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A B S T R A C T   

Treating SPL by the low caustic leaching and liming process generates an inert nonhazardous residue called LCLL 
Ash and a fluorite byproduct Calcined LCLL Ash that is ground into a fine powder demonstrates pozzolanic 
behavior in cement. The effect of the calcination temperature and fluorite byproduct addition on the reactivity of 
LCLL Ash was studied by the compressive strength activity index, Frattini test and Rilem R3 tests followed by 
XRD analysis. At 800◦C, the formation of nepheline causes alkali uptake, the LCLL Ash showed a slightly lower 
reactivity with 10% fluorite addition. At 1000◦C, calcined LCLL Ash/CF showed a better amorphization of phases 
and increasing reactivity due to reactions between fluorite and sodium oxide. Unlike LCLL Ash, no delay in 
hydration or hydro reactivity was observed with calcined LCLL Ash/CF.   

Introduction 

Cement is the largest manufactured product on Earth by mass. The 
cement industry is a major emitter of greenhouse gases and is respon
sible for approximately 5-8% of global CO2 emissions [1,2]. With the 
aim of many countries to reach carbon neutrality by 2050, reducing 
greenhouse gas emissions from this industry is inevitable. Due to the 
industry’s high energy consumption, the cement manufacturing process 
has already been optimized for economic and environmental reasons 
(for example, using a dry process and precalciner) [3–6]. However, 
emissions from the manufacturing process represent only approximately 
40% of emissions. The remaining 60% cannot be reduced because they 
are a result of calcite decarbonation [3,7]. One of the best options for 
reducing the carbon footprint of concrete is the use of supplementary 
cementitious materials (SCMs) or fillers to replace part of the cement in 
the concrete [6]. SCMs are mostly byproducts or residual materials from 
other industries, such as silica fume or granulated blast furnace slag 
(GBFS). However, apart from calcined clays and fillers, the availability 
of SCMs remains quite limited due to logistics, chemical and mineral
ogical composition, contamination, or even local availability constraints 
[6]. This is particularly the case in Quebec, Canada, which does not have 
locally produced GBFS, kaolin or fly ash since electricity is produced by 
hydraulics. 

Thanks to the high availability of hydroelectricity, Quebec is a major 
producer of primary aluminum, with a production volume of 2.47 
million tons in 2018 [8]. The production of primary aluminum in elec
trolytic tanks generates hazardous wastes that are subsequently treated 
but are not currently preventable. Among these residual materials is the 
spent pot lining (SPL), which results from the end of life of the cathode 
and the refractory of the electrolytic cells. SPL is a hazardous material 
due to its leachable fluoride and cyanide, as well as its hydro reactivity, 
which results in the generation of explosive gases [9–11]. Therefore, SPL 
must be treated before disposal in a landfill. Different solutions are 
currently used to treat or upgrade SPL. Before its treatment, the SPL can, 
if necessary, be separated into two parts: the first cut is rich in carbon 
materials from the cathode, and the second cut is rich in vitrified re
fractory material. SPLs can be treated by pyro-metallurgical or hydro
metallurgical means [12]. However, the majority of pyrometallurgical 
treatment processes have been abandoned, leaving only two hydro
metallurgical processes [13]. 

Developed in the 1990s, the low caustic leaching and liming (LCL&L) 
process is one of only two hydrometallurgical treatment methods for SPL 
treatment [9,14]. As shown in the diagram in Fig. 1, the SPL is ground 
and then water leached in a low caustic solution to neutralize the hydro 
reactivity and add fluorides and cyanides into the solution. The solid 
part is then filtered out to obtain an inert residue. The treatment of the 
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second cut after this water leaching stage allows us to obtain a residue 
rich in silica, alumina, iron oxide and sodium called LCLL Ash. The 
recovered solution is then treated at high temperature and pressure to 
destroy the cyanides. The remaining NaF-rich solution is then evapo
rated to obtain solid NaF. The NaF is then mixed with a lime solution to 
transform the NaF into fluorite and regenerate the caustic solution. 
Following this operation, a calcium fluoride byproduct (CF) with a 
content of approximately 85% fluorite is obtained. This CF is then 
mostly recovered to produce AlF3, which will be reused in the electrol
ysis smelters as a bath additive [14]. Currently, the only facility treating 
SPLs using the LCL&L process is in Jonquière, Quebec. 

Different solutions have been studied to valorize SPLs in the cement 
industry. In the 1990s, trials were carried out in France to mix untreated 
SPLs with raw meal from a cement plant [15]. The high clinkerization 
temperature destroys the cyanides, and the high concentration of cal
cium and silica uptakes the fluorine. The use of SPLs in the kiln reduces 
the consumption of fossil fuels by up to 4% and reduces the overall CO2 
emissions by 1%. These decreases in energy and emissions are due to a 
decrease in the clinkerization temperature of 20 to 100◦C according to 
the SPL replacement percentage [16,17]. However, the replacement of 
raw meal with SPL material must be limited to between 0.2% and 0.75% 
to avoid durability concerns caused by alkali-silica reactions attributed 
to the high sodium content of SPLs [10,16–18]. 

This article is the third part of a global project studying the potential 
of treated SPL by LCL&L process as cementitious materials. The use of 
the second cut SPL treated by the LCL&L process, called LCLL Ash, in 
cement production has also been studied in the first part of this project 
[19,20]. LCLL Ash showed filler behavior with a retarding effect due to 
the presence of soluble alkalis. However, after calcination at 1000◦C, 
LCLL Ash exhibited pozzolanic behavior similar to that of fly ash. 
Calcined LCLL Ash also exhibited phase changes in the hydration 
products. Due to its high content of available alumina, LCLL Ash 
precipitated more carboaluminate phases [19]. The calcination of ma
terials at high temperature entails the consumption of important quan
tities of energy. The calcium fluorite is known to act as a flux agent to 
decreases the melting temperature in SiO2-Al2O3 systems [21–24]. By 
calcinating LCLL Ash with calcium fluorite from the SPL treatment 
process, it may be possible to reduce the calcination temperature of LCLL 
Ash, or to increase it reactivity of calcined LCLL Ash in cement. 

Calcining mineral products to improve their performance in cement 
is a common method used to improve clays or shales [3,25]. However, 
this method may seem counterintuitive because of its energy demand. 
Nevertheless, the calcination temperatures of clay shales are much lower 
than the clinkerization temperature of cement. In addition, most of the 

CO2 emissions from cement result from the decarbonation of calcite. 
Replacing a part of the clinker with a material calcined at a lower 
temperature and without decarbonation leads to a reduction in the 
carbon footprint of this blended cement [26,27]. 

The objective of this article (third part of the project) is to demon
strate the potential of the circular economy by using residual materials 
(LCLL Ash and CF) from the aluminum industry as additives in the 
cement industry. This could possibly avoid landfilling and reduce the 
carbon impact of blended cement with calcined LCLL-ash/CF. This 
article aims to study and understand the effect of the addition of fluorite 
on the reactivity of LCLL Ash calcined at 800◦C and 1000◦C. The 
following questions will be answered:  

(i) How do fluorite addition and calcination improve the reactivity 
of LCLL Ash?  

(ii) What is the mechanism for the changes in the properties of the 
ash when co-calcined with calcium fluorite?  

(iii) What is the optimum fluorite content to improve the reactivity of 
LCLL Ash after calcination at 800◦C and 1000◦C? 

To answer these questions, the effect of the addition of fluorite on the 
mineralogy of the LCLL Ash/CF mixture after calcination at 800◦C and 
1000◦C was evaluated. For each percentage of added fluorite tested, the 
mineralogical composition was analyzed by quantitative XRD Rietveld 
analysis to determine the phase changes. Then, the reactivity of the 
calcined LCLL Ash/CF mixtures was studied using the same methodol
ogy of Brial et al [19] with Frattini, mortar compressive strength, R3 test 
and quantitative X-ray diffraction. 

Materials and methods 

Materials 

The LCLL Ash and CF were obtained from the Rio Tinto treatment 
plant based in Jonquière, QC, Canada. Portland cement (Type GU, 
Ciment Québec, St Basile, QC, Canada) was used to prepare the Frattini 
and mortar samples. The calcined LCLL Ash/CF reactivity was compared 
to that of a quartz powder reference, named Q, that was made by 
grinding graded Ottawa sand. The Ottawa sand was ground with a 
Fritsch Pulverisette 9 vibrating cup mill in 100 g batches for 2 minutes at 
a speed of 1000 rpm. 

The chemical compositions of the cement, LCLL Ash, fluorite 
byproduct (CF) and quartz powder were measured by X-ray fluorescence 
(XRF) after loss of ignition. The chemical compositions of Portland 

Fig. 1. LCL&L process diagram from Birry et al. [14].  
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cement, LCLL Ash, CF, and quartz powder are shown in Table 1. The 
composition of LCLL Ash is similar to a low calcium fly ash or a calcined 
clay with an important silica and alumina content. However, LCLL Ash 
shows a higher alkali content than clay or fly ash, as approximately 8% 
of its weight is sodium oxide. The CF composition is found by consid
ering together the results for 98.8% calcium oxide, 65.6% of fluoride, in 
addition to traces of sulfate and aluminate. However, this concentration 
of calcium oxide cannot reflect its real proportion as it is overestimated 
due to accounting for the calcium in the calcium oxide form, and not as 

the CaF2 form. In consequence, this CaO content is incorrect, as oxygen 
is not found within CaF2. 

The mineral phase compositions of the materials were measured by 
X-ray powder diffraction (XRD) and Rietveld analysis. The amorphous 
content was determined with a zincite (ZnO) external standard. The 
quantitative mineralogical compositions of the cement, the LCLL Ash, CF 
and quartz powder are presented in Table 2. 

The LCLL Ash is mainly composed of crystalline phases, such as 
corundum, albite, nepheline, quartz and anorthite, in addition to the 
lower content of amorphous phases. As previously studied in [19,20], 
because of the high content of crystalline phases in LCLL Ash, it displays 
a behavior similar to that of fillers in cement. An additional calcination 
treatment is then necessary to increase the LCLL Ash reactivity. In 
addition, XRD results showed that the alkalis of LCLL Ash are present as 
alkaline plagioclase like albite. These phases have the advantage of 
being insoluble like quartz [28,29]. 

Methods 

Calcined LCLL Ash/CF preparation 
A 100 g mix of raw LCLL Ash and CF powder was initially ground in a 

Fritsch Pulverisette 9 vibrating cup mill for 2 min 30 s at a speed of 1000. 
The added CF content was tested with a replacement of LCLL Ash from 
0% to 20% with 2.5% increments for XRD analysis. Otherwise, all 
remaining tests were carried out with 0%, 5%, 10%, 15%, and 20% CF 
replacement. The samples were named in the form X LCLL Y CF Z, where 
X, Y and Z refer to the percentage of LCLL Ash, the percentage of CF and 
the calcination temperature, respectively. For each mix, 3 samples of 
200 g ground LCLL Ash/CF were calcined for 2 h in a high-temperature 
Nabertherm N11/H furnace at 800◦C to 1000◦C. The calcination 

Table 1 
Chemical compositions of the cement and materials tested.   

Percentage in weight (wt%) 

Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 P2O5 F LOI 

OPC 19.17 4.69 3.61 61.52 2.4 3.98 1.06 0.25 0.25 0.14 0.05 2.62 
LCLL Ash 37.18 36.29 7.36 3.04 0.38 0.06 0.77 8.23 0.75 0.12 0.63 5.72 
CF - 0.64 - 98.8 - 0.5 - - - - 65.6 4.62 
Q 91.4 4.94 1.72 0.55 0.04 0 0.1 1.09 0.1 0.01 0.01 0  

Table 2 
Major mineralogical compositions of the OPC, LCLL Ash and quartz powder.  

Phase OPC LCLL Ash CF Q 

C3S 63.2 - - - 
C2S 7.6 - - - 
C3A 3.7 - - - 
C4AF 11.9 - - - 
Quartz 0.1 10.9 - 97.8 
Corundum - 14.2 - - 
Albite - 9.1 - - 
Nepheline - 21.4 - - 
Anorthite - 11.6 - 1.8 
Graphite - 6.2 - - 
Mullite - 3.7 - - 
Hematite - 2.9 - - 
Magnetite - 4.7 - - 
Fluorite  1.8 86.9  
β-Alumina  6.8   
Calcite 2.5 - 7.6 - 
Anhydrite -  0.6 - 
Amorphous - 5.8 - -  

Fig. 2. Particle size analysis by laser granulometry.  
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temperatures were selected according to Brial et al. [30] who identified 
two optimal temperature calcination of LCLL Ash of 800◦C to 1000◦C. 
The samples were removed from the furnace at high temperature and 
cooled by air quenching on a metallic plate until they reached room 
temperature. The calcined LCLL Ash/CF obtained from the 3 crucibles 
were mixed together and ground with the same vibrating cup grinder for 
20 s and 90 s for the mixes calcined at 800◦C and 1000◦C, respectively. 
The objective of the second grinding was to obtain the same d50 of 
approximately 10 ± 5 µm to limit the effect of the granulometry. Each 
calcined LCLL Ash/CF mix was analyzed using a Malvern Mastersizer 
3000 by laser diffraction granulometry using isopropanol as dispersant 
to measure the particle size distribution (PSD). The results of the particle 
size distribution of the calcined mix is presented in Fig. 2. 

Mortar 
The reactivity of the mixes was first analyzed by measuring the 

compressive strength of the mortar with a replacement of 20% of the 
cement by calcined LCLL Ash/CF and a water/binder ration of 0.485. 
The mortar was prepared according to the ASTM C109 [31] standard 
and with the same method as Brial et al [19]. Mortar mixes were tested 
at 1, 7, 28 and 112 days. 

Frattini test 
To characterize the pozzolanic reactivity of the calcined LCLL Ash/ 

CF mixes. Frattini tests were carried out. This test determined the 
pozzolanic reactivity of SCMs by evaluating calcium consumption by 
comparing the calcium concentration to the lime solubility curve [32] 
for a given concentration of hydroxyl ions. Frattini test is one of the most 
common used tests in literature to evaluate the reactivity of SCMs. 
However, this test can only detect pozzolanic materials but no hydraulic 
or latent hydraulic materials [33,34]. Samples were prepared by mixing 
16 g of Portland cement and 4 g of SCM with 100 ml of distilled water. 
The samples were left in sealed plastic bottle and placed in an oven at 
40◦C for 8 days. The sample was analyzed with the same method as Brial 
et al. [19] by measuring the concentration of calcium and hydroxyl ions 
respectively by ICP-OES and titration after filtration with a 0.2 µm sy
ringe filter. In addition, the concentrations of Al, Na, K, and Si in the 
supernatant solution were also measured by ICP–OES. For more details 
on the method, refer to Brial et al [19]. 

R3: Heat release and portlandite consumption 
According to the recommendation of Donatello et al. [34], the 

Frattini tests should be used in combination of the independent method 
to characterize the real portlandite consumption by the reactive SCMs. 
To complement this article, R3 tests were used. The R3 methods were 
initially developed to study the reactivity of calcined clay in limestone 
calcined clay cement (LC3). These methods can be extended to evaluate 
the reactivity of other SCMs. There are several R3 tests to access SCM 
reactivity. As for Brial et al [19], this article analyzed the reactivity of 
tested SCMs by measuring the heat released and the portlandite con
sumption respectively measured by isothermal calorimetry and ther
mogravimetric analysis. The R3 paste was obtained by mixing 33.33 g of 
calcium hydroxyl, 11.11 g of tested SCM, and 5.56 g calcium carbonate 
in a solution of 60 mL made of distilled water with 1.20 g of KOH and 
0.24 g of K2SO4 [35]. This chemical composition of this paste allows to 
recreate the chemistry of limestone cement without cement phases. 
Isothermal calorimetry was carried out with a TA TamAir calorimeter to 
measure for 7 days the heat release by the R3 paste at 40◦C. For each 
calcined LCLL Ash/CF sample tested, the R3 paste was mixed at 1600 
rpm in a plastic tube, and 16 g of paste was introduced in a calorimetry 
ampoule. The portlandite consumption was measured by a Perkin Elmer 
STA8000 TGA analyzer following a hydration stoppage by solvent ex
change. The R3 testes were realized and analyzed according the same 
method as Brial et al [19]. For more information on the parameters used, 
refer to Brial et al [19]. 

X-ray diffraction 
To identify the mineral phase transformations during calcination, 

mixes of calcined LCLL Ash/CF were analyzed by XRD. Moreover, to 
evaluate the influence of calcination temperature and fluorite replace
ment on the precipitated phases during the test, R3 mixes were also 
analyzed by quantitative XRD. In both cases, data were collected on a 
Bruker D8 Advance diffractometer using Cu K-alpha radiation operated 
at 40 kV and 40 mA. The sampled were prepared by solvent exchange 
and analyzed by Rietveld analysis according to the same methods as 
Brial et al [19]. The amorphous content was determined with a zincite 
external standard corrected with the mass absorption coefficient. For 
more information about the parameters used to record XRD data, refer to 
Brial et al [19]. 

Fig. 3. XRD quantitative analysis of calcined LCLL Ash after cooling a) at 800◦C and b) at 1000◦C. The CF concentration was removed to a better understanding  
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Results 

Calcined LCLL Ash/fluorite composition 

Fig. 3a and b show the compositions of the calcined LCLL Ash/CF 
samples at 800◦C and 1000◦C, respectively, as a function of CF addition. 
The mineralogical composition was measured by quantitative XRD 
analysis after cooling and grinding. However, iron-rich phases were 
counted with the amorphous content due to technical difficulties in 
observing and quantifying these phases by XRD. 

Due to its composition, the main reactions at high temperature will 
take place between the three main oxides SiO2, Al2O3, and Na2O ac
cording to the following equations: 

Na2O + Al2O3 + 6 SiO2 = 2 NaAlSi3O8 (Albite) (1)  

NaAlSi3O8 + Al2O3 + Na2O = 3 NaAlSiO4 (Nepheline) (2)  

2 NaAlSiO4 + 4 SiO2 = 2 NaAlSi3O8 (3) 

The calcination of LCLL Ash at 800◦C without the addition of fluorite 
showed significant changes in the mineralogy with an increase in the 
amount of amorphous material from 5% to 20%. In addition, great in
creases in nepheline and anorthite are also observed, with concentra
tions increase from approximately 21% to 30% and from 12% to 16%, 
respectively. These increases are accompanied by decreases in the 
corundum, quartz and β-alumina contents of 4%, 6%, and 3%, respec
tively, which indicates the formation of albite and nepheline according 
to Eqs. 1 and 2. Similar results have been observed by Wang et al. [36] 
and Chen et al. [37] for a mixture containing 10% Na2O. 

The addition of CF will lead to the formation of a greater amorphous 
phase content. Similar observations were made by Wang et al. [21] and 
Zhang et al. [38]. This increase reached a maximum amorphous content 
between 19%, without adding CF, to 31% when the CF addition ranged 
between 10 and 12.5%. When the CF addition was more than 12.5%, the 
amorphous phase content decreased. The decrease observed here is due 
to the addition of CF, which decreases the concentration of LCLL Ash in 
the mixture and increases the concentration of fluorite. The addition of 
CF also greatly affects the concentration of albite, which is rich in silica, 
which decreases in concentration from 10% without CF addition to 2% 
with a CF replacement of 5% to 20%. In addition, the nepheline con
centrations remain stable at approximately 30% despite the decrease in 
the concentration of LCLL Ash, which indicates an increase in nepheline 

formation upon the addition of CF. This increase is possibly attributed to 
the equilibrium between nepheline and albite according to Eqs. 2 and 3. 
On the other hand, the formation of anorthite and beta-alumina does not 
seem to be affected by the addition of CF. 

Calcined at 1000◦C, the LCLL Ash without the addition of CF shows a 
more important generation of amorphous content than the LCLL Ash 
calcined at 800◦C, as an increase of 20% to 35%wt was observed. 
Calcination also shows significant changes in mineralogy, as a 10% 
decrease in nepheline concentration compared to calcination at 800◦C 
was observed. This decrease is accompanied by an increase in the con
centrations of albite, anorthite and corundum, with concentrations of 
10.6%, 14.0% and 12.7%, respectively. A strong decrease in quartz and 
beta-alumina is also observable with respective decreases of 8% and 4%. 
Similar results were obtained by Wang et al. [36] and Chen et al. [37]. 
The addition of CF to the mixture calcined at 1000◦C further increased 
the formation of amorphous material, which reached a maximum of 
62% for CF additions of 10% and 12.5%. This maximum amorphous 
content is similar to the observations made for the mixture at 800◦C. 
Beyond 12.5% CF, the dilution of LCLL Ash increases, which leads to a 
decrease in amorphous phase formation. With the addition of CF ranging 
from 0% to 10%, the concentrations of albite, nepheline, quartz, 
corundum and beta-alumina greatly decreased, which led to the creation 
of amorphous structures. However, the anorthite concentration reached 
a maximum level when an addition of 10% CF was used. At concen
trations beyond 10%, anorthite remained the major phase. Moreover, 
the absence or low concentration of fluorite for additions of 0% to 10% 
CF seems to indicate that the fluorite reacted by providing CaO to the 
formation of anorthite according to Eq. 4 [39,40]. 

Na2O + CaAl2Si2O8 (Anorthite) = 2 NaAlSiO4 + CaO (4)  

Mortar relative strength 

The compressive strength and relative strength results of tested 
mixes are presented in Figs. 4 and 5, respectively. The replacement of 
20% of cement by an inert material generates a dilution effect that is 
equivalent to a water/binder ratio increase from 0.485 to 0.610 causing 
a porosity increased and a compressive strength decreased [41,42]. 
According to Fig. 4, this effect is visible from 1 to 112 days the 
replacement of 20% quartz with a reduction of approximately 30 to 20% 
in compressive strength, respectively. LCLL Ash/CF mixes calcined at 
800◦C and 1000◦C exhibit lower compressive strength than Portland 
cement and quartz mortars, with similar results to LCLL Ash at 1 day. At 
7 days, all the mixes showed compressive strength’s similar to that of 
quartz at approximately 32 MPa. However, the 90LCLL10CF mix 
calcined at 1000◦C exhibits a higher compressive strength than quartz 
but a lower compressive strength than cement. After 28 days, all the 
calcined mixes reach compressive strengths between 40 MPa and 45 
MPa, which are higher than quartz and LCLL Ash but lower than the 
Portland cement reference. Only 90LCLL10CF calcined at 1000◦C 
showed a compressive strength similar to that of the OPC reference. The 
same trends were observed at 112 days. For each mix, the relative 
compressive strength (RCS) was calculated according to the following 
equation: 

RCS =
Ri days

100 cement − Ri days
20SCM

Ri days
100 cement

(5)  

where Ri days
100 Cement and Ri days

20SCM are the compressive strength of the cement 
reference at i-days and the blended cement with calcined LCLL Ash/CF 
or Q at i-days, respectively. 

As shown in Fig. 5, the mortar mix containing quartz exhibits a 
decrease of approximately 20% to 30% in compressive strength for all 
days tested. Similar observations were made by [33,34,42] and confirm 
the dilution effect for inert materials. The relative 1-day strength of LCLL 
Ash is 10% lower than the value of quartz. However, similar results to 

Fig. 4. Mortar compressive strength of with 20% calcined LCLL Ash replace
ment at 1, 7, 28 and 112 days (mean values and standard deviation bars). 
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quartz were observed for LCLL Ash calcined at 800◦C and 1000◦C 
without CF addition. Similar results were observed by Brial et al. [19] 
for LCLL Ash calcined at 1050◦C. The lower compressive strength results 
of LCLL Ash at 1 day translate a retarder effect of LCLL Ash in cement 
describe by Brial et al [19]. This retard can be explained by the high 
concentration of soluble alkalis [43] or the presence of carbonaceous 
material (graphite), comparable to fly ash [44,45]. However, the origin 
of this delay is currently not well understood. A longer delay is also 
observed for all mixes containing LCLL Ash/CF calcined at 800◦C and 
1000◦C. The drop in compressive strength is proportional to the addition 
of CF. As this decrease is not observed in the mixtures of calcined LCLL 
Ash without CF, the addition of fluorite is responsible for this delay. 
Indeed, the research of Guo et al. [46] and Odler et al. [47] showed that 
the presence of F− ions causes delays in the hydration of C3S and C3A. 

At 7 days, the mix of LCLL Ash/CF calcined at 800◦C exhibited a 
reduction of approximately 25% in relative compressive strength, 
similar to quartz. Mix 90LCLL10CF calcined at 1000◦C showed slightly 
higher relative compressive strength values than the quartz reference, 
indicating a beginning of reactivity. For all the other mixes, values 
similar to quartz were observed. The calcined LCLL Ash and calcined 
LCLL Ash/CF mixes showed a decrease of approximately 10% in the 
relative compressive strength after 28 days. However, these values are 
higher than those of noncalcined LCLL Ash and quartz, which indicates 

the presence of reactive phases. The LCLL Ash/CF samples calcined at 
800◦C with CF additions of 15% and 20% showed a reduction in the 
relative compressive strength of 15%. These values are lower than those 
of LCLL Ash calcined at the same temperature. On the other hand, the 
mixture containing 10% CF calcined at 1000◦C showed a resistance 
similar to that of the mortar containing 100% Portland cement. At 112 
days, the LCLL Ash exhibits unreactive behavior with a compressive 
strength reduction similar to that of quartz. For the mixes calcined at 
800◦C, a slightly lower reduction in the compressive strength of 
approximately 5% was observed for mixes with 0%, 5%, and 10% CF. 
However, the mixes containing 15% and 20% CF showed lower results, 
with a reduction in compressive strength of approximately 15%. The 
mixes calcined at 1000◦C showed results for CF additions from 0% to 
10% similar to or higher than that of Portland cement. Nevertheless, a 
decrease in relative strength was observed for mixes calcined at 1000◦C 
containing 15% and 20% CF. These results confirmed previous obser
vations regarding the mineralogy of calcined LCLL Ash/CF, with an 
optimum reactivity reached at 10% replacement of LCLL Ash by CF. 
Moreover, LCLL Ash/CF calcined at 1000◦C showed higher reactivity 
than mixes calcined at 800◦C. Nevertheless, CF additions higher than 
10% exhibit a decrease in compressive strength, indicating a lower 
reactivity. 

Fig. 5. Relative compressive strength values of mortar s with calcined LCLL Ash at 1, 7, 28 and 112 days. The red line illustrates the quarts reference mortar.  
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Frattini tests 

The results of the Frattini tests are presented Fig. 6a and b. These 
figures show the calcium concentration as a function of the OH− ion 
concentration and the calcium reduction measured for LCLL Ash/CF 
mixes calcined at 800◦C and 1000◦C, respectively. As did in Brial et al 
[19], the lime solubility curve was given by the European standard EN 
196-5 [32]. 

As shown in Fig. 6a and 6b, the results of the Portland cement 
reference, quartz powder, and LCLL Ash samples are close to the lime 
saturation curve. These results indicate an absence or low consumption 
of portlandite, which reflects an absence of pozzolanic reactivity. 
Similar results were observed by Brial et al. [19]. Calcination at 800◦C 
allows a strong increase of approximately 35% in calcium reduction, 
indicating a strong increase in the pozzolanic reactivity of LCLL Ash 
calcined at 800◦C. However, the addition of CF will cause a gradual 
decrease in calcium reduction, which will reach a minimum with mix
tures containing 15% and 20% CF. 

For mixes calcined at 1000◦C, similar calcium reductions of 
approximately 30-35% were observed for all CF concentrations. These 
results confirm the pozzolanic behavior of the mixtures of LCLL Ash/CF 
calcined at 1000◦C. However, no optimum percentage of CF was iden
tified for the mixtures calcined at 1000◦C according to this test. In 
addition, changes in the concentration of hydroxyl ions are observed 
with the evolution of the CF addition and the calcination temperature. 
Mixtures calcined at 1000◦C show higher hydroxyl concentrations than 
mixtures calcined at 800◦C. Despite this difference, the two calcination 
temperatures exhibit a similar trend of increasing hydroxyl concentra
tion for the mixture with 10% CF, then a decrease for the mixtures with 
15% and 20% CF additions. 

The compositions of the solutions were also analyzed by ICP to 
determine the concentrations of K, Na, Al, and Si. The results of the ion 
concentration analysis are presented in Fig. 7. The K concentrations 
showed a lower value for the mixes with LCLL Ash or calcined LCLL Ash/ 
CF. As cement is the main source of potassium, this potassium decrease 
is attributable to the replacement of 20% of the cement. The evolution of 
the hydroxyl ion concentration shows a similar trend to that of the so
dium ion concentration. An increase in the sodium concentration is 

observable for the uncalcined LCLL mix. Similar trends were observed 
for the aluminum and silicon concentrations. The addition of non
calcined LCLL Ash causes a slight increase in Al and Si. Calcination at 
800◦C will increase the concentrations of available Al and Si. However, a 
greater increase is observable for the mixture with 5% CF. Finally, the 
mixes calcined at 1000◦C showed higher concentrations of available Al 
and Si than the mixes calcined at 800◦C. In particular, the aluminum 
concentrations were 2 to 3 times higher. In addition, the mix with 10% 
CF showed the highest Al and Si concentrations. These results confirm 
the better solubility and the reactivity increase with the calcination 
temperature but also for a CF addition of approximately 5 to 10%. 

R3: Heat release and calcium hydroxide consumption 

The cumulative heat release results by R3 paste are shown in Fig. 8a. 
The majority of the reactions of dissolution or hydration are exothermic; 
therefore, the analysis of the heat released allows to evaluate the pres
ence of reactivity [3]. The heat measured mainly reflects the reaction of 
the material tested [48]. However, to improve the chemical kinetics, the 
R3 test was carried out at 40◦C. After 7 days, the quartz reference 
showed a weak heat release of approximately 25 J/g of SCM, which 
confirms its inert behavior [49]. 

Mixes calcined at 800◦C showed lower concentrations, especially for 
mixes with 15% and 20% CF. However, higher concentrations are 
observable for mixtures calcined at 1000◦C with values similar to un
calcined LCLL Ash at approximately 50 mmol/L. These results confirm 
the influence of the availability of sodium from LCLL Ash on the pH of 
the solution. A strong release of heat was observed for the uncalcined 
LCLL Ash with values of approximately 210 J/g of LCLL Ash. This result 
is surprising given the lack of reactivity observed during the tests on 
mortar and Frattini. However, signs of R3 paste expansion were observed 
on each of the ampoules containing uncalcined LCLL Ash. As proposed 
by Brial et al. [30], this expansion is due to the generation of gases from 
hydro reactivity reactions. The last traces of hydro reactivity from the 
SPL reacted through favorable R3 test conditions such as a finer particle 
size, higher pH and higher temperature than the leaching step of the 
LCL&L process. Since hydro reactivity reactions are very exothermic, 
even small amounts of hydroreactive materials can generate enough 

Fig. 6. a) Frattini results for the calcination temperatures tested. The dashed line refers to the max CaO content according to the EN-196-5 European standard and b) 
calcium reduction from the Frattini test for each calcination temperature tested. 
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heat to falsify test the R3 results [30]. However, according to previous 
studies [19,30], this expansion was not observed for the mixtures of 
calcined LCLL Ash, which indicates that the heat released is solely due to 
the reaction of the tested material. These differences of SCM perfor
mance between Frattini and R3 tests had already been described in the 
literature [33,34,42], which confirms the necessity to not use only one 
type of test to characterize a new SCM for the first time. 

For the LCLL Ash calcined at 800◦C, a release of heat of approxi
mately 175 J/g was measured. In addition, for the LCLL Ash/CF calcined 
at 800◦C, similar trends to the Frattini test are observed, such as a 
decrease in the heat released as the addition of CF increases, particularly 
for the mixtures with 15% and 20% CF. 

The LCLL Ash calcined at 1000◦C exhibited a heat released of 
approximately 225 J/g of SCM. This result is slightly superior to those of 
LCLL Ash calcined at 800◦C, reflecting an increase in reactivity. Unlike 
the Frattini tests, a trend similar to the mortar results is observable with 
the addition of CF. The heat release increases for the 5% and 10% ad
ditions of CF, which reach approximately 275 and 325 J/g of SCM, 
respectively. Beyond 10%, the quantity of heat released decreases, 
reaching approximately 300 J/g of SCM with the mixes containing 15% 
and 20% CF. 

On the same samples, the consumption of portlandite was also 
measured to confirm the pozzolanic behavior observed during the 
Frattini tests. The portlandite consumption results are shown in Fig. 8b. 

Fig. 7. Concentration in the Frattini solution measured by ICP–OES.  
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Unlike the Frattini test, the quartz powder showed a consumption of 
portlandite of approximately 30 g/100 g of SCM. This low consumption 
is due to the higher quartz solubility under the conditions of the R3 test 
at 40◦C. Similar quartz behavior was observed by Li et al. and Suraneni 
et al. [42,49]. For the release of heat, the noncalcined LCLL Ash also 
showed a significant consumption of portlandite, at approximately 62 
g/100 g of SCM. However, hydro reactivity reactions release aluminum 
ions that can lead to hydrated phase precipitation, causing portlandite 
consumption and heat generation [10]. For the LCLL Ash calcined at 
800◦C, a consumption of portlandite of approximately 65 g/100 g of 
SCM was observed. The addition of 5% CF will slightly increase the 
portlandite consumption; however, for CF additions above 10%, a 
gradual decrease in portlandite consumption was observed, which re
flects a slight decrease in reactivity. 

The LCLL Ash calcined at 1000◦C showed an increase in portlandite 

consumption compared to the mix calcined at 800◦C, which confirms the 
increase in reactivity with the calcination temperature. The increase in 
portlandite consumption at 1000◦C with the addition of CF was 
observed until a replacement of 10% CF was reached. These results are 
consistent with the observations made regarding the mortars and the 
Frattini tests. 

As shown by Suraneni et al. [49], it is possible to plot the heat 
released versus the consumption of portlandite to classify the SCMs 
reactivity. Additionally, results of thermodynamic simulations per
formed by Brial et al. on the R3 system with GEMS-PSI [19]. These 
simulations study three different systems to represent an SCM composed 
of 100% reactive silica, 100% reactive alumina and a totally inert SCM. 
From these curves, it is possible to predict the reactive silica/reactive 
alumina ratio for the tested pozzolanic materials. The blue dotted line 
represents the third system with an inert material. The inert behavior of 

Fig. 8. (a) Heat release and (b) calcium hydroxide consumption after 7 days at 40◦C.  

Fig. 9. R3 test heat released as a function of portlandite consumption for the calcination temperatures studied for the different degree of reaction (DOR) from the 
thermodynamics simulations. 
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the quartz powder is then clearly identifiable, showing low heat release 
and average portlandite consumption. The results of the R3 test heat 
released as a function of portlandite consumption are presented Fig. 9. 
The uncalcined LCLL Ash appears to show pozzolanic reactivity. How
ever, as explained above, these results are mainly due to the hydro 
reactivity phenomenon of LCLL Ash under R3 conditions as alrea
dyobserved by Brial et al. [19]. In addition, a comparison of uncalcined 
LCLL-Ash with thermodynamic models seems to indicate a reactive sil
ica/alumina ratio of approximately 30%/70%. This ratio is higher than 
the oxide composition of LCLL Ash, which confirms the release of 
aluminum ions in solution with hydro reactivity reactions. 

All of the calcined LCLL Ash/CF showed pozzolanic behavior. 
However, a slight decrease in the reactivity is observable with the in
crease in the CF addition for the mixtures calcined at 800◦C. Moreover, 
these mixtures showed results slightly lower than the curve of the 
thermodynamic model of silica, which indicates that the reactive part is 

rich in silica. For the mixtures calcined at 1000◦C, variable levels of 
reactivity depending on the concentration of CF were observed. The 
LCLL Ash calcined without the addition of CF shows the weakest reac
tivity but remains higher than the LCLL Ash calcined at 800◦C. In 
addition, a lower silica aluminum ratio is also observed, which indicates 
the presence of a greater amount of reactive aluminum. Additionally, 
this ratio is similar to the oxide composition of LCLL Ash. With the 
addition of CF, the reactivity will gradually increase while remaining in 
the pozzolanic region and reaches a maximum with 10% CF. The reac
tive silica/alumina ratio will also increase to approximately 50%/50%, 
which indicates the ever-increasing presence of reactive alumina. 
However, increasing the addition of CF to 15 to 20% replacement will 
then slightly decrease the reactivity while keeping the silica/alumina 
ratio close to 50%/50%. 

Fig. 10. R3 mixes XRD spectra. (P: Porlandite, Q: quartz, AFt: ettringite, Mc: monocarboaluminate, Hc: hemicarboaluminate; A: Na-β alumina).  

Fig. 11. Amorphous oxide compositions calculated from quantitative XRD as a function of CF addition at a) 800◦C and b) 1000◦C.  
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R3: X-ray diffraction 

The diffractograms acquired by XRD on the R3 samples extracted 
from the calorimetry ampoules are presented Fig. 10a and b. The quartz 
powder reference showed a peak for the major phases contained in R3 

paste with portlandite at 18◦ 2θ (calcium hydroxide), calcite at 29.4◦ 2θ 
and quartz at 26.6◦ 2θ. For uncalcined LCLL Ash, peaks of mono
sulfoaluminate (AFm) and hemicarboaluminate (Hc) phases were 
observed at 10.3◦ 2θ and 10.8◦ 2θ, respectively [50–52]. These phases 
indicate the presence of reactive alumina in LCLL Ash in the majority 
released by the hydro reactivity reaction. As shown in Fig. 10a, both the 
calcined LCLL Ash and LCLL Ash/CF at 800◦C show the formation of 
ettringite (AFt) with a peak at 9◦ 2θ and monocarboaluminate (Mc) with 
a peak at 11.7◦ 2θ [52,53]. This trend remains observable for all CF 
additions from 5% to 20%. The addition of fluorite does not seem to 
affect the precipitation of new phases. 

Fig. 10b presents the diffractograms for both calcined LCLL Ash and 
LCLL Ash/CF at 1000◦C. Unlike mixtures calcined at 800◦C, the presence 

of AFt is no longer visible. However, an increase in the intensity of the 
peak of Mc was observed, which indicates a greater concentration of Mc. 
Moreover, with the increase in the addition of CF, a peak of Hc is visible 
at 10.3◦ 2θ. The presence of Hc seems to indicate a greater quantity of 
available aluminum and a decrease in the CO2/Al2O3 ratio [54]. For 
each diffractogram, the crystalline composition of the R3 hydrated paste 
was analyzed by Rietveld analysis with an external standard. The quartz 
reference shows a slight decrease in portlandite and a small amount of 
amorphous material. In addition, the crystalline quantity of quartz is 
estimated to be approximately 21 g/100 g against the 22.2 g/100 g 
initially mixed in the R3 paste. These results confirm the low reactivity of 
quartz under the conditions of the R3 test, allowing a small quantity of 
C-S-H to precipitate. For the uncalcined LCLL Ash, a decrease in the 
amount of portlandite was observed. This decrease is mainly attribut
able to the precipitation of 2.6 g/100 g hemi-carboaluminate and 3.5 
g/100 g AFm due to the presence of aluminum resulting from hydro 
reactivity reactions. The presence of amorphous minerals is more 
important than for the quartz powder with 13.5 g/100 g. However, the 

Fig. 12. Amorphous oxide compositions calculated from quantitative XRD as a function of CF addition at a) 800◦C and b) 1000◦C.  

Fig. A1. Amorphous oxide composition calculated from XRD data a) at 800◦C and b) at 1000◦C.  

V. Brial et al.                                                                                                                                                                                                                                    



Cement 12 (2023) 100070

12

amount of amorphous material to be measured also considers the 
unreacted part of the amorphous or unmeasured SCM. There were a 
large number of phases present in the LCLL Ash, and not all of them 
could be identified and quantified. 

For the different percentages of CF added, the LCLL Ash/CF calcined 
at 800◦C shows a composition similar to that of the calcined LCLL Ash. 
The LCLL Ash calcined at 1000◦C shows a lower ettringite concentration 
of 0.6 g/100 g and a strong increase in the amount of mono
carboaluminate of 9.8 g/100 g. A decrease in the calcite concentration 
was also observed. This decrease is due to the great precipitation of 
monocarboaluminate. In addition, the increase in the amount of amor
phous material to 21.2 g/100 g and the decreased portlandite content 
indicate the precipitation of new phases such as C-S-H [53]. The addi
tion of CF will lead to an increase in the concentration of mono
carboaluminate up to a maximum of 12.6 g/100 g with 10% CF. The 
precipitation of hemi-carboaluminate will also increase to reach 
approximately 2.4 g/100 g. Moreover, for the same mixture, the greatest 
increase in amorphous content is also observed, with a value of 24 g/100 
g. Beyond 10% CF, the concentrations of monocarboaluminate, 
hemi-carboaluminate, and amorphous decreased to reach values similar 
to those in LCLL Ash without the addition of CF. 

Discussion 

Effect of CF addition on LCLL Ash calcination 

At high-temperature calcination, the reactions of LCLL Ash can be 
described according to the SiO2-Al2O3-Na2O system. Without calcina
tion, the main phases are nepheline, corundum, quartz, albite and 
β-alumina. Even if these phases only have high melting points, the 
presence of a eutectic in the nepheline/albite system allows the creation 
of amorphous materials at lower temperatures [55,56]. With calcination 
at 800◦C, quartz and β-alumina are less stable. These phases will react 
with each other to form some of the amorphous phase and with 
corundum to form more nepheline. Increasing the calcination temper
ature to 1000◦C allows the generation of more amorphous phases mainly 
by the reaction between quartz and β-alumina but also by the fusion of 
phases such as nepheline. However, the formation of albite or anorthite 
has also been observed, which limits the amorphous phase concentra
tion. The addition of CF increases the calcium concentration within the 
LCLL Ash/CF mix, which changes the chemical equilibria according to 
the temperature. However, the incorporation of calcium into the 
calcined LCLL Ash leads to the following reaction between sodium and 
fluorite according to Eq. 6: 

CaF2 + Na2O = 2 NaF + CaO (6) 

From the quantitative XRD results, it is possible to calculate the 
amount of Na2O present in the crystalline phases according to Eq. A.3. 
By comparing this value to the total amount in the LCLL Ash/CF mixture, 
it is possible to deduce the amount of missing Na2O. Assuming that all of 
the missing Na2O has reacted with the fluorite, it is possible to calculate 
the residual fluorite and compare it to the XRD results. The calculation 
method is presented in the appendix. As shown in Fig. 11a and b, the 
quantities of fluorite calculated according to Eq. A1 are strongly corre
lated with the values measured by XRD. 

These results show the importance of sodium in the reactions be
tween LCLL Ash and fluorite. However, an intercept different from 
0 indicates that all of the Na2O did not react with the fluorite and is, 
therefore, found in the amorphous state. It is therefore always possible 
to calculate the oxide composition of the amorphous phase from XRD 
data according to Eqs. A.2 to A.6. Fig. 12a and b show the calculated 
oxide proportions of the amorphous part as a function of the addition of 
CF for calcination temperatures of 800◦C and 1000◦C, respectively. 

Two systems are observable. At 800◦C, the reaction between the 
quartz and part of the β-alumina will allow the formation of approxi
mately 20% amorphous phase, which is mainly rich in silica. However, 

approximately 80% of the Na2O mass is taken up by the formation of 
nepheline, which is more stable at that temperature [36]. As Na2O be
comes less available, the reaction between Na2O and fluorite becomes 
weaker, and less CaO is produced. The low concentration of CaO and the 
temperature of 800◦C therefore limit the formation of anorthite [57]. 
However, the excess fluorite will force the reaction of the remaining 
Na2O to generate NaF and CaO, which will remain in the amorphous 
phase. This allows a better incorporation of aluminum into the amor
phous phase and increases the amorphous phase concentration. When 
the CF content is above 12.5%,the Na2O concentration decreases, 
limiting the formation of CaO, and the incorporation of aluminum in the 
amorphous phase. 

At 1000◦C, the destabilization of nepheline causes the generation of 
more sodium, silica and alumina in the amorphous phase. The higher 
concentration of Na2O promotes the reaction with fluorite and allows 
more CaO to be produced. At this temperature, part of the calcium will 
then react with the nepheline and allow the formation of anorthite, 
which is more stable at 1000◦C [39,40,57,38]. However, for the mix
tures calcined at 800◦C, mixes containing over 12.5% CF dilute the LCLL 
Ash, leading to a reduction in the quantity of sodium available, as it was 
entirely transformed into NaF. This limits the CaO supply and allows an 
increase in the amount of nepheline or albite, as shown in Fig. 3. 

Effect of CF addition on the calcined LCLL Ash reactivity 

Changes in the mineralogical composition of calcined LCLL Ash/CF 
caused by the addition of CF will affect the reactivity. The first impact on 
reactivity stems from the availability of CF influencing the amorphous 
content through the reaction between fluorite and Na2O. At 800◦C, most 
of the Na2O is present as nepheline; however, nepheline, albite and 
anorthite have solubilities similar to quartz when present in a basic 
medium [29,58,59], which limits the reactivity of the LCLL Ash. Anal
ysis of the Frattini’s test solution shows that the formation of nepheline 
reduces the amount of rapidly soluble alkalis. Given the high alkali 
concentration of LCLL Ash, capturing sodium in a less soluble phase 
could be interesting to limit the risks of alkali-aggregate reactions [3]. 
The addition of CF slightly increases the quantity of amorphous material 
by allowing a better incorporation of aluminum and calcium. Moreover, 
the amorphous part is mainly rich in silica, which promotes 
pozzolanic-type reactions to precipitate C-S-H. However, as shown by 
XRD tests on R3 pastes, some of the aluminum will also react to form 
ettringite or monocarboaluminate [54]. Increasing the addition of CF to 
the calcined LCLL Ash at 800◦C entails a decrease on the reactivity of the 
calcined LCLL Ash/CF mixture. A decrease from 30% to 25% in the 
degree of reaction is observed in Fig. 9, with the increase of CF addition. 
These changes are explained by a reduced quantity of silica and 
aluminum available. Similar results are observed for the mortar tests, 
Frattini tests and R3 tests. 

At 1000◦C, the highest proportion of Na2O available increases the 
amount of amorphous material by enhancing the incorporation of 
aluminum and calcium. However, for CF additions above 12.5%, the 
amount of Na2O available is limited, which decreases the amorphous 
content. This explains why the optimum amorphous content is created 
between 10% and 12.5% CF addition. In this case, the reactivity of the 
calcined LCLL/CF mixture is proportional to the quantity of amorphous 
material, which further explains why the mixture with 10% CF is the 
most reactive. In addition, the higher sodium concentration of the 
amorphous part causes an increase in the concentration of alkalis in the 
solution and an increased pH. This increase in pH will also promote the 
solubility of the amorphous part and increase the reactivity as shown in 
Fig. 9. The increase in pH and the larger proportion of reactive 
aluminum shown in Fig. 13b favor the precipitation of mono
carboaluminate [60]. Moreover, unlike mixes calcined at 800◦C, 
ettringite did not precipitate due to its lower stability in presence of a 
higher pH and higher CO3/SO4 ratio environment in the R3 paste [54]. 
The high concentration of aluminum available with LCLL Ash/CF 
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calcined at 1000◦C makes these mixtures a good candidate for the 
production of LC3-type mixtures [26]. These blended cements composed 
of 50% clinker can be considered as an alternative to reduce the envi
ronmental and energetic impacts without affecting the binder perfor
mance [27]. Even if the calcination of LCLL Ash/CF requires reaching 
1000◦C, this temperature remains lower than the clinkerization tem
perature of Portland cement. In addition, the absence of calcite in the 
LCLL Ash/CF mixture would further reduce the carbon impact of 
blended cements containing calcined LCLL Ash/CF. Finally, in Quebec, a 
province without local clay rich in kaolin, the use of calcined LCLL 
Ash/CF would allow the production of LC3 mixtures with local materials 
and further promote the circular economy between the aluminum and 
cement industries. 

Conclusion 

The following concluding remarks can be drawn from the results 
found in this paper.  

a) The valorization of treated SPL and fluorite byproducts from the 
LCLL process in cementitious materials could be an interesting 
alternative to conventional SCMs to decrease the environmental 
footprint of the aluminum and cement industries. It decreases the 
environmental impacts of their materials by reusing local industrial 
by-products and avoiding the economic cost of the use of landfills.  

b) The composition of the calcined LCLL Ash/CF mix depends on the 
reaction between fluorite and Na2O. At 800◦C, the majority of so
dium is present as nepheline, which limits the generation of the 
amorphous phase; however, at 1000◦C, the destabilization of neph
eline allows an increase in the availability of sodium, which then 
reacts with fluorite to generate increased levels of amorphous 

materials and anorthite. At both calcination temperatures, an 
optimal amorphous content is observed with CF replacements be
tween 10% and 12.5%.  

c) The reactivity of calcined LCLL Ash/CF mainly depends on the 
quantity of amorphous material. At 800◦C, the slight amorphous 
increase causes little change in the reactivity of the LCLL Ash. 
However, the important concentration of nepheline allows the cap
ture of more alkalis. However, at 1000◦C, the high amorphous con
tent created enhances the reactivity of the LCLL Ash by increasing the 
formation of CSH and precipitating monocarboaluminate.  

d) An optimal mix was found, which was an addition of 10% CF to LCLL 
Ash calcined at 1000◦C. The calcination temperature is lower than 
the cement clinker production temperature, which reduces the en
ergy consumption of the production. 
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Appendix A 

Assuming that all of the Na2O available in the amorphous phase has reacted according to the following equation: 

CaF2 + Na2O = 2 NaF + CaO (7)  

we can then write the following: 

%CaF2unreact(p) =
MCaF2

MNa2O

[

%CaF2CF⋅p+(1 − p) %CaF2LCLL −
∑

i=mineral phase
(%Na2O)i Ci, XRD(p)

]

(A.1)  

where %CaF2CF and %CaF2LCLL are the percentages of CaF2 in CF and LCLL Ash, respectively, and p is the proportion of CF added to LCLL Ash. 
(%Na2O)i is the percentage of sodium oxide in phase i, and Ci, XRD(p) is the percentage of phase i measured by XRD according to the proportion of CF 
added to p. MCaF2 and MNa2O are the molar masses of CaF2 and Na2O, respectively. 

The percentage in mass of oxide X in the amorphous state is calculated according to Eq. A.2 for X= SiO2 and Al2O3, as follows: 

%Xamorphous(p) = (1 − p) %XLCLL − %Xmineral(p) (A.2)  

%Xmineral(p) is the total proportion of oxide contained within the mineral part of calcined LCLL Ash/CF at the proportion p of CF. 

%Xmineral(p) =
∑

i=phase
(%X)i Ci, XRD(p) (A.3)  

where (%X)i is the percentage of oxide X in phase i, and Ci, XRD(p) is the percentage of phase i measured by XRD according to p, the proportion of CF 
added. 

The Na2O, NaF and CaO contents in the amorphous phase were calculated according to the following equations: 

%Na2Oamorphous(p) = (1 − p) %Na2OLCLL − %Na2Omineral(p) −
MNa2O

MCaF2

[
%CaF2CF⋅p+(1 − p) %CaF2LCLL − CCaF2 , XRD(p)

]
(A.4)  

%NaFamorphous(p) =
2 MNaF

MCaF2

[
%CaF2CF⋅p+(1 − p) %CaF2LCLL − CCaF2 , XRD(p)

]
(A.5) 
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%CaOamorphous(p) =
MCaO

2MNaF
%NaFamorphous(p) + %CaOCF ⋅p (A.6) 

The results from the equations above are presented according to Fig. A1 below, where a) represents calcination at 800◦C and b) represents 
calcination at 1000◦C. 
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