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Treating spent pot lining by the Low Caustic Leaching and Liming (LCLL) process creates an inert non-hazardous
residue called LCLL Ash. Ground as a fine powder and calcined, LCLL Ash showed a pozzolanic behavior in
cement. The effect of the calcination temperatures on LCLL Ash reactivity was studied by compressive strength
activity index, Frattini tests, and RILEM R3 tests, followed by XRD analysis. When calcinating LCLL Ash at
temperatures below 800 °C, no differences in reactivity were seen between calcined and non-calcined LCLL Ash.
At 800 °C, the formation of nepheline caused an alkalis uptake, showing a slightly lower reactivity of LCLL Ash

than cement at 112 days. Beyond 800 °C up to 1200 °C, calcined LCLL Ash manifested better amorphization of
phases and increased reactivity, similar to cement at 112 days. Finally, neither delay on hydration nor hydro-
reactivity was observed with calcined LCLL Ash starting at 800 °C.

1. Introduction

Reducing greenhouse gas emissions to limit the effects of global
warming is one of the greatest challenges of the 21st century. The pro-
duction of cement for the construction industry is one of the main
sources of anthropogenic COy emissions, which represents 5-8% of
annual global CO; emissions (Friedlingstein et al., 2020; Lehne and
Preston, 2018). Numerous optimizations have been carried out on
cement production processes to reduce the energy consumption of
cement factories and to make them less polluting. These efforts have led
to a decrease of about 42% in energy consumption between 1950 and
2000 (Van Oss and Padovani, 2003). However, around 750 kg-950 kg of
CO4 is emitted to produce 1 ton of Portland clinker, with 60% due to
unavoidable decarbonation reactions (Strazza et al., 2011; Hewlett and
Liska, 2019; WBCSD, 2016). The use of supplementary cementitious
materials (SCM) to reduce the amount of cement in concrete and the
overall environmental impact is currently one of the preferred solutions
(Kajaste and Hurme, 2016; Shanks et al., 2019; WBCSD, 2009). Most
conventional SCMs are usually comprised of industrial byproducts or
wastes, such as fly ash or blast furnace slags (Hewlett and Liska, 2019;
Tokyay, 2016). Besides decreasing the carbon footprint of concrete,
SCMs can also improve its properties, allow a better use of

non-conventional wastes and reduce landfill content (Agrawal et al.,
2004). However, the increasing use of renewable energy has led to a
decrease in the availability of certain SCMs such as coal fly ash.
Therefore, to produce environmentally friendly concrete, new sources of
SCMs compatible with cement must be found.

Spent pot lining (SPL) is a hazardous industrial waste issued from the
primary aluminum industry, and generated by the aluminum electro-
lytic tanks lining consisting of carbon and refractory bricks. Each ton of
primary aluminum generates about 22 kg of SPL (Birry et al., 2016),
which represents a volume of 70,000 tons of SPL in Canada annually.
These quantities remain important from a local perspective for regions
associated to the treatment of SPL due to its hazardous nature. SPL is
considered hazardous as contact with water may lead to the generation
of explosive gases according to Egs. (1)-(3) (Dye, 2017; Al Jawi et al.,
2020; Broek and (ye, 2018) and the leaching of cyanide and fluoride
(@ye, 2017; Broek and @ye, 2018; Kimmerle et al., 1993). The reaction
of SPL and water is called hydroreactivity. Prior to treatment, SPL is
separated into two parts: the cathode providing a carbon-rich material
and the electrolytic tanks containing refractory materials. This separa-
tion step optimizes the valorization process by creating rich carbona-
ceous materials that can be used as fuel and mineral materials that
would generally be landfilled after treatment.

* Corresponding author. Ecole de technologie supérieure, Université du Québec, 1100 rue Notre-Dame Ouest, Montréal, Québec, H3C 1K3, Canada.
E-mail address: claudiane.ouellet-plamondon@etsmtl.ca (C.M. Ouellet-Plamondon).

https://doi.org/10.1016/j.dibe.2022.100098

Received 7 October 2022; Received in revised form 6 November 2022; Accepted 10 November 2022

Available online 15 November 2022

2666-1659/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:claudiane.ouellet-plamondon@etsmtl.ca
www.sciencedirect.com/science/journal/26661659
https://www.sciencedirect.com/journal/developments-in-the-built-environment
https://doi.org/10.1016/j.dibe.2022.100098
https://doi.org/10.1016/j.dibe.2022.100098
https://doi.org/10.1016/j.dibe.2022.100098
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

V. Brial et al.

2 Al+2 NaOH +2 H,0 = 3 H, + 2 NaAlO, (€))
Al,C3 +6 H,0 =3 CH, + 2 ALO; (2)
AIN +3 H,O= NH; + Al(OH), 3

Different ways of recovering SPL in the cement industry have been
studied in order to avoid burying. Using the SPL as a raw material
without pretreatment despite its hazardous character is common in
cement plants in Europe, Asia, Middle East, and Brazil (Al Jawi et al.,
2020; Broek and @ye, 2018; Nunez, 2020; Personnet, 1999). One
advantage to the addition of SPL in the raw meal that has been observed
is a drop of 20-100 °C from the initial clinkerization temperature
following an increase in the fluoride content in the raw meal. Addi-
tionally, a linear relationship has been found between a temperature
drop and an increase in the SPL replacement percentage. (Al Jawi et al.,
2020; Gomes et al., 2005). This lower clinkerization temperature can
decrease fossil fuel consumption and the CO, emissions respectively by
4% and 1%. The SPL addition percentage in the raw meal is, however,
limited to between 0.2% and 0.75% to avoid durability issues caused by
alkali-silica reactions attributed to the high sodium content of the SPL
(Al Jawi et al., 2020; Broek and @ye, 2018; Nunez, 2020; Gomes et al.,
2005). Moreover, due to SPL’s high percentage of fluoride, this practice
is currently not allowed in the North American cement industry.

Developed in the early 2000, in Quebec, a pyrometallurgical treat-
ment of SPL generate a by-product called glass frit (Fares, 2008). This
compound’s reactivity was similar to that of a latent hydraulic binder,
and it behaved similarly to slag (Fares, 2008; Laldji and Tagnit-Hamou,
2016). The mechanical properties of binary GF mixtures were similar to
those of unblended mixes. Moreover, glass frit exhibited better dura-
bility performance against freezing thaw, chloride permeability, and
against alkali-silica reaction (Laldji and Tagnit-Hamou, 2016; Nova Pb
inc, 2004). The Low Caustic Leaching & Liming (LCL&L) process,
developed by Rio Tinto in the early 1990s, treat SPL to generate an inert
material through a hydrometallurgical process. The refractory rich
second cut of SPL changes into a grey LCLL Ash powder (an inert ma-
terial) after treatment by the LCL&L process (Birry and Leclerc, 2016).
Currently, the SPL treatment plant in Jonquiere (Quebec) is the only
plant in the world using the LCL&L process. The resulting grey powder
(LCLL Ash) from the LCL&L process is constituted by a majority of silica
and aluminum oxides, with minor fractions of sodium, and iron oxides.
The present article is the continuation of a more global project studying
use of treated SPL by LCL&L process as cementitious materials. In the
first part of the project, the use of LCLL Ash in cement was studied by
Brial et al. (2021), who found that it behaved much like an alkaline filler
thanks to its significant concentration of low-soluble phases such as
nepheline or albite. Moreover, in some conditions, depending on the
temperature, chemistry, and pH, LCLL Ash provokes hydro-reactivity,
which generates gas. However, after an additional calcination at
1050 °C, LCLL Ash’s reactivity in cement is significantly improved, and
it turns into a pozzolanic material, which is similar to what is seen with
fly ashes, but without hydro-reactivity. In addition, due to the high
availability of reactive alumina in calcined LCLL Ash, new hydrated
phases, such as carboaluminate phases, may precipitate.

Mineral materials are often calcined to enhance their reactivity, as is
commonly the case on clay or shale, where that is done to create reactive
SCMs (Ambroise et al., 1985; Mather, 1958; Murat, 1983). This process
may seem counter-intuitive when developing CO2 emission reduction
initiatives, but it does effectively reduce the carbon impact of cement. As
an example, a lower carbon footprint is achieved by blending conven-
tional cements with calcined shale or calcined clay (Scrivener et al.,
2018). The emission reductions are associated with the use of blending
materials having a lower calcination temperature than clinker, as well as
with an absence of calcite decarbonation (Scrivener et al., 2018; Miller
et al., 2018).

This article aims to explore a potential approach to a circular
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economy between two industries known for their high environmental
impacts. This process would favor the use of local wastes from the
aluminum industry into the cement industry and create a more sus-
tainable binder for concrete production. This article is part of the project
on the valorization of treated SPL by LCL&L process. The goal of this
article is to analyze and understand the effect of calcination tempera-
tures on the reactivity of LCLL Ash in cement. Hence, the aim is to
answer the following questions:

(i.) How does calcination improve LCLL Ash reactivity?
(ii.) What is the optimum calcination temperature of LCLL Ash?

To answer these questions, an evaluation of the effect of calcination
temperature ranging from 600 °C to 1200 °C on LCLL Ash was per-
formed. For each calcination temperature of LCLL Ash tested, the
mineralogical composition was analyzed by quantitative XRD Rietveld
analysis to determine the phase change throughout the calcination
process. The reactivity of the calcined LCLL Ash at different tempera-
tures was then studied using the same methodology as Brial et al. (2021)
with mortar compressive strength Frattini, R> tests and quantitative
Rietveld X-ray diffraction.

2. Materials and methods
2.1. Materials

For the present work, Rio Tinto provided LCLL Ash from their
treatment plant in Jonquiere, QC, Canada. An Portland cement (PC, type
GU provided by Ciment Québec, St Basile, QC, Canada) was used to
prepare samples for Frattini tests and mortar mixes. A quartz powder,
named Q, made by grinding graded Ottawa sand was used as a reference
sample. The sample was used as a reactivity comparator against the
calcined LCLL Ash.

The oxide composition of cement used for the blended mixes, for the
LCLL Ash and for the quartz powder was measured by X-ray fluorescence
(XRF) in fused glass beads after a loss of ignition at 1000 °C for 30 min.
The oxide compositions of Portland cement, LCLL Ash and quartz
powder are shown in Table 1. About 37% and 36% of silica and alumina
content were respectively found in the LCLL Ash sample, indicating a
composition similar to that of a calcined clay. More specifically, about
8% of sodium oxide was found in LCLL Ash, showing a higher alkali
content than conventional clay but lower than glass powder (Mejdi
et al., 2019). X-ray powder diffraction (XRD) with Rietveld analysis was
used to analyze the mineralogical composition of the materials. The
amorphous content was determined with a zincite (ZnO) external stan-
dard. The quantitative composition from XRD analysis of the cement, the
LCLL Ash and the quartz powder are presented in Table 2.

LCLL Ash is mainly consisting of crystalline phases such as albite,
nepheline, corundum, quartz and anorthite with a content in amorphous
phases about 6%. As previously studied by Brial et al. (2021), the high
content of crystalline phases gives LCLL Ash an inert behavior in cement
which explains the additional treatment by calcination to increase LCLL
Ash reactivity. Moreover, XRD results showed that sodium is mainly
incorporated as plagioclase with low solubility in aqueous phases such
as albite.

2.2. Methods

2.2.1. Calcined LCLL ash preparation

Raw LCLL Ash was initially ground with a Fritsch Pulverisette 9
vibrating cup mill in 100 g batches for 2 min 30 s at a speed of 1000 rpm.
The ground samples were calcined for 2 h in a Nabertherm N11/H high
temperature furnace from 600 °C to 1200 °C with a step of 50 °C. Three
200 g samples of ground LCLL Ash were calcined in individual 300 mL
alumina crucibles at each calcination temperature. The samples were
removed from the furnace at high temperature and cooled by air
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Table 1
Chemical composition of cement and SCMs.
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Percentage in weight (wt%)

Oxide Si0, AL,O3 Fe,03 Ca0 MgO SO3 K,0 Na,O TiO, P,0s V,05 LOI
PC 19.17 4.69 3.61 61.52 2.4 3.98 1.06 0.25 0.25 0.14 0.01 2.62
LCLL Ash 37.18 36.29 7.36 3.04 0.38 0.06 0.77 8.23 0.75 0.12 0.03 5.72
Quartz 91.4 4.94 1.72 0.55 0.04 0 0.1 1.09 0.1 0.01 0.01 0
respectively according to ASTM C305 (ASTM International, 2015) and
Tal.’le 2 . . . ASTMC109 (ASTM International, 2016) standards with a water binder
Major mineralogical compositions of PC, LCLL Ash and quartz powder. ratio of 0.485 and replacement of cement by 20% of tested materials.
Phase PC LCLL Ash Quartz After 24 h, the samples were demolded and placed in a moisture room at
CsS 63.3 - - 23 + 2 °C with relative humidity level of not less than 95%. At 1, 7, 28
C2S 8.5 - - and 112 days, the samples were tested to evaluate the mixes’ strength
GsA 3.6 - - activity index. For more information about the protocol used, refer to
CoAR 13 . N Brial et al. (2021).
Quartz 0.1 10.3 98.4
Corundum - 13.7 -
Albite - 8.5 - 2.2.3. Frattini tests
Nepheline - 20.9 - Frattini tests allow quantifying the pozzolanic reactivity by
gnor::te B ;22'2 1.2 measuring calcium reductions. The samples were prepared and analyzed
Mlzll)it;e _ 34 _ with the same methods as Brial et al. (2021). For each material, 3
Hematite - 2.3 - samples were prepared by mixing 100 mL of distilled water with 4 g of
Magnetite - 4.3 - tested materials and 16 g of Portland cement. The samples were left in a
Fluorite L7 sealed plastic bottle in an oven at 40 °C. After 8 days, the calcium and
g:::: na 24 ?2 B hydroxyl ions concentration were respectively analyzed by ICP-OES and
Amorphous _ 5.9 _ titration after a preliminary filtration with a 0.2 pm syringe filter. The

quenching on a metallic plate until reaching room temperature. The
calcined LCLL Ash obtained from the 3 crucibles were mixed together
and ground with the same vibrating cup grinder at different grinding
times until a dsg of around 10 + 1.5 pm was obtained. The particle size
distribution (PSD) of each calcined LCLL Ash mix was measured by laser
diffraction granulometry using a Malvern Mastersizer 3000 and using
isopropanol as dispersant. To obtain the grinding time, a first estimate
was made arbitrarily at 60 s using LCLL ash calcined at 1200 °C. The
particle size was checked by laser diffraction particle size analysis and
the grinding adjusted by adding or subtracting 30 s. Then a new sample
was ground with the new grind time and the new control. For samples
with a grinding time less than 30 s, the grinding time was adjusted with
an interval of 5 s. The particle size distributions and the grinding time
are respectively presented in Fig. 1a and b.

2.2.2. Mortar
The same methods as Brial et al. (2021) were used to evaluate mortar
compressive strength. The mortar mixes were prepared and tested
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quantification of pozzolanic reactivity is based on the ratio between the
distance of each sample data point to the lime solubility curve given by
the European standard EN 196-5 (British Standard Euronorm, 2005).
This lime solubility curve is dependent of the hydroxyl (OH ) concen-
tration and is given by the European standard for hydroxyl concentra-
tion between 35 and 90 mmol/L according to Eq. (4):

350

[OH - 15 “)

) =

2.2.4. R>: heat released and portlandite consumption

The R3 tests were initially developed to quantify in limestone cement
the reactivity of calcined clay. However, due to their ability to quantify
other types of reactivity as hydraulic reaction, these tests were extended
to other SCMs. The specific of these tests is the R® which recreates
adequately the chemical composition of a limestone cement without
cement grains. This allows the study of the reactivity of the tested ma-
terials without interference from the cement phases. The composition of
the R® paste is given by Li et al. and is made of 33.33 g of portlandite (Ca
(OH)y), 11.11 g of SCM, and 5.56 g calcite (CaCOs3) in a 60 mL solution
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Fig. 1. a) Particle size analysis by laser granulometry; b) Secondary grinding time as a function of the calcination temperature.
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of deionized water with 0.24 g of KSO4 and 1.20 g KOH (Li et al., 2018).
In the R system, the reactivity was determined by measuring the por-
tlandite consumption and the heat released at 7 days by isothermal
calorimetry. Heat released was then plotted against the calcium hy-
droxide consumption and the type of reactivity of tested materials was
determined according to the method described in (Suraneni et al.,
2019). Isothermal calorimetry tests were carried out at 40 °C and each
test had initial and final baselines recorded for 180 min. TGA analyses
allowed measuring the portlandite consumption. To this end, samples
retrieved from the R® calorimetry ampoules were first carefully rolled in
adhesive tape to minimize glass contamination, and then broken to
collect the paste. The hydration of the samples was stopped by solvent
exchange as executed by (Snellings et al., 2018; Scrivener et al., 2016).
Each TGA test was done on 50 mg of an anhydrous sample introduced in
the crucible. Weight loss in the sample was recorded from 30 to 950 °C
through a heating rate of 10 °C/min in a protective nitrogen atmosphere
at a flow rate of 50 mL/min. The portlandite weight loss was determined
by the tangent method described by (Scrivener et al., 2016), while the
portlandite consumption was calculated as g/100 g SCM according to
the method proposed by Li et al. (2018).

2.2.5. X-ray diffraction

To identify the phase phases which occurred during calcination,
calcined LCLL Ash at different temperatures were analyzed by XRD.
Moreover, to identify the new phases precipitated during the test R3, the
same samples used in the R® portlandite consumption test were also
analyzed by quantitative XRD. For these tests, data were collected on a
Bruker D8 Advance diffractometer operated at 40 kV and 40 mA using
Cu K-alpha radiation. The R® paste samples were prepared by solvent
exchange. The calcined LCLL Ash and hydrated R® paste sample
analyzed by Rietveld analysis according to the same methods as Brial
etal. (2021). In both cases, the amorphous content was determined with
a zincite external standard corrected with the mass absorption coeffi-
cient. For more information about the parameters used to record XRD
data, refer to Brial et al. (2021).

3. Results
3.1. Calcined LCLL Ash composition

Fig. 2a and b shows the composition of calcined LCLL Ash as a
function of the calcination temperature measured by quantitative XRD
analysis. The mineralogical composition was measured after cooling and
grinding. Due to technical difficulties in observing and quantifying iron-
rich phases by XRD, they were counted with the amorphous content.

In accordance with Wang et al. (2017), the main reactions at high
temperature took place between the four main oxides, namely, SiOo,

Developments in the Built Environment 12 (2022) 100098

Al03, Nas0 and CaO, according to the following equations:

Na,O + AL, 05 + 6 SiO, =2 NaAlSi;Og (Albite) 5)
NaAlSi;Og + ALLO; + Na, O =3 NaAlSiO, (Nepheline) 6)
Na,O + CaAl,Si,Os (Anorthite) =2 NaAlSiO4 + CaO 7)
NaAlSiO, + 2 SiO, = NaAlSi;Og (8)
CaF, + Na,O = 2 NaF + CaO 9)

From 600 °C to 800 °C, a slight increase in the formation of amor-
phous phases can be seen. However, changes in the mineralogical
composition are also visible. Nepheline and anorthite concentrations
increase by about 10% and 3.5% respectively. Conversely, a 4.5 and 3%
decrease in the concentration of quartz and corundum, respectively, as
well as the complete disappearance of mullite and fluorite are observed.
According to Eq. (6), the formation of nepheline is attributable to the
reaction between beta alumina, quartz and alumina. Similarly, the in-
crease in anorthite is possibly attributed to the reaction of the mullite
with calcium oxide (Li et al., 2012; Wu et al., 2009). This calcium oxide
can only come from the transformation of fluorite into sodium fluoride
(NaF) through the high presence of available sodium. From 850 °C to
1200 °C, a significant increase seen in the formation of amorphous
phases is attributed to the fusion of a portion of the minerals in the mix.

For the mineral phase, an increase in the quantity of albite can be
seen from 850 °C to 900 °C. This increase is due to the transformation of
nepheline, according to Egs. (5) and (8). However, the amount of albite
also decreases from 950 °C due to the creation of amorphous phases. The
same decrease in concentration is observed for all the phases in LCLL
Ash, apart for corundum, which shows an increase in concentration of
about 3%. Similar results were obtained by Wang et al. (2017) and Chen
et al. (2016) for a mixture containing 10% NayO.

3.2. Mortar

Compressive strength and relative strength results for mortar sam-
ples are respectively presented in Figs. 3 and 4. The relative compressive
strength (RCS) of each mortar mix was calculated with the following
equation:

i days i days
R -R
__"*100 Cement 20SCM
RCS = Ri days
100 cement

(10)

where the compressive strength of the Portland cement reference and of
blended cement with 20% of tested materials at i-days are respectively

i days i days
R100 Cemene a0d Rypsey

a) b)
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Fig. 2. XRD quantitative analysis of calcined LCLL Ash after cooling.
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Fig. 3. Compressive strength of mortar with 20% of calcined LCLL Ash
replacement at 1, 7, 28, and 112 days (mean values and standard devia-
tion bars).

A decrease of 30%-20% in compressive strength is respectively
observed on the mortar samples containing 20% of quartz, at 1 and 112
days. This reduction can be explained by a dilution effect as observed
with an increase from 0.485 to 0.610 of the water/binder ratio (Li et al.,
2018; Cyr et al., 2005). If a reactive material is incorporated into
blended cements, there is an increase in relative strengths to levels
higher than quartz due to the hydration of reactive phases which pre-
cipitate more hydrates.

According to Fig. 3, LCLL Ash calcined at 600 °C and 700 °C exhibits
a lower compressive strength than Portland cement and quartz mortars,
with no improvement at 1 and 7 days as compared to LCLL Ash.
Therefore, at 28 and 112 days, the compressive strength of LCLL Ash
calcined at 600 °C and 700 °C increased to reach a value significantly
higher than that of quartz, but lower than that of Portland cement. For
LCLL Ash calcined from 800 °C to 1200 °C, the compressive strength
results at 1 and 7 days are similar or closer to those of the quartz
reference mix. However, these mixes showed values higher than those of
quartz and close to those of PC mortar at 28 and 112 days.

As shown in Fig. 4, the tested mortars containing quartz powder
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showed a reduction around 20%-30% in compressive strength on all the
testing days, due to the dilution effect already observed by others (Li
et al., 2018; Donatello et al., 2010; Tironi et al., 2013). The relative
strength at 1 day of LCLL Ash is lower than the value for quartz by 12%.
An even greater delay in gain of compressive strength is observed for
LCLL Ash calcined at 600 °C and 700 °C. More than 20% reduction in
compressive strength is observed compared to quartz. Calcination at this
temperature seems to have increased the delay of LCLL Ash at 1 day. The
causes of this delay are not well understood, but they could stem from
the presence of graphite in LCLL Ash, as has already been reported for
cement (Dutta et al., 1995) and fly ash (Wesche, 1991) hydration, or by
the high free alkali concentration (Hewlett and Liska, 2019).

For the mixture calcined at 800 °C, a slightly higher relative strength
of 5% was observed. On the other hand, higher calcination temperatures
gave results similar to those obtained with quartz, but superior to non-
calcined LCLL Ash, which confirms the absence of reactivity and de-
lays for these mixtures. At 7 days, the mixture of non-calcined LCLL Ash
somewhat approximates the quartz results, with a reduction of about
20% in compressive strength. For all the other mixtures, we observed
values slightly higher to the quartz reference by a little less than 5%. At
28 days, all the calcined mixtures showed relative strengths that were
clearly superior to non-calcined LCLL Ash and to the quartz reference,
which indicates the presence of reactive phases in the calcined LCLL Ash.
Mixtures calcined at 900 °C-1200 °C show greater reactivity with less
significant reductions, around 5% and 10% for mixtures calcined at
600 °C and 700 °C. At 112 days, LCLL Ash calcined at 1000 °C-1200 °C
shows comparable or better results than Portland cement. Mixtures
calcined from 700 °C to 900 °C showed a 5% slight reduction as
compared to Portland cement. On the other hand, the mixture calcined
at 600 °C showed a reduction of around 7.5%. These results confirm the
inert behavior of LCLL Ash and the pozzolanic behavior of calcined LCLL
Ash previously observed by (Brial et al., 2021). Considering these re-
sults, with a calcination of 2 h, the minimum temperature required to
improve LCLL Ash reactivity is 1000 °C.

3.3. Frattini tests

Fig. 5a and b shows, respectively, the calcium concentration as a
function of the HO- ion concentration and the calcium reduction
measured for LCLL Ash calcined at different temperatures. As for the
control containing 100% Portland cement, the non-calcined LCLL Ash
and the LCLL Ash calcined at 600 °C are at the same level in the calcium
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Fig. 4. Relative compressive strength of mortar samples with calcined LCLL Ash at 1, 7, 28 and 112 days. The red line refers to the quartz reference mortar sample.
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Fig. 5. a) Frattini results for the different 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 Frattini test for each calcination temperature tested.

saturation curve given by the European standard. This indicates an
absence of pozzolanic reactivity. On the other hand, for calcination
temperatures ranging from 700 °C to 900 °C, an increase in reactivity vs.
control is observed until a plateau is reached around the 40% reduction
level in calcium for higher calcination temperatures. This observation
confirms the pozzolanic reactivity of calcined LCLL Ash starting at
700 °C. Comparable results were observed for the non-calcined and
calcined mixture at 1050 °C by Brial et al. (2021). In addition, variations
are observed in the concentration of HO- ions as a function of the
calcination temperature. From 600 °C to 800 °C, a decrease in the
concentration of HO- ions is observed, but the concentration increases
with an increase of the calcination temperature.

The composition of the solution was 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. 6. The potassium concen-
tration for the different calcination temperatures remains similar.
However, it is noted that the addition of LCLL Ash increases the con-
centration of sodium ions by more than 2-fold. However, the sodium
concentration decreases at 800 °C and increases again at higher calci-
nation temperatures. This observation explains the variation in pH of the
solution as a function of temperature. For Si and Al, an increase in
concentration with the calcination temperature is observed, which
confirms the better solubility and the increase in reactivity of the
calcined LCLL Ash as a function of the calcination temperature.
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3.4. R3: heat release and calcium hydroxide consumption

The cumulative heat released and lime consumption obtained after
placing the R® paste 7 days at 40 °C are respectively shown in Fig. 7a and
b. After 7 days, the quartz powder reference showed a weak release of
heat of around 25 J/g of SCM, with the portlandite consumption being
slightly greater than 30 g/100 g of SCM. The consumption of portlandite
by quartz has already been observed in the literature, and is due to a
higher pH in the R® paste solution and the greater solubility of quartz at
40 °C (Li et al., 2018; Suraneni et al., 2019). However, the low heat
released confirms the inert behavior of quartz in the R® system.
Non-calcined LCLL Ash and LCLL Ash calcined at 600 °C show similar
heat outputs, with 210 J/g SCM. A similar result was also obtained for
the consumption of portlandite, with results around 62 g/100 g of SCM.
Unlike the Frattini results, these two mixtures do not show an inert
behavior in the R test. However, as in Brial et al. (2021), the presence of
hydroreactivity was observed for these mixtures. In fact, under the
conditions of the R3 test, with a temperature of 40 °C and a higher pH,
the hydroreactivity causes the generation of gas and heat in the paste.

At 700 °C, the heat released begins to decrease around 180 J/g of
SCM, reaching a minimum value for LCLL Ash calcined at 800 °C with
170 J/g of SCM. For portlandite consumption, the same trend is
observed for calcination temperatures from 600 °C to 800 °C, where
portlandite consumption levels similar to those of non-calcined LCLL
Ash are seen. In addition, the expansion of the paste is still present at
600 °C and 700 °C, but no trace of expansion is visible at 800 °C. For
temperatures above 800 °C, the heat released increases as the calcina-
tion temperature increases, with values of 210, 230, 250, and 275 J/g of
SCM for the calcination temperatures of 900, 1000, 1100, and 1200 °C,
respectively. The same trend is observed for the consumption of por-
tlandite going from around 70 g/100 g of SCM at 900 °C to more than 80
g/100 g of SCM for the mixture calcined at 1200 °C. This shows a greater
reactivity at these calcination temperatures, similar to the observations
made during the Frattini and mortar tests.

Fig. 8 presents the portlandite consumption versus the heat release
after 7 days. As shown already by Suraneni et al. (2019), such a rela-
tionship can support the classification of the materials tested in function
to their types of reactivity: pozzolanic, strongly pozzolanic, hydraulic,
and inert. For the quartz powder reference, an inert behavior is clearly
identifiable by a low quantity of heat released and a low consumption of
portlandite.

In the case of LCLL Ash, calcination behaviors at 600 °C and 700 °C
are comparable to those of non-calcined LCLL Ash. However, the pres-
ence of hydroreactivity cannot support a pozzolanic behavior in these
samples as Egs. (1)-(3) are exothermic and leads to release aluminum
ions in the solution allowing the precipitation of new phases. From

300

250

200-—I—

W’

150

100

Heat relased after 7 days (J/g SCM)

50

(1]

0 T

N

$
§
~5
i
&

O
QS
&

T
K
D

I

O
N
$

T
O
D

$

<

gy,

T
K]
$
S

T
L
N
S
&

o

Developments in the Built Environment 12 (2022) 100098

350 T
= 600°C 100% 7 550,
. ALO, T
300 F e 700°C /30‘7/”
4 800°C L s
= v 900°C < 100%
Z250H o 1o00C o Y _so,
z < 1100°C
=200 » 1200°C E
T M °Q L
E 150 | * Uncalcined ‘i i
S
=
% 100 - . i
50 | .
/// ‘ I Inert materials ~
0 ://// //// 7_/7//77/77/77/1
0 50 100

CH consumption (g/100 g SCM)

Fig. 8. R® test heat released as a function of portlandite consumption for the
calcination temperatures studied.

800 °C, the calcination temperature increase tends to increase the poz-
zolanicity, with a large quantity of heat released and a greater con-
sumption of portlandite.

Thermodynamic simulations on an R® system by Brial et al. (2021)
were plotted for CaO-SiO,-KOH (red line), CaO-Al,03-KOH (black
line) and CaO-KOH (blue dotted lines) systems. The lines in Fig. 8 show
the linear relationship between the portlandite consumption and the
heat release of a simulated pozzolanic sample composed only of reactive
silica, reactive alumina, and of an inert material respectively repre-
sented by the red line, the grey line and the blue dotted line. From these
curves, it is possible to predict the ratios of reactive silica/alumina in the
pozzolanic materials tested (Brial et al., 2021). For non-calcined and
calcined LCLL Ash at 600 °C, a reactive SiO5/Al;03 ratio of 50%,/50% is
observed. This ratio is similar to the oxide composition of LCLL Ash.
From 600 °C to 800 °C, this ratio drops from around 60%,/40% at 700 °C
to around 100%/0% at 800 °C. This decrease can be attributed to the
decrease in hydroreactivity that occurs. Beyond 800 °C, the reactive
SiO2/Al,03 ratio increases again with the calcination temperature to
reach a ratio similar to that of the LCLL Ash, which seems to indicate an
optimized reactivity of the calcined LCLL Ash.

3.5. R3: X-ray diffraction

Fig. 9 presents the XRD data obtained for the R®> samples extracted
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Fig. 7. (a) Heat release and (b) calcium hydroxide consumption after 7 days at 40 °C.
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from the calorimetry ampoules. As for portlandite consumption tests,
the hydration was stopped by solvent exchange. For the inert quartz
powder reference, the major phases were portlandite, calcite and quartz.
For non-calcined LCLL Ash, peaks between 10 and 11° 20 were observed
and are respectively associated with monosulfoaluminate (AFm) and
hemicarboaluminate (Hc) (Skibsted and Snellings, 2019; Lothenbach
et al., 2007; Hewlett et al., 2004). Since LCLL Ash is the only material
composed of alumina in the R® paste, we can assume that LCLL Ash
released in solution of the paste alumina ions, probably due to hydro-
reactivity as already reported by Brial et al. (2021). At 600 °C, the same
AFm and Hc peaks are visible for calcined and non-calcined LCLL Ash. A
new peak at 11.7° 20 is also observed for the LCLL Ash calcined at
600 °C, showing the precipitation of monocarboaluminate (Mc). At
700 °C, the peaks of monosulfoaluminate (AFm) and hemi-
carboaluminate (Hc) phases decrease, but the intensity of the mono-
carboaluminate (Mc) peak is stronger, indicating its higher
concentration. A new low intensity peak is also visible around 9° 26,
which shows the formation of ettringite (AFt). At 800 °C, an increase in
AFt and Mc peaks continues to be observed, indicating a higher pre-
cipitation of these phases. However, no evidence of AFm and Hc are
visible. For higher calcination temperatures, from 900 °C to 1200 °C, the
AFt peak disappears and only a strong Mc peak is observed. The intensity
of the Mc peak also increases as the calcination temperature increases.
Similar results were observed for non-calcined LCLL Ash and LCLL Ash
calcined at 1050 °C by Brial et al. (2021).

Fig. 10 shows the crystalline compositions of each R® mix were
analyzed by Rietveld quantitative analysis. For the quartz powder
reference, the formation of amorphous phases and a low consumption of
portlandite were observed. This may be related to the lower solubility of
quartz, and hence the decreased likelihood of precipitating C-S-H in R®
experimental conditions. For non-calcined LCLL Ash, indicators of a
plausible LCLL Ash reactivity were observed. The portlandite con-
sumption and the precipitation of phases are indicators of possible LCLL
Ash reactivity. Additionally, the presence of hemicarboaluminate or
monosulfoaluminate confirms the hydro reactive character of LCLL Ash
in the R® paste as the release of ions containing alumina is associated
with reactive compounds (Dye, 2017; Kimmerle et al., 1993). However,
LCLL Ash is composed of many crystalline phases that are hardly
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Fig. 9. XRD spectra on R® mixes after solvent exchange hydration stoppage (P:
Porlandite, Q: Quartz, AFt: Ettringite, Mc: Monocarboaluminate, Hc: Hemi-
carboaluminate; A: Na-p Alumina).
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detectable by Rietveld analysis as they are heavily diluted in the R®
paste. Therefore, they are erroneously perceived as amorphous which
limits the likelihood of detecting new amorphous phases associated with
reactivity, like C-S-H. This confirms the inert behavior of non-calcined
LCLL Ash due to the high concentration of low-soluble phases such as
nepheline.

For LCLL Ash calcined at 600 °C, results similar to those obtained
with non-calcined LCLL Ash were seen. At 700 °C, new phases start to
precipitate, with 1.5 g/100 g of ettringite and 2.5 g/100 g of mono-
carboaluminate. However, the amorphous content and the portlandite
content remain similar to those of uncalcined LCLL Ash. At 800 °C, only
ettringite and monocarboaluminate precipitate, and their concentra-
tions increase to 3.5 g/100 g and 4.1 g/100 g of anhydrous, respectively.
For higher calcination temperatures (900 °C-1200 °C), the mono-
carboaluminate concentration increases from 6.5 g/100 g of anhydrous
to 10.3 g/100 g of anhydrous indicating a higher solubility of aluminum
containing phases. Moreover, the amorphous content also increases
from 21 g/100 g-26 g/100 g of anhydrous. In addition, the decreased of
portlandite proportion indicates the precipitation of new phases like
C-S-H (Scrivener et al., 2016).

4. Discussion

During LCLL Ash calcination, the chemical transformations occur-
ring are similar to reactions seen at high temperatures in coal gasifiers
(Li et al.,, 2012; Wu et al., 2009) and during refractory corrosion in
electrolytic tanks (Luneng et al., 2019). The chemical behavior of LCLL
Ash at high temperature can be described according to three main
phases, namely, nepheline, albite and anorthite. While at an individual
level, these phases have very high melting point temperatures, the
presence of a eutectic between them can lower the melting temperature
of the mix (Lambotte and Chartrand, 2013; Utlak and Besmann, 2018).
The phase diagram (Fig. 11a) illustrates the presence of a eutectic for the
Albite/Nepheline system. If we consider that all of LCLL Ash’s sodium is
found in the slag, the SiO2/NaAlO, molar ratio of the LCLL Ash is located
at the level of the eutectic point, which may explain the creation of
amorphous phases at lower temperatures, as the melting temperature of
the mix is located at approximately 1080 °C. However, phases such as
albite persist even at 1200 °C, which would not seem possible just by
looking at the diagram, but because the calcined LCLL Ash has been
cooled by air quenching, certain phases, such as albite or nepheline, can
be recrystallized. Water quenching could probably have produced a
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greater quantity of amorphous due to an increased cooling rate in that
context (Wang et al., 2017). The presence of a large amount of sodium is
therefore an advantage for calcination since it facilitates the creation of
amorphous phases at lower temperatures (Wang et al., 2017; Chen et al.,
2016). This allows keeping the calcination temperatures of LCLL Ash
lower than that of cement, which places it at a competitive advantage in
terms of greenhouse gas emissions.

Calcination leads to a change in the mineralogy of LCLL Ash,
allowing the identification of three main types of behavior. From 600 °C
to 700 °C, calcined LCLL Ash retains a composition similar to its non-
calcined counterpart. Therefore, according to all the observations
made, since the mineralogy is similar in both cases, the reactivity
behavior is similar to that of non-calcined LCLL Ash in the cement. After
calcination at 600 °C, Frattini’s test shows a calcium reduction similar to
non-calcined LCLL Ash. This calcium reduction slightly increased with
calcination at 700 °C. Similar results are observed for the tests of mortar
or on the R® tests. However, the delay effect at 1 day observed on
mortars for non-calcined LCLL Ash (Brial et al., 2021) is greater on
mixtures calcined at 600 °C and 700 °C. One of the hypotheses
explaining this delay would be the high concentration of rapidly soluble
alkalis present in the LCLL Ash which perturb the hydration of C3A, as
shown by (Odler and Wonnemann, 1983; Grzeszczyk and Kucharska,
1990). Despite having similar alkali concentrations between LCLL Ash
calcined at 600, 700 °C and at a range of 900 °C-1200 °C according to
Frattini solutions results, no retarding effect was seen in mixes calcined
at a range of 900 °C-1200 °C. In addition, the mixtures calcined at
600 °C and 700 °C also showed hydroreactivity during the R® test. This
indicates that calcining at temperatures below 800 °C modifies the
solubility of the alkalis, making them more quickly available in the
water of the mixture. As shown in Fig. 11b, one hypothesis explaining
this would be the transformation of p-alumina into more thermody-
namically stable NaAlO; having a molar ratio of 72% of A2l03 and being
more rapidly soluble in water.

At 800 °C, an increase in the proportion of nepheline allows
capturing NayO in a less soluble phase, which stabilizes a portion of the
alkalis. This results in a decreased pH and alkali concentration in the
solution. Further, it seems to slightly speed up the setting of compressive
strength at 1 day. From a chemical perspective, the hydroreactivity is no
longer visible on the R® samples. This also presents phases, such as
ettringite, not observed on mixtures with higher alkali concentrations.
The presence of ettringite is due to the lower concentration of sodium in
the solution, as observed by Clark and Brown (2000).

Beyond 800 °C, the proportion of the different phases decreases
significantly to form more amorphous phases. This trend can be
explained by using a binary SiO3/NayO diagram, where the presence of

slag occurs around 850 °C (Lambotte and Chartrand, 2013; Utlak and
Besmann, 2018). However, the strong decrease in the quantity of
nepheline indicates that a portion of the alkalis will end up in the
amorphous phases. This will cause an increase in the concentration of
soluble alkalis in the porous solution. However, unlike the mixtures
calcined at 600 °C and 700 °C, no delay is observed in the compressive
strength at 1 day, which confirms the slower release of the alkalis in the
solution. Moreover, from 900 °C to 1200 °C, an increase in reactivity is
observed with the increase in the calcination temperature. However, a
maximum seems to be reached at 1000 °C, particularly for tests on
mortars and Frattini tests. This maximum is not observed, though, for
the R® tests. XRD analysis of R® pastes showed that a calcination tem-
perature above 900 °C provokes a preferential precipitation on mono-
carboaluminate (Mc). This phenomenon is due to the high CO3/SO4
ratio in the R® pastes and to alkalis released by LCLL Ash in the solution,
which increased the pH (Dow and Glasser, 2003; Feng et al., 2016;
Palomo, 2012). The R® tests were especially developed to study the
reactivity of calcined clay in LC3 mix. The high content of CO3 available
in this mix makes calcining LCLL Ash at 900 °C a better option for
making the LC3 mixture (Scrivener et al., 2018).

As for calcined clays, calcination enhances the LCLL Ash reactivity at
temperatures above or equal to 800 °C. Moreover, industrial processes
requiring high calcination temperatures are necessary to adequately
calcine LCLL Ash which has major impacts on the energetic, environ-
mental and financial perspective. Decreasing the temperature of calci-
nation used in conventional Portland cement clinker production, and
using a certain percentage of calcined LCLL Ash to replace cement, could
further reduce the environmental impacts. From the earlier observa-
tions, two calcination temperatures can be distinguished. At 800 °C, the
reactivity is slightly lower than the Portland cement at 112 days.
However, a portion of the alkalis is captured by nepheline during
calcination, which decreases the concentration of alkalis in the porous
solution. Calcined at 1000 °C, LCLL Ash showed maximum performance
with Portland cement. However, the higher concentration in the pore
solution alkali ions, like sodium ions, could be problematic for durability
due to gel formation with reactive aggregates. In addition, as shown in
Fig. 1b, calcining at 1000 °C requires more grinding energy than LCLL
Ash calcined at 800 °C. Thus, due to its higher calcining temperature and
longer grinding time, LCLL Ash calcined at 1000 °C will use more energy
despite its optimal performance at that temperature.

These results open a new way to sustainably use aluminum SPL by
the LCL&L process and with an addition calcination. Despite its optimal
calcination temperatures at 800 °C or 1000 °C, the production of
calcined LCLL Ash can reduce the carbon footprint of concrete due to the
lower calcination temperature than Portland cement clinker, and the
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absence of calcite decarbonation. The world production of primary
aluminum produces approximately 1.6 million tons of SPL. In the event
that all available SPL globally is transformed through the LCL&L in-
dustrial process, approximately 480,000 tons of LCLL Ash can be pro-
duced. However, these quantities remain relatively low compared to the
world production of slag or calcined clay (UN Environment et al., 2018).
Moreover, the existence of other SPL processing methods further de-
creases the volume of LCLL Ash generated. Despite having less impact on
the global level of green gas emissions, the main problems associated to
SPL, impact the local regions that manage the production of primary
aluminum. Indeed, because of the dangerous nature of SPL, spaces for
indoor storage and complex transport operations are required. There-
fore, the great benefits of using LCLL Ash are primarily seen locally, as it
limits the landfill of a hazardous material. Additionally, since 100% of
the electricity is produced from renewable energies, in regions such as
Quebec, no local fly ashes are produced, which requires importation. In
this case, even if the production of LCLL Ash remains low at the global
level, environmentally friendly opportunities can exist at a local level
like Quebec. This industrial by-product is interesting in area with less
clay and conventional SCM readily available.

5. Conclusion

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

a) The use of treated SPL by the LCL&L process for the production of
cementitious materials creates new collaborative partnerships be-
tween the cement and aluminum industries to lower their environ-
mental impact by reusing a local residual material and reducing
landfilling.
LCLL Ash calcined at temperatures below 800 °C exhibited reactivity
lower than cement. However, the hydroreactivity causing expansion
due to gas generation can occur with the increase in the alkali’s
concentration or the hydration temperature of hydration. At the
same time, aluminate ions are released in the pore solution by
hydroreactivity, precipitating aluminate phases that may seem to
slightly increase LCLL Ash’s reactivity.
Calcination at 800 °C forms more nepheline, which decreases the
alkali concentration in the pore solution. From this temperature, no
hydroreactivity is observed, and the reactivity is slightly lower than
for the reference Portland cement.
The calcination of LCLL Ash from 900 °C to 1200 °C improves
significantly its reactivity in cement. Moreover, hydroreactivity is
not observed with calcined LCLL Ash at these temperatures. A
maximum reactivity was reached by calcining at 1000 °C.
Replacing a portion of cement by calcined LCLL Ash could decrease
the energetic and environmental impacts of blended cement to pro-
duce a more sustainable binder. Treating this hazardous material
allows considering LCLL Ash as an alternative to decrease the calci-
nation temperature of cement, provide new ways of valorization, and
favors circular economy.
f) Synergies between the primary aluminum and cement production
must be further investigated.
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