.4 -0.8 - -0.6 0.3 -0.3 0.4 0.7 

E1 -32.9 55.6 3.2 -3.1 -0.1 - -1.6 3.4 -0.2 1.9 0.1 

E2 -22.4 71.4 2.7 -1.6 -1.1 - -1.3 4.4 -0.3 2.1 -1.0 

E3 -19.3 42.7 3.5 -3.3 -0.2 - -0.8 1.6 0.8 1.5 0.7 

E4 -21.0 45.2 3.3 -3.0 -0.3 - -0.9 1.7 0.9 1.1 0.2 

E5 -14.9 77.9 1.0 1.0 -1.9 - -0.7 2.1 1.4 2.3 0.9 

E6 -24.7 77.6 2.0 -1.9 -0.1 - -1.2 2.1 0.9 1.2 0.3 

AT1 21.7 6.5 1.3 -0.3 -1.0 29.6 0.8 0.4 30.8 31.3 0.4 

AT2 20.3 6.8 1.3 -0.3 -1.0 29.6 0.8 0.4 30.8 31.5 0.7 

AY1 31.3 9.1 0.8 -1.2 0.4 26.1 1.2 0.4 27.7 27.5 -0.2 

AY2 38.4 4.6 1.0 -1.6 0.6 26.0 1.5 0.2 27.8 27.4 -0.4 

AY3 17.3 78.9 1.0 -2.2 1.2 26.9 0.6 3.4 30.9 27.3 -3.6 

AY4 17.3 83.7 0.8 -2.2 1.4 27.0 0.6 3.6 31.2 27.3 -3.9 

AY5 38.3 15.2 2.2 -2.8 0.6 28.5 2.0 0.4 30.9 29.3 -1.6 

AY6 32.2 -13.8 3.1 -3.2 0.1 28.1 1.8 -0.4 29.5 29.3 -0.2 

AY7 50.5 10.6 1.4 -0.5 -0.9 30.1 3.0 0.2 33.2 30.7 -2.5 

AY8 47.5 -22.6 3.1 -3.0 -0.2 29.4 2.9 -0.4 31.9 30.8 -1.1 

AC1 31.1 - 1.1 -0.9 -0.2 31.1 1.8 - 32.9 32.3 -0.6 

AC2 32.7 - 0.5 -0.8 0.3 30.9 2.1 - 32.9 32.9 0.0 

AC3 41.4 - 0.8 -1.9 1.1 30.6 3.0 - 33.6 32.6 -1.0 

AC4 46.9 - 0.4 -1.7 1.3 30.5 3.8 - 34.3 32.6 -1.7 

AC5 51.4 - -0.4 0.1 0.3 30.4 4.6 - 35.0 32.1 -2.9 

567 
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 577 

Table of Figures 578 

Fig. 1.  C4A3$ (wt.%) obtained through Rietveld analysis of samples Y1 – Y8. The trend shows 579 
a critical sintering zone above 1200°C and a favourable clinkering temperature of ye’elimite 580 
between 1250°C and 1300°C. 581 
Fig. 2. Selected XRD patterns of ye’elimite synthesis samples, Y1, Y2, Y3, and Y4, sintered for 582 
1 hour at 1100 °C, 1200 °C, 1250 °C, and 1300 °C respectively. Labels refer to the mineral 583 
name associated: Ye’elimite (Y), Grossite (G), Krotite (K), Corundum (C), Lime (L), 584 
Anhydrous Calcium Sulfate (C$). 585 
Fig.3. XRD patterns of N1 and N3, yielding 72 and 64 wt.% alinite contents respectively. 586 
Labels refer to the mineral name associated: Alinite (An), Calcium Chlorosilicate (Cs), 587 
Chlormayenite (Cm), Belite (B), Periclase (P), Lime (L). 588 
Fig.4. Yield of alinite (x=0.35) obtained at four different clinkering temperatures with 589 
sintering times of 1, 2, 3, and 5 hours, corresponding to the samples An1-An16 (Fig. 5A, left). 590 
CaCl2 lost (wt.%) against the alinite percentage registered in the specific sample (Fig. 5B, 591 
right). 592 
Fig.5.  Weight loss (TG) and derivative weight loss (dTG) of raw mixtures used to synthesise 593 
ye’elimite (A) and alinite (B). 594 
Fig.6. DTG (A) and heat flow (B) data for raw mixtures used to synthesise ye’elimite and 595 
alinite stoichiometric proportions of 50:50, 70:30 and 80:20 by weight. 596 
Fig.7 Comparison between the XRD patterns of samples S2 and E3 (A, top) and An16 and Y3 597 
(B, bottom). Labels refer to the mineral name associated: Alinite (An), Chlormayenite (Cm), 598 
Lime (L), Belite (B), Periclase (P), Ye’elimite (Y), Ternesite (T), Lime olivine. 599 
Fig.8. XRD patterns of the samples AC5, AY7 and AT1.600 
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