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Using calcined clays as supplementary cementitious materials is one of the main solutions available for a sub-
stantial and widespread reduction of the clinker factor in cement. Thus, understanding the phenomena governing
their production process and reactivity is crucial for a successful technological deployment. In this study, the
mineralogical and physical changes experienced by kaolinitic clays calcined within 650 and 1050 °C were
explored, with emphasis on the identification of overcalcination. It was observed that the decrease in reactivity

above the optimum calcination temperature is associated with the formation of Al-Si spinel and a decrease in
specific surface area, which is linked to a modification of the pore size distribution within the particles. Dif-
ferential scanning calorimetry (DSC) was identified as the most robust, and repeatable technique to identify an
overcalcined kaolinitic clay. In combination with thermogravimetric analysis (TGA), it can provide a complete
calcination process overview, relevant for quality control purposes.

1. Introduction

Concrete is the substance used in the largest quantity by humanity,
second only to water. The portland cement (PC) needed for its produc-
tion accounts for roughly 8 % of manmade CO; emissions [1]. Among
the alternatives to reduce the carbon footprint of the cement industry,
the most promising one is to reduce the proportion of clinker by
replacing part of it with supplementary cementitious materials (SCMs)
[2]. Typically used SCMs include limestone, granulated blast furnace
slag and fly ash.

On the contrary, clays and limestone are available in virtually un-
limited quantities [2]. Limestone calcined clay cements (LC3) are
ternary blended cements that incorporate limestone and calcined
kaolinitic clay together, replacing 50 % or more of the conventional PC.
With 50 % replacement, a strength development similar to conventional
PC is reached after 7 days of hydration [3-6]. The LC® technology en-
ables to reduce the CO, emissions between 30-to-40 % per ton of cement
produced compared to PC [6].

Clay minerals are made of particles comprised of stacks of hundreds
of crystal layers. Each of these layers is on its own composed of alter-
nating silica tetrahedral and alumina octahedral sheets [7,8]. The three
main clay groups are kaolinite, illite and montmorillonite (smectite).

Kaolinite is known as a 1:1 ratio clay, with a stacking sequence of one
silicate (tetrahedral coordination) and one aluminate (octahedral coor-
dination) sheet [9], while in illite and montmorillonite the stacks are
made of two silicate sheets sandwiching an aluminate sheet (also known
as 2:1 clays) [10]. Of the major clay types, kaolinite exhibits a higher
pozzolanic reactivity after calcination [11]. Natural clays with different
grades (i.e., kaolinite content) can be found [12], intermixed with other
minerals such as quartz, limestone, iron bearing phases (responsible of
color) and other rock forming minerals.

When heated, kaolinite (AlO3 e 2SiO, ¢ 2H,0) is decomposed
(dehydroxylated) in the temperature range between 400 and 650 °C
[13]. The dehydroxylation of kaolinite leads to an amorphous material
known as metakaolinite (Al;O3 e 25i0;) [8,10,14], Equation (1). There
is a well-known relationship between the stacking (dis)order of adjacent
layers and the degree of dehydroxylation that can be achieved at a
certain calcination temperature for a given clay [15-17]. In practice,
raw clay is calcined in the range 700 and 800 °C to maximize the
reactivity of the resulting material, which is related to the quantity and
disorder of metakaolinite in the calcined clay. Several experimental
techniques such as X-ray diffraction (XRD), thermogravimetric analysis
(TGA), infrared spectroscopy (FTIR) or loss on ignition can be used as
reliable tools to assess and verify the complete dehydroxylation of clay
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Table 1
Chemical composition of both raw clays determined by XRF.
NC Ka

Si0, 48.13 44.39
Al,05 35.08 38.85
Fe,03 9.44 0.57
CaO 0.81 0.03
Nay0 0.20 0.29
K>0 0.08 0.30
MnO 0.01 0.01
TiO, 2.27 1.05
MgO 0.52 0.01
P,0s 0.34 0.05
SO3 0.02 0.10
SSA (m?/g) 52.25 12.39

[18].

At temperatures around 925-1050 °C, Al-Si cubic spinel

(AL, O3 @ 3Si0,) is formed, Equation (2) [19-21]. The structure of this
phase has been studied in detail [21]. It has been established that Al-Si
spinel formation is an independent process to mullite formation [20],
with a structure characterized by the presence of alumina in octahedral
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and tetrahedral coordination [22]. At higher temperatures (>1050 °C)
mullite is formed, Equation (3) [23]. Above 1200 °C, amorphous silica
can crystallize into cristobalite. These simplified equations do not
describe the complexity of the actual process (non-stoichiometric
composition of the originating phases, gradual transformation, influence
of kaolinite properties and assoc. minerals). Nevertheless, they provide a
useful overview of the different reactions taking place.

Dehydroxilation : AL O; e 2Si0,

400—-650°C

« 2H,0 AL Oy © 25i0,+2H, 0y, m
Al — Si Spinel :2(A 05 » 25i0,) —2"PC_ 241,05 #3505 + SiOs(amormn)
(2)
Mullite : 3(241,05 ® 3S5i0,) —22(3A1,05 ® 28i02) + 5SiOs(amompn)
3

In terms of pozzolanic reactivity, it has been observed that kaolinitic
clay calcined at temperatures above 900 °C exhibit considerably lower
reactivity compared to the same materials calcined at lower tempera-
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Fig. 2. Diffraction pattern of NC (a) and Ka (b) clays calcined at different temperatures
K: kaolinite; Gb: gibbsite; Cb: cristobalite; M: magnetite; Q: quartz; H: hematite; A: anatase; Mi: mica; sp: Al-Si spinel.
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Table 2
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Summary of reactivity of NC and Ka clays calcined at different temperatures, and normalized reactivities referred to the 800 °C samples (ratios at 24 h and 7 days of

reaction are presented). (Conversion factor {J/g SCM}/{J/g solids} = 4.5).

Natural clay (NC)

Kaolinite (Ka)

R°@24h (J/g R*@168h (J/g R*@24h/R*@24h  R*@168h/R*@168h  R*@24h (J/g R°@168h (J/g R°@24h/R°@24h  R%@168h/R>*@168h
sol.) sol.) (800) (800) sol.) sol.) (800) (800)
650 °C 85.8 113.7 0.69 0.73 94.1 124.7 0.75 0.74
700 °C 114.9 145.4 0.92 0.94 - - - -
750 °C 114.9 144.9 0.92 0.93 - - - -
800 °C 124.9 155.4 1.00 1.00 125.9 168.4 1.00 1.00
850 °C 121.0 150.3 0.97 0.97 - - - -
900 °C 117.5 150.4 0.94 0.97 - - - -
950 °C 65.9 107.7 0.53 0.69 112.3 148.9 0.89 0.88
1050 °C  17.9 67.0 0.14 0.43 10.5 67.6 0.08 0.40
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Fig. 3. TG/DTG curves (top) and DSC curves (bottom) of natural clay (NC) and Ka samples. The main features observed with both techniques are highlighted.

tures [8,11,13], a condition that is commonly referred as over-
calcination. The decrease in reactivity has been attributed to the sin-
tering of clay particles which increases particle size and reduces surface
area [8] or to the crystallization of mullite [24]. However, the formation
of Al-Si spinel which should occur before mullite, has not received much

attention. This reaction occurs at constant mass, and therefore gravi-
metric approaches cannot be used to characterize it. Moreover, the as-
sociation of reactivity loss solely to mullite formation may give the
impression that the temperature range for optimal calcination and the
temperature at which overcalcination starts are further apart than in
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Fig. 4. FTIR spectra of different NC samples represented as ATR-FTIR absorbance (shifted for clarity) versus wavelength, showing the main spectral absorption bands
seen in this wavelength range (a) and 13.70 slope parameter indicating the variation of the Al-O absorption band (b).

reality.

The R3-test provides a reliable and reproducible test to assess the
reactivity of calcined clay [25]. However, it takes at least 24 h to obtain
a result, which makes it unsuitable for real time production control.
FTIR has been proposed as a fast tool to characterize high-temperature
transformations of kaolinite [26]. However, it has the disadvantage of
requiring a series of samples of the same material, calcined at different
temperatures for comparison. To ensure adequate quality control during
industrial production of calcined (kaolinitic) clays, overcalcination
needs to be better understood, and a rapid, easy-to-interpret method-
ology to assess overcalcination is urgently needed. Differential scanning
calorimetry (DSC) has been extensively used for decades to study the
mineralogy of kaolinitic clay [27,28]. The work of Speil et al. [27] shows
that the technique can be successfully used to characterize the Al-Si
spinel peak irrespective of the associated minerals present and even for
different minerals of the kaolin group. It also highlights that the position
and broadness of the peak depends on the particle size of kaolinite.

This paper explores the transformations of kaolinitic clay during
calcination in the 650-1050 °C temperature range, with a specific focus
to the less explored higher temperature at which spinel formation takes
place. The reactivity and the evolution of physical properties are
assessed and related to the mineralogical transformations of high purity
kaolinite. In addition to more routine characterization methods (XRD,
TGA, FTIR), solid-state magnetic nuclear resonance (NMR) is used to
provide further insights on the arrangement and structure of the phases
formed. The potential of DSC to assess overcalcination is explored.

2. Materials and methods
2.1. Raw materials

Two different kaolinitic clay were used in this study. The first one is a
natural clay (NC, from Chile) with 60 % kaolinite content as measured
by thermogravimetric analysis (TGA). The second clay is a low iron, high
kaolinite content clay (Ka, 90 % kaolinite content) that is used as raw
feed to produce high purity metakaolin. The NC was ground in a ball mill
with 20 L capacity for 2 h. Ka was received ground from the manufac-
turer. The chemical composition by X-ray fluorescence (XRF) of both
clays is shown in Table 1. The higher purity material (Ka, no iron-
bearing associated minerals) enabled more detailed investigations on
the relationship of calcination temperature and reactivity, such as 2’Al
solid state nuclear magnetic resonance.

2.2. Calcination, physical and mineralogical characterization

The clays were calcined by placing 50 g of the raw clay in 200 mL
alumina crucibles. The crucibles were then placed in a laboratory
furnace and heated to the desired calcination temperature at about
10 °C/min. The maximum temperature was held for 30 min and the
crucibles were left to cool down inside the furnace until 300 °C, at which
point they were removed and air cooled to room temperature. In the case
of the NC, samples were calcined to maximum temperatures of 650, 700,
750, 800, 850, 900, 950 and 1050 °C. For the Ka samples, the maximum
temperatures were 650, 800, 950 and 1050 °C as they were observed to
be representative of the different reactivity/mineralogical conditions in
NC samples.

X-ray diffraction (XRD) was used to assess the mineralogical
composition of the clays. The diffraction patterns were acquired using
back loaded powder holders to reduce the effects of preferred orienta-
tion. The samples were measured in Bragg-Brentano mode using an
X’Pert PANalytical diffractometer with CuKa source operated at 45 kV
and 40 mA. Each clay sample was scanned from 7 to 70° 20 with a step
size of 0.0167 20, equivalent to a time per step of 60 s. Rietveld
refinement of the patterns of raw clay was conducted using Highscore
Plus using a rutile external standard to account for presence of amor-
phous phases. The XRD analysis presented does not intent to be
exhaustive (particularly in terms of sample preparation) to the level
required for an exhaustive quantitative analysis of clay minerals [18],
but rather provide a reference on the ability of the technique to reliably
identify overcalcined clays through a quick assessment of pre-
sence/absence of certain reflections of interest.

The kaolinite content was determined by thermogravimetric
analysis (TGA) in a Mettler Toledo analyzer (TGA/SDTA 851). The
temperature was increased between 30 and 1000 °C with a heating ramp
of 10 °C/min. The atmosphere used was N3 at a flow rate of 30 mL/min.
The tangent method was used for the determination of the weight loss
associated with kaolinite dehydroxylation.

In addition to TGA, differential scanning calorimetry (DSC) was
used to assess the transformations of the clays that do not involve mass
variations. A Netzsch DSC 404 C high-temperature analyzer was used for
the measurements. A sample of clay of 30-35 mg was placed in a plat-
inum crucible with a perforated lid. Another empty crucible of the same
type was used as reference. The purge atmosphere used was argon (Ar)
with a flow rate of 50 mL/min. The temperature was increased from
30 °C to 1200 °C and the heat flow recorded over this range.

Particle size distributions (PSD) were determined by laser
diffraction using a Malvern S device. First, the clay was dispersed by
adding approximately 0.1 g of material to 50 mL of a 0.01 % aqueous
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Fig. 5. 27 A1 MAS NMR spectra of Ka samples calcined at 650 °C (a), 800 °C (b), 950 °C (c),1050 °C (d) and Raw (e). The Czsimple fitting of each spectrum is shown in

dashed lines.

solution of sodium hexametaphosphate, which deagglomerates and
disperses kaolinite particles [29]. The suspension was then transferred
to an ultrasonic probe for 15 min. Drops of the resulting suspension were
transferred to the measuring unit filled with distilled water, until the
desired level of obscuration (10-12 %) was reached. The optical model

was set as prescribed in Ref. [30], considering an imaginary component
of the refractive index of 0.01 for clay NC (red material) and 0.001 for Ka
(white material).

The specific gravity of the raw and calcined clay was measured by
helium (He) pycnometry. The measurement was conducted
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Table 3
Quadrupolar coupling constants (Co, KHz) and chemical shifts (§ppm) computed from the MAS NMR spectra (Czsimple model).
Raw 650 °C 800 °C 950 °C 1050 °C
Oppm Co Oppm Co Sppm Co Sppm Co Sppm Co
Al(IV) 77 14.0 75 15.7 73 13.5 75 15.0 73/59 5.9/4.7
AlL(V) - - 31 3.3 31 4.7 33 4.8 - -
Al(VI) 7 1.7 7 2.1 8 5.0 7 3.7 11 3.1
%)
> AlV)
3 Al 1
X Relative reactivity Al-Si spinel
formation
1.00 90 X |
—~12
D o 8
- 80 ] | £
5 Y % | 2101 650 °C
~ £70 ¥ _-A 5 800°C
® o \ P N | Q 950 °C
2080 Le0 i T I g &1 1050°C
E 2 . 3
5 z % >
) 5 50 \X ' U S 6
= 5 ¢ | Z 5
o T /\ / )
o g 40 oy T
° g £y > ' 3 4
= a / - _ i
Toeo 230 / o P L | .
© £ 1 / S s <>\ / x 5|
2 3 ] / < - |/
2 @ 20 i e * )/
B ] 77 N N
g & “ N // \ 0 | T T T 1
2 10 - S A1 0 24 48 T2 96 120 144 168
L 5 Hydration time (h)
] g H-------
0.40 0 | O ¥
Raw 650 800 950 1050

Calcination temperature (°C)

Fig. 6. Evolution of Al sites determined by fitting and deconvolution of the central transitions of ??Al MAS NMR spectra of Ka samples (a) where the relative
reactivity (referred to the 800 °C maximum) is shown for comparison. Reactivity of Ka samples normalized by specific surface area (b).

immediately after cooling following calcination, as it was observed that
the humidity of the clay influenced significantly the results. The mea-
surements were conducted in a 20 cm® calibrated cell. About 2 g of
material were placed in the cell, and 10 purging cycles with He were
done up to a pressure of 19.5 psig (psi gauge, referred to ambient
pressure). Following the purging cycles, 20 measuring cycles were
conducted up to the same maximum pressure, and the equilibrium
condition was fixed to a variation at or below 0.005 psig/min between
the measuring and reference cells.

2.3. Reactivity, surface and particle properties of calcined clay

The reactivity of the calcined clays was assessed using isothermal
calorimetry based on the R® reactivity method [25]. In this procedure,
calcined clay is mixed with portlandite, calcium carbonate and a solu-
tion of potassium sulphate and hydroxide. The sample is transferred to a
glass ampoule and placed in a TAM Air isothermal calorimetry cali-
brated at 40 °C for up to 7 days.

27A1 solid state unidimensional (1D) high-field magic angle
spinning nuclear magnetic resonance (MAS NMR) was carried out on
the Ka samples (no iron) to characterize the different aluminum sites
present after calcination at each temperature. The spectra were recorded
on a 900 MHz Bruker spectrometer (21.1 T) equipped with an Avance
NEO console and a 3.2 mm three-channel low temperature MAS probe.
Sample spinning was set to 24 kHz, and a one-pulse T = 0.7 ps sequence
was used, corresponding to less than tg9p/12 for uniform excitation of the
full signal, including spinning side bands and satellite transitions. A total
of 1024 transients were cumulated for every spectrum with a recovery
delay greater than 1.3T;. The chemical shifts were referenced toa 1.1 m
AI(NO3)3 aqueous solution.

Solid-state 27 Al 3QMAS NMR spectra were recorded to establish the
number of different Al sites present (quadrupolar nuclei, spin I = 5/2)

and their approximate chemical shift to enable accurate deconvolution
and quantification of the 1D spectra on a 700 MHz Bruker spectrometer
(16.4 T) equipped with an Avance III console and a 2.5 mm two-channel
CPMAS probe. The analysis of the 3QMAS spectra is the only mean to
establish with certainty the number and distribution of the sites for
deconvolution of the 1D spectra. Samples were packed into 2.5 mm
zirconia rotors and spun up at 20 kHz spinning speed. Powdered Al
(acac); was used as secondary reference for chemical shifts (0.15 ppm
relative to 1.1 m AI(NOs3)3 in HoO) [31]. The Z7A1 3QMAS NMR spectra
were acquired using a 3-pulse experiment with a split-T1 and full echo
acquisition [32]. The excitation, conversion, and detection pulses lasted
4.75,12.7, and 38 ps, respectively. Up to 90 T slices of 1200-4800 scans
were acquired with a T; increment of 25 ps and the spectra were pro-
cessed using the Topspin (Bruker) software.

The dmfit software [33] was used to fit the 3QMAS spectra and to
deconvolute and fit the central transitions of the 1D spectra obtained
based on the 3QMAS fits. The minimum number of peaks (described by
Czjzek distributions) was used to fit the spectra leaving position, in-
tensity and width free to fit. In all cases, the selected distribution to
deconvolute that the spectrum is recorded at infinite spinning speed
(Czsimple model).

Fourier transform infrared spectroscopy (FTIR) measurements
were conducted to complement the information obtained from XRD,
using a 6700 Nicolet spectrometer by Thermo Fischer Sci. An attenuated
total reflectance (ATR) accessory was used for the measurements,
equipped with a diamond crystal and a potassium bromide (KBr) beam
splitter. The spectra were recorded in the long-to- mid wave infrared
(MWIR and LWIR) range, between wavenumbers 4000 and 625 cm !
(2.5-16 pm in wavelength). A total of 32 background and sample scans
were taken for each individual sample, with a resolution of 2.0 cm ™.
The 13.7 pm slope parameter, proposed in Ref. [26] as a means to assess
overcalcination, was computed in each case after background
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Table 4

Particle size distribution percentiles (10 %, 50 % and 90 %) for the different raw
and calcined clay measured by laser diffraction. Overcalcined materials are
shown in bold font.

Natural clay (NC) Kaolinite (Ka)

Dy10 Dy50 Dy90 Dy10 Dy50 Dy90

[pm] [pm] [pum] [pm] [pm] [pm]
Raw 0.15 5.56 37.61 0.94 6.23 17.97
650 °C 0.17 4.71 38.51 1.97 6.95 18.94
700 °C 0.16 4.59 37.30 - - -
750 °C 0.17 4.61 43.00 - - -
800 °C 0.18 5.19 44.50 2.91 7.65 19.03
850 °C 0.17 5.25 44.80 - - -
900 °C 0.17 5.41 44.85 - - -
950 °C 0.19 7.04 59.48 3.11 8.69 24.23
1050°C  0.20 7.40 59.30 2.62 8.75 28.75

subtraction and normalization of the curves was conducted. It is
computed as the ratio between the reflectance intensity at 13.3 pm
(751.8 cm™ 1) and 13.75 pm (727.7 cm™Y).

The specific surface area and particle porosity were studied by ni-
trogen adsorption. A sample of 1 g of clay was placed in the apparatus
and degassed at 200 °C for 2 h under a N flux. After degassing, the tubes
containing the samples were transferred to their measuring position in a
Micromeritics Tristar apparatus. Isotherms were collected for relative
pressure (P/Py) values between O and 1. The linear portion of the
isotherm (0-0.3 P/Py) enables the computation of the specific surface

Cement and Concrete Composites 146 (2024) 105380

area by application of the BET method. A pore size distribution was
obtained by applying the Barett-Joyner-Halenda (BJH) method to the
full isotherms, enabling a decouple of the surface contribution of the
different pore sizes present in the clay particles.

3. Results and discussion

3.1. Reactivity measurements and characterization of clays via XRD,
FTIR, TGA and DSC

The total heat release measured in the isothermal calorimetry reac-
tivity tests [25] is shown in Fig. 1 for NC (Fig. 1a) and Ka (Fig. 1b) clays
(precision for single operator determined at 10 J/g of SCM). Fig. 2 shows
the diffraction patterns of the corresponding materials. The associated
minerals present in NC and their abundance quantified by Rietveld
refinement are quartz (25 %), hematite and magnetite (9.7 % com-
bined), gibbsite (3 %) and anatase (<1 %). In the case of Ka, the asso-
ciated minerals are mica (3 %) and anatase (5 %).

In both cases, the maximum reactivity is observed for the material
calcined at 800 °C. At 650 °C, dehydroxylation is not complete in both
clays, as evidenced by the presence of the basal (11° 26) and other peaks
of kaolinite. At 700 and 750 °C, the peak is no longer observed for the NC
clay indicating full amorphization. However, the observed reactivity
continues to increase up to an optimum for the material calcined at
800 °C.

Above 800 °C, the reactivity of NC decreases slightly at 900 °C. In
general terms, the reactivity of NC between 700 °C and 900° remains
within a 10 % of the optimum condition (800 °C), Table 2. At 950 °C, a
reduction in reactivity is seen for both materials. The magnitude of the
reduction is quite different between the two clays: 47 % in the case of
NG, and only 11 % in the case of Ka (Table 2). In both cases, the presence
of Al-Si spinel is not evident at this temperature from the XRD pattern
shown in Fig. 2. At 1050 °C, the reduction in reactivity increases
considerably. For NC, the reduction in reactivity is 86 % compared to the
one observed at 800 °C, while for Ka it is 92 %. In both cases, the
presence of spinel is observed in the diffraction patterns, Fig. 2. It should
be noted that additional sample preparation measures such as orienta-
tion and removal of the non-clay fraction may provide higher sensitivity
to detect small amounts of spinel than those observed in this study [18].

Fig. 3 shows the TG/DTG curves for both clays (top) and the DSC
curves for the same materials (bottom). As extensively reported, TGA
can be used to assess kaolinite dehydroxylation (and compute the (un-
calcined) kaolinite content) by measuring the weight loss between 400
and 650 °C [34], associated to the volatilization of water from the ma-
terial. At higher temperatures, particularly in the range where reactivity
is observed to decrease, there is no mass variation of the material. It
should be noted that the referred temperature range for dehydroxylation
is valid for TGA experiments but not necessarily for static (furnace)
calcination, as seen in Fig. 2 where kaolinite is clearly seen after calci-
nation at 650 °C. Other factors such as fineness, atmosphere and vapor
pressure play a role in defining the dehydroxylation temperature in
different conditions [13]. Other factors such as the stacking disorder can
influence the temperature at which dehydroxylation takes place for a
fixed set of experimental conditions [15,17].

The DSC curves shows the dehydroxylation of kaolinite in the same
temperature range seen by TGA as an endothermic reaction. At higher
temperatures, the formation of Al-Si spinel is seen as an exothermic,
sharp peak starting around 900 °C for NC and 975 °C for Ka clay. By
comparing Figs. 1 and 3, it can be seen that the position of the Al-Si peak
corresponds well with the temperature at which the decrease in reac-
tivity is seen. Thus, the reactivity loss of calcined clays due to over-
calcination can be linked with a mineralogical transformation that can
be reliable measured and described by DSC. Moreover, this technique
enables an easy assessment of the whole calcination process of the ma-
terial, accounting for its particularities (different temperature of the
onset of spinel formation), by observation of the different decomposition
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Fig. 8. Differential (left) and cumulative (right) particle pore surface computed using the BJH method based on nitrogen adsorption isotherms for NC (top) and Ka

(bottom) calcined clay.
peaks.

¢ An undercalcined clay would have the endothermic peak of dehy-
droxylation between 400 and 650 °C and the spinel formation peak
at 900-1000 °C as in Fig. 3 bottom, where the curves correspond to
the raw materials.

e A properly calcined clay (fully dehydroxylated kaolinite) will not
show the endothermic dehydroxylation peak at 400-650 °C, but the
spinel formation peak at higher temperatures is present. Amorph-
ization (and reactivity) continues to increase above 650 °C.

e An overcalcined clay would neither exhibit the endothermic
dehydroxylation peak nor the spinel peak at higher temperatures,
indicating that both transformations already took place (i.e., the
temperature for spinel formation was exceeded).

As discussed in Ref. [35], kaolinite is concentrated in the finer par-
ticles of the size distribution in natural ground clays, and (harder)
associated minerals such as quartz and feldspars remain coarser (25 %
quartz + 9.7 % iron oxides in NC). In these materials, the presence of
these hard phases leads to finer grinding of the clay minerals. Conse-
quently, the different temperature for the occurrence of the spinel peak
between NC and Ka is attributed to the finer kaolinite particles present in
NC as compared to Ka, Fig. 1. An additional factor contributing to this
difference might be a difference in the initial degree of disorder of the
kaolinites, in addition to its known influence in the dehydroxylation
temperature. The Hinckley index [36] and the Aparicio-Galan-Ferrell
index (AGFI) [37] were determined from the XRD patterns of the raw
clays [38] to assess the degree of disorder of kaolinite in both materials,
yielding values of 0.78/0.28 for NC and 0.96/0.65 for Ka (AGFI/HI).

Based on these indicators, kaolinite in NC is a highly defective kaolinite
while Ka is a medium defective kaolinite [37].

Fig. 4a shows the FTIR spectra of the NC samples in the 1300 to 650
cm! wavelength range, corresponding to the aluminosilicate and Al-OH
bands. The Al-OH band is barely visible in the 700 °C sample and dis-
appears above this temperature, indicating complete dehydroxylation in
agreement with XRD results, Fig. 2. The intensity of the Si-O band also
reduces with calcination. The main change is observed above 850 °C,
where the absorbance band narrows and shifts to shorter wavelengths.
The Al-O bands become shallower, almost flat, after complete dehy-
droxylation. At shorter wavelengths (higher wavenumbers, between
4000 and 1300 cm 1) bands associated with outer hydroxyl and mo-
lecular water [18,26,39]. These are indicative of the dehydroxylation
process, but do not provide significant information regarding Al-Si
spinel formation.

Crystallization of metakaolin have been associated with an increase
in absorbance at longer wavelengths in the Al-O band [26]. This change
is quantified by the 13.7 pm slope parameter, and the computed values
for NC and Ka samples are shown in Fig. 4b. The values for NC are higher
as compared to others previously reported [26] where pure kaolinite
minerals where used. The values computed for Ka are closer to the ones
reported in the literature. As NC contains gibbsite (Fig. 3) the values for
the 13.7 pm slope parameter could be affected, but not at the temper-
atures where spinel formation is expected.

No clear linear correlation (R? computed 0.75 considering datapoints
for both clays) between the two clays is observed as reported in
Ref. [26], where R? values above 0.90 are reported, indicating that the
13.7 pm parameter is influenced by the properties of the clay (particle
size of clay minerals and/or presence of associated minerals).
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Table 5

Summary of advantages and disadvantages of test methods to discriminate

properly calcined from overcalcined kaolinitic clay.

Method Advantages Disadvantages

DSC Reliable detection of the Al-Si ~ Some DSC devices cannot reach
formation, fast (2-3h) and the temperature required for
robust. Can be associated to Al-Si spinel formation (high-
TGA in some devices. temperature unit required).

Calorimetry Robust and reliable method, It takes at least 24 h to obtain a

R> well established in the result that enables
industry and standardized by identification of an
ASTM. overcalcined clay.

XRD Fast (minutes if no special Identifying the Al-Si spinel
sample preparation is needed),  peaks is challenging, especially
widely available technique, no  clay containing numerous
quantitative analysis required. ~ assoc. minerals.

FTIR Fast measurement (seconds to Variability and lack of standard
few minutes), easy sample patterns for interpretation and
preparation if an ATR deviceis ~ comparison. Overcalcination
available. Potential for future features are subtle. Possible
development. interference with Al-O bearing

associated minerals.

27A1 MAS Direct assessment of Difficult to use, expensive

NMR aluminum species in the clay, equipment that requires an
which can be associated to the  expert operator. In most cases,
formation of Al-Si spinel. this technique is only accessible

by research institutions.

PSD Fast (minutes), already No clear variation between
available technique in many properly and over calcined
industrial laboratories. materials makes discrimination

difficult.

SSA (BET) Well-known technique, No clear discrimination
relatively fast (2-3 hincluding ~ between properly and
sample preparation for SSA overcalcined clay. Requires
measurement). access to liquid nitrogen.

Sp. Gravity Fast method (30 min-1 h), Extremely sensitive to humidity

equipment readily available in
industrial laboratories.

content of the clay. More data is
needed to establish generalized
correlations between

overcalcination and sp. gravity.

Consequently, it is not possible to establish a general criterion to
determine if a material is overcalcined or not with the data gathered in
this study. If FTIR is complemented with R3-tests to determine the
reactivity of each sample, a correlation with the slope parameter might
be possible by establishing a master curve. Further investigation is
needed to assess the sensitivity of this method in materials with lower
kaolinite content and where other aluminum oxides are present as
associated minerals (gibbsite, corundum), which would interfere in this
spectral range. However, the feasibility of acquiring data within minutes
could play in favor of this technique in an industrial setup.

3.2. 27Al site distributions of calcined clay studied by Al MAS/3QMAS
NMR

Fig. 5 shows the 2Al MAS NMR spectra for the different Ka samples
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studied. At 650 °C, the kaolinite is only partially dehydroxylated
(Fig. 2b). The appearance of Al(V) and AI(IV) sites is visible, in contrast
with the dominance of Al(VI) coordination (octahedral sites) in raw
kaolinite. At 800 °C and 950 °C (fully dehydroxylated material but
before spinel formation) a sharp increase in Al(V) and Al(IV) sites is
observed along with a reduction of Al(VI), indicating disruption of the
initial crystalline lattice seen in kaolinite [24]. Al(V) sites are associated
with disordered structures [40], and previous studies have attributed the
occurrence of Al(V) sites in metakaolin to the reactivity observed in the
material [41].

At 1050 °C (Fig. 7d), when Al-Si spinel is formed, the AI(V) sites
reduce significantly and the Al(VI) ones increase. This shift has been
previously associated with formation of mullite [42]. However, as
shown in this study, mullite is not detected by XRD (Fig. 2b) and the
exothermic transformation corresponds solely to spinel formation rather
than a coupled spinel/mullite crystallization [20]. The structure for the
Al-Si spinel phase proposed by Low and McPherson is in agreement with
the dominance of Al(IV) (tetrahedral sites) and Al(VI) (octahedral sites)
in this phase. An interesting observation in this spectrum is the presence
of a second, broad peak centered around 59 ppm. The information
provided by 3QMAS experiments indicate that it is unlikely that these
sites correspond to the same kind of Al(V), but rather AI(IV) or Al(V)
sites with a higher degree of disorder.

The central transitions of each spectrum were fitted using Czjzek
lines based on the number and nature of species determined on the
3QMAS experiments (Fig. A3). The quadrupolar coupling constants (Cq)
and the chemical shifts for each Al site identified are summarized in
Table 3. Fig. 6 shows the evolution of Al sites versus temperature, along
with the relative reactivity (referred to 800 °C) of the materials. The raw
kaolinite contains a majority (around 80 %) of Al(VI) sites (octahedral
coordination) and about 20 % of Al(IV) sites. As the calcination tem-
perature increases, Al(IV) and Al(V) sites increase and Al (VI) sites
decrease. Between 650 °C and 800 °C, the amount of AI(V) sites increase,
associated with a decrease in the amount of Al(VI) sites. The proportion
of Al(V) sites in fully dehydroxylated kaolinite is 34 % at 800 °C and 27
% at 900 °C, in agreement with previous studies [42]. The reactivity
varies between these 2 experimental points, even normalizing the
reactivity values by SSA (Table Al), Fig. 6b, which seems to be in
accordance with the amount of Al(V) sites present. In the case of the
1050 °C material, despite the lower reactivity observed, the lack of Al(V)
sites indicate a contribution of Al(IV) and/or Al(VI) to the reactivity of
the material. The maximum reactivity seen for 800 °C seem to be
associated with the simultaneous presence of AI(IV) and Al(V) sites.

Overall, the NMR characterization of the Ka samples seem to indicate
that reactivity cannot be completely attributed to Al(V), but rather to a
combined contribution of disordered Al sites occurring at different
stages of the amorphization-crystallization process.

1050 °C
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Fig. 9. XRD (left) and DSC (right) curves of NC clays calcined at 900 (properly calcined), 950 and 1050 °C (overcalcined).
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Fig. 10. DSC curves of natural kaolinitic clay with different kaolinite contents. Associated minerals include muscovite (1-3-4), calcite (2), anhydrite (1), quartz (all),

albite (1-3), gibbsite (1-3-4) and hematite (all).

3.3. Evolution of porosity and surface area of calcined clays studied by
nitrogen adsorption

As previously shown, differences in reactivity are observed between
clays calcined at different temperatures even within the properly
calcined temperature range (i.e., fully dehydroxylated kaolinite and
before spinel formation). This is likely due to different degrees of
amorphization (linked to reactivity) between these fully dehydroxylated
materials. To further study these differences, the physicochemical
changes that clay particles undergo upon calcination and the corre-
sponding changes in reactivity and examined in this section.

The different calcined clay samples were analyzed by nitrogen
adsorption. The monolayer adsorbed quantity (Qp), the specific surface
area determined using the BET method (Sggr) and the model constant
(Cggr) are summarized in Table Al of the appendix. Qg gives an indi-
cation of the amount of nitrogen adsorbed in a monolayer, while Cggr is
related to the energy of adsorption, being proportional to the magnitude
of the nitrogen/surface interactions. Fig. 7 shows a graphical represen-
tation of Sggr and specific gravity (He pycnometry) evolution versus
temperature of calcination.

In the case of NC, the amount of nitrogen adsorbed decreases with
calcination temperature, and Spgr follows a similar trend. A sharp
decrease in surface area is seen after spinel formation (above 900 °C) In
the case of Ka, the decrease in surface is also observed after spinel for-
mation (above 950 °C). The decrease is more pronounced in Ka, most
likely due to its higher kaolinite content. Nevertheless, surface area
measurements provide a clear distinction of properly and over calcined
material. The interaction (related to Cpgr) between nitrogen and the
surface decreases with calcination temperature, which is related to the
sustained decrease in adsorbed amount of nitrogen (Qo). Interestingly,
after spinel formation, Cpgr increases again in both materials despite the
significantly lower Qq, highlighting the change of mineralogy as previ-
ously presented (see Table Al).

In terms of specific gravity (Fig. 7), a continuous increase is observed
with calcination temperature. After spinel formation, a sharp increase in
specific gravity is observed for both materials. This suggests the possi-
bility of using a volumetric method to assess overcalcination. However,
the reliability of this approach should be established by systematic
assessment over a wider range of samples, and the effect of pre-
conditioning needs to be further studied.

Helium pycnometry measures the volume of a given mass of material
by comparing the volume of a calibrated cell with the volume of helium
that can occupy the accessible spaces of the sample. Thus, an increase in
specific gravity is associated with a higher accessibility of helium to the
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pores and/or the formation of new porosity during Al-Si spinel forma-
tion. It was observed that this measure was extremely sensitive to the
moisture condition of powders, which could vary significantly (changes
greater than 25 %) in short periods of time (less than an hour) when the
clay samples are exposed to ambient conditions.

Table 4 shows the particle size distribution percentiles determined
by laser diffraction for each individual raw and calcined clay. Over-
calcined materials, determined by DSC (Fig. 3) are shown in bold. In the
NC material, there is a slight trend of increase in particle size with in-
crease in calcination temperature. After formation of Al-Si spinel, a
sharp increase in Dy50 and Dy90 is seen, which could be associated with
interparticle sintering. In the case of Ka, this increase is not as clear as in
the case of NC. This could suggest that the presence of impurities
(particularly iron oxide) might influence the extent of interparticle
sintering observed, phenomenon that has been observed with iron sul-
fides intermixed with kaolinite at similar calcination temperatures [43].
As previously stated, the finer particle size of NC might be a contributing
factor to the lower temperature onset of spinel formation compared to
Ka.

Fig. 8 shows the differential and cumulative internal pore areas
(inner surface) for each calcined clay determined from the full adsorp-
tion isotherms (Fig. A2 in supplementary information) using the BJH
method for NC (top) and Ka (bottom). In the cumulative pore area
curves, the highest point of the curve approaches the SSA determined by
BET for each material. In comparison to BET, the advantage of this
approach is that it provides a relationship between surface area and the
size of the defects/pores in the particles where it originates, similar to a
porosity versus size curve obtained by mercury intrusion porosimetry
(MIP).

As the calcination temperature increases, a continuous decreasing
trend in porosity between 2 and 20 nm is seen for both materials, leading
to the sustained decrease in SSA shown in Fig. 5. Interestingly, the
decrease in small porosity is accompanied by coarsening of the threshold
pore size compared to the raw clay (characterized as the inflection point
of the cumulative curve, in analogy with MIP analysis). This indicates
that different (larger) pores are being formed during Al-Si spinel for-
mation. This increase could explain the increase in specific gravity with
calcination temperature (Fig. 7), as the average pore becomes larger
allowing easier accessibility for helium to the internal volume of the
(meta)kaolinite particles. After spinel formation, an increase in the rate
of porosity reduction below 20 nm is observed, leading to a considerable
reduction in total specific surface area.

Along with particle size assessment (Table 4), these results show that
the reduction of surface area in clay on calcination is associated with the
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evolution of morphological features (small pores) inside the (meta)
kaolinite particles, in agreement with observations made by electron
microscopy [44]. While evidence of some degree of coarse-
ning/interparticle sintering was observed in NC (increase of Dy50 upon
overcalcination), this cannot fully explain the reduction in specific
surface area measured.

3.4. Comparison of reliability and potential of methods to assess
overcalcination

In this study, different methods were used to characterize kaolinitic
calcined clay. Several of these methods, such as XRD, TGA, and FTIR can
be used to assess dehydroxylation of the material. Others, such as the R>-
test and solid-state NMR provide additional insights on the reactivity or
amorphization of the material after complete dehydroxylation, respec-
tively. The formation of Al-Si spinel leading to the reduction in reac-
tivity is, however, difficult to assess using these widely adopted
techniques.

Table 5 presents a summary of advantages and disadvantages of the
different methods explored in this study regarding the assessment
overcalcination of kaolinitic clay, i.e., in their ability to accurately
discriminate between a properly calcined clay and an overcalcined clay.
Based on these considerations, DSC appears to be the most feasible
method as it enables a direct, fast, robust and repeatable observation of
Al-Si spinel formation. Furthermore, the approach required for over-
calcination assessment is qualitative, and consequently no calibration or
quantitative analysis of the data is required. Moreover, DSC (heat flow)
signal can be collected in simultaneous TGA/DSC devices that are
already widely available in the market for research and industrial ap-
plications and conventional alumina crucibles can be used. Other
methods, such as FTIR and specific gravity measurements show poten-
tial for future development. However, the lack of standardization of
FTIR makes interpretation of results challenging, and the influence of
sample moisture in specific gravity measurements might compromise
their suitability for quality control. On the contrary, the fast acquisition
time of FTIR plays in favor and could open possibilities for use if further
developments in this direction are pursued.

In the end, establishing a robust method to assess overcalcination of
kaolinitic clays implies that discrimination of properly and overcalcined
clays can be done reliably and unbiased by the operator. The potential of
DSC over XRD (likely the most widely available technique in cement
plants for mineralogical control) is highlighted in Fig. 9 for clay NC.
While the spinel peaks are clearly visible at 1050 °C, they are difficult to
identify in the 950 °C material (also overcalcined) referred to the ma-
terial calcined at 900 °C (properly calcined) as comparison basis. This
issue is likely accentuated for lower kaolinite content clays. In contrast,
DSC provides a much clearer distinction between properly and over-
calcined clay using the same comparative basis.

The robustness of DSC as a method to assess overcalcination of
kaolinitic clay was further verified on a set of natural clay with different
kaolinite contents ranging from 27 % up to 66 % and with different
associated minerals, Fig. 10. In all cases the main associated mineral is
quartz, with abundances estimated by Rietveld refinement of 21.1-13.5-
16.2-6.8 % by mass for Clays 1-2-3-4, respectively (see Fig. A4 in the
supplementary information for the full diffraction patterns of these
clays). Clay 2 contains calcite (2.4 %), which decomposes over the same
range of temperature and can interact with kaolinite [39]. Nevertheless,
the spinel peak is still observable and thus can provide a reliable
assessment on the calcination of the natural clay, independent of their
kaolinite content and the presence of other minerals. An important
insight is that the position of the onset of the spinel peak varies from
around 890 °C to slightly above 1000 °C for the clays analyzed. This
further highlights the need of a method to characterize this trans-
formation for each material, as an overall temperature limit cannot be
assumed.

As previously shown [27], the position of the spinel peak depends
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not only on the mineralogy (type of clay mineral and stacking fault
density) but also on the physical characteristics (particle size) of the
clay. The Dy50 and SSA of the clays are shown in the legend of the figure
to illustrate this relationship. Iron content is also likely to affect the
position of the exothermic peak [45]. Nevertheless, DSC appears to be a
robust solution to determine the overcalcination temperature threshold
accounting for all these factors. Clays 1, 3 and 4 contain muscovite (3.4,
22.8 and 7.6 % respectively) which can dehydroxylate in the tempera-
ture range of 800-900 °C [18]. This endothermic decomposition doesn’t
seem to inhibit the ability of DSC to observe the exothermic spinel
crystallization. Nevertheless, in the case of mixed clays with higher
amounts of 2:1 minerals (smectites and/or micas), additional measure-
ments should be conducted to validate the observations presented in this
article.

In practice, DSC measurements could be implemented for regular
control of calcination (both dehydroxylation and overcalcination in one
test), in a similar manner as XRD is used today. As in principle no
quantitative analysis is needed, there is the possibility to explore higher
heating rates to shorten experimental time and increase the output of the
device. Developing reliable and robust sampling procedures is crucial as
in large calcination devices (rotary kiln or flash calciner), temperature
variations within the calcined material [13] may lead to partial over-
calcination in some regions of the output feed. Homogenization and
overall reactivity of the final material are the key parameters that should
be considered to establish an industrial control protocol.

4. Conclusions

This study presents a comprehensive assessment of calcination
temperature on the reactivity and mineral transformations of a natural
kaolinitic clay and pure kaolinite. The mechanism leading to the
decrease of reactivity beyond complete dehydroxylation (over-
calcination) was identified, and a methodology to reliably assess over-
calcination in calcined kaolinitic clay was proposed.

Based on the results presented, the following conclusions can be
drawn.

1. The decrease in reactivity of overcalcined kaolinitic clay is associ-
ated with the formation of Al-Si spinel. The spinel formed exhibits a
small crystallite size, making identification of the phase by XRD
challenging. Spinel crystallization is associated with an exothermic
peak that can be detected by DSC analysis.

2. DSC analysis of calcined kaolinitic clay can be used as a fast and
reliable and industry suitable method to assess if a given calcined
kaolinitic clay is overcalcined. The presence/absence of the spinel
peak can be used as a qualitative indication without the requirement
of reference materials for comparison.

3. The temperature at which Al-Si spinel crystallization (i.e., over-
calcination) takes place depends on each clay (varying more than
100 °C among the clays studied) and therefore, a maximum calci-
nation temperature to avoid overcalcination cannot be established
without identifying the crystallization temperature in each case (for
example, by DSC).

4. While less reactive than metakaolin, spinel exhibits some degree of
pozzolanic activity. The variation in reactivity between fully dehy-
droxylated kaolinitic clay is partially linked to a decrease in surface
area with calcination temperature. This decrease is associated with a
reduction in small pores (<20 nm) in the clay mineral particles. On
the contrary, interparticle sintering cannot explain the observed
decrees in surface area.

5. Reactivity of kaolinitic clay cannot be fully explained by the presence
of Al(V) sites. Spinel (overcalcined sample) exhibits only Al(IV) and
AI(VI) sites, in agreement with previously proposed structures for
this phase, and a non-negligible reactivity per unit surface area.
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