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This study introduces a novel method for activating kaolinitic clays through mechanothermal activation (MTA),
combining mechanical activation (MA) and thermal treatment to enhance kaolin’s pozzolanic reactivity at lower
temperatures than traditional thermal activation (TA). MA effectively lowers kaolin’s dehydroxylation temper-
ature, releasing significant hydroxyl groups at just 300 °C. Thermogravimetric analysis data confirms that
implementing MTA unlocks the kaolinite dehydroxylation at 300 °C and 400 °C to a great extent and allows
almost complete dehydroxylation at 500 °C. X-ray diffraction, surface area analysis, and particle size measure-
ments revealed kaolin’s structural changes under MA, TA, and MTA treatments. The pozzolanic values achieved

through MTA are significantly higher than those obtained with MA and TA at 300 °C, 400 °C, and 500 °C, as
evidenced by reactivity tests. By enabling kaolinite activation at lower temperatures, MTA fosters a promising
approach for developing sustainable building materials with a reduced carbon footprint.

1. Introduction

Conventional clinker production is among the largest CO, emission
sources, causing approximately 5-7 % of the global carbon footprint [1].
Ordinary Portland cement (OPC) obtention entails calcinating raw ma-
terials at 1450 °C, involving significant energy consumption and CO5
release [2]. To address these environmental consequences, the investi-
gation efforts aim to decrease CO» emissions by developing novel
cement formulations with reduced environmental impact [3]. Clay
minerals have emerged as a sustainable candidate to totally or partially
replace OPC to address this challenge. Kaolinite (Kaol, Aly[SioO5](OH)4)
is one of the most abundant clay minerals globally, widely utilised to
meet the vast demand of the construction industry [4]. The crystalline
structure comprises a sequence of stacked layers formed by silicon
tetrahedral and aluminum octahedral sheets arranged in a laminar
configuration [5]. Accordingly, this well-ordered conformation limits
the Kaol reactivity performances, restricting the potential capability of
forming cement-hydrated phases. Consequently, the kaolinitic structure
requires amorphising procedures to improve its ability to react, enabling
its appropriate use as supplementary cementitious material (SCM) and
alternative cementitious material (ACM) precursor [6-8].

As a result, there has been growing interest in the structural
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crystalline distortions of Kaol through thermal activation [9]. Heating
Kaol in the range between 400 °C - 650 °C causes hydroxyl loss
(dehydroxylation) [10]. This OH removal induces several modifications
to Kaols’ structure, which acquires a great amorphisation degree,
embracing the highest pozzolanic activity values over all SMCs [11,12].
The resulting amorphised material is extensively known in this field of
research as metakaolin [13]. In practice, submitting Kaol at 800 °C
typically maximises the resultant material reactivity in comparison to
higher or lower calcination temperatures [14]. Even though clinkeri-
zation process requires much higher temperatures, thermal activation
(TA) at 800 °C still entails significant energetic demands at the industry
scale, as the kilns used require fuel sources such as coal, and petroleum
coke among others [15].

In this sense, the mechanochemical activation (MA) of Kaol has
recently emerged as a sustainable replacement for TA [16,17]. MA in-
volves the disruption of kaolinite’s chemical bonds through grinding
Kaol in a highly energetic milling process [18]. This crystalline structure
breakage results in an amorphous material with promising pozzolanic
properties [19,20]. The amorphisation degree is affected by the mill
type, milling time, rotation speed (for planetary mills), and
ball-to-sample ratio, among other parameters [21,22]. MA represents a
notable advancement in environmental sustainability, as it replaces
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thermal energy with electric energy in the obtention of amorphous
aluminosilicate materials [23,24]. This implies a significant reduction in
greenhouse gas (GHG) emissions. Despite this, the main drawback of MA
compared to TA is the limited reactivity performance with relatively
lower pozzolanic values, according to the literature [21,23,25].

In contrast to TA, the amorphisation of the kaolinitic structure
induced by MA does not involve hydroxyl loss. Instead, the mechanical
treatment detaches hydroxyl groups from the structure, enabling their
gradual release at lower temperatures [18]. Leveraging this phenome-
non, this research focuses on implementing a low-temperature thermal
treatment after MA on Kaol structures. This strategy aims to obtain a
highly reactive material at calcination temperatures lower than 800 °C
through a mechanothermal activation (MTA) multistep method.
Combining MA with TA is particularly appealing due to its potential to
significantly reduce fuel consumption in industrial applications,
enabling lower-energy processes on a large scale, and thereby reducing
the carbon footprint of clay activation.

In this research, MTA was evaluated using various characterisation
techniques to analyse the evolution of structural amorphisation and the
behaviour of hydroxyl groups under thermal treatments applied to
kaolinite after different MAs. Furthermore, reactivity tests were con-
ducted to assess the pozzolanic activity of Kaol subjected to mechanical,
thermal, and mechanothermal treatments.

2. Materials and methods
2.1. Materials

The kaolin (K) used in this study without any further purification was
provided by the Spanish company Minerals i Derivats, S.A. The chemical
composition was analysed using X-ray fluorescence (refer to Table 1)
with a Panalytical Philips PW 2400 sequential X-ray spectrophotometer,
accompanied by UniQuant® V5.0 software.

2.2. Methods

Mechanical activation (MA): Physicochemical modifications in kaolin
were induced via a mechanochemical grinding process conducted with a
planetary ball mill PM 100 from RETSCH company. This treatment used
Zirconia jars of 500 mL of volume and 10 mm-diameter zirconia balls as
accessories. The jars were filled to approximately 20 % of their volume,
maintaining a ball-to-sample mass ratio of 20:1. Rotation speed and
milling duration were defined in Table 2 to examine their effects on the
material. These parameters were adjusted based on recent experimental
data [26,27].

Thermal activation (TA): TA has been assessed by heating the samples
from room temperature using a Hobersal JB20 muffle furnace with a
maximum operating temperature of 1100 °C. The samples were heated
for two hours (with different heating rates) to reach the target calcina-
tion temperature. At each temperature setpoint, the residence time was
established at one hour to ensure effective calcination.

Mechanothermal activation (MTA): MTA was performed by initially
applying MA, followed by TA. The milling process and calcination
temperature were varied to study the effect of these parameters on the
activated kaolin. The methodology of milling and calcination was the
same as that described for MA and TA.

The parameters for the three distinct activation methodologies pa-
rameters are summarised in Table 2. A brief explanation of the sample
nomenclature is provided as follows: The mechanically activated
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samples are described as KM-rpm-t, where rpm refers to the rotation
speed of the grinding process in revolutions per minute, and t is asso-
ciated with the grinding time in minutes. The thermally treated samples
are labelled as KT-T, where T refers to the temperature used for the
calcination procedure. In particular. Notably, KT-800 is attributed to
metakaolin described in the literature [28-30]. The mechanothermally
activated samples are described as K(A or B)-T, where A refers to
KM-350-120 and B to KM-300-60, with T denoting the posterior calci-
nation temperature of the MTA. Thus, MTA is emphasised as a multistep
process of activation.

2.3. Characterisation techniques

Thermogravimetric analysis (TGA) was conducted to investigate the
dehydroxylation behaviour of mechanically treated kaolin, thereby
elucidating the mechanothermal phenomenon. Moreover, the TGA of
thermally and mechanothermally treated samples was also implemented
to compare the effectiveness of the mechanothermal procedure by
analysing the differences in dehydroxylation rates. This was carried out
using a TGA 550 (TA Instruments) in the temperature range of 30-800
°C, with a heating rate of 10 °C-min~! and a nitrogen flux rate of
50 mL-min . The dehydroxylation degree is determined by first quan-
tifying the mass loss corresponding to non-dehydroxylated hydroxyl
groups (OHs) in the TGA analysis of the mechanothermally treated
samples (mpyra) [31]. This value is then subtracted from the total mass of
OHs during the dehydroxylation of untreated K (mg), thereby providing
the amount of OHs dehydroxylated during the mechanothermal treat-
ment alone. Then, dividing this result by the total mass of OHs subject to
dehydroxylation in untreated K yields the dehydroxylation degree, as
described in Eq. 1.

M-IOO 6h)

Dehydroxylation degree =
my

The crystalline composition was determined through X-ray diffrac-
tion (XRD) utilising PANalytical X'Pert PRO MPD alphal powder
diffractometer, operating in Bragg-Brentano 6/20 geometry with a
radius of 240 mm. The system utilised Ni-filtered Cu K, radiation with a
wavelength of . = 1.5418 A, operating at a power of 45 kV and 40 mA.
A mask was used to define a beam length of 12 mm in the axial direction
over the sample. Both the incident and diffracted beams were passed
through 0.04 rad Soller slits, with a fixed divergence slit of 0.25°. Data
were collected using a PIXcel detector with an active length of 3.347°.
The scan range was set from 4° to 100° 26, with a step size of 0.026° and
a measurement time of 100 s per step. The main crystalline phases of the
raw kaolin were examined using the X’Pert HighScore software.

Dynamic light scattering (DLS) was utilised to assess the particle size
distribution. Measurements were conducted using a laser diffraction
particle-sizing analyser (LS 13 320, Beckman Coulter) with the activated
kaolins dispersed in ethanol.

The Brunauer-Emmett-Teller (BET) method was conducted to
evaluate the specific surface area, providing insights into reactivity be-
haviours in relation to the structural changes experimented on the ma-
terial’s surface area. This technique was performed through a
Micromeritics Tristar 3000 device.

2.4. Reactivity assessment

R test: The R® test was conducted in accordance with ASTM C1897 —
20 [32,33]. Different activated samples were mixed with Ca(OH); (at a

Table 1

XRF analysis of the kaolin material.
Compounds SiO,y Al,03 K0 Fe,03 CaO TiOo Na,O MgO P,05 MnO LOI*
wt% 49.85 36.31 0.69 00.47 0.16 0.15 0.13 0.11 0.08 0.00 12.03

" LOL: Loss on ignition at 1000 °C.
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Table 2

Summary of samples subjected to MA, TA, and MTA treatments.
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Sample Activation methodology Rotation speed (rpm) Grinding time (min) Calcination temperature (°C) Calcination time (min)
K - - -

KM—-350-120 Mechanical (A) 350 120

KM—300-60 Mechanical (B) 300 60 - -

KT-T Thermal - - 300, 400, 500, 600, and 800 60

K(A)-T Mechanothermal 350 120 300, 400, 500, 600, and 800 60

K(B)-T Mechanothermal 300 60 300, 400, 500, 600, and 800 60

1:3 ratio) and CaCOs3 (at a 2:1 ratio) and combined with a K;SO4 and
KOH solution to form a paste, with a solution-to-solid ratio of 1.2. The
solution was prepared by dissolving 4 g of KoSO4 and 20 gof KOHin 1 L
of distilled water. The paste was prepared by mixing the solid compo-
nents and the solution for 2 min at 880 rpm using a high-shear mixer.
Subsequently, 15 g of the paste was transferred into a plastic ampoule.
The heat of the reaction was monitored over 7 days using a TAM Air
isothermal calorimeter (TA Instruments), maintained at 40 °C. A plastic
ampoule containing 9.4 g of water was used as a reference to minimise
the contribution of external temperature fluctuations. Additionally, the
initial calorimetry data were recorded after 75 min to allow the calo-
rimeter to stabilise at 40 °C and avoid any unstable signals.

In addition, TGA and XRD analyses of the resultant pastes from the
R test are conducted to track the portlandite consumption as well as the
new phases formed during the pozzolanic test, serving as an indepen-
dent method for assessing reactivity beyond the tests used. Both tech-
niques are performed under the same conditions described above. To
ensure the reaction stoppage, the R® pastes were dried with isopropanol
as described by K. Weise [34]. The crystalline phases of the R pastes
were semiquantified through Rietveld refinement of the diffractograms.
The amorphous content was estimated by introducing a single peak to fit
the amorphous halo, and the content of crystalline phases was renor-
malised considering the amorphous content estimation.

Modified Chapelle test: The pozzolanic activity of the activated clay
was also assessed through the modified Chapelle test, aimed at quanti-
fying the reactivity of aluminosilicate materials with portlandite [35,
36]. A total of 1 g of SCM and 2 g of powdered CaO were added to
250 mL of distilled water, and the mixture was vigorously stirred for
16 h at 90 °C, with temperature control maintained by refrigerant
equipment. A blank test without the pozzolanic material was performed
using identical conditions. After cooling the reaction system for 1 h,
250 mL of a 0.7 M sucrose solution was added and mixed for 15 min.
Approximately 150 mL of the resulting mixture was then filtered, and
25 mL of the filtrate were titrated with 0.1 M HCI, using 2 drops of
phenolphthalein as indicator. The pozzolanic activity (PA), expressed as
the amount of portlandite (CH), Ca(OH), fixed by the SCM, was
expressed using the following formula:

V1 — V3 74

PA = 2. -—-1000 2
56 (2)

V1

where PA represents the amount of fixed Ca(OH); in milligrams per
gram of SCM (mg-g™). In this formula, v; refers to the volume of 0.1 M
HCI required to titrate 25 mL of the control solution, and vy is the vol-
ume needed to titrate 25 mL of the solution where the pozzolanic re-
action has occurred.

Reagents: The pozzolanic activity tests required CaO and K2SO4, both
purchased from Thermo Scientific. Fisher Scientific® supplied KOH and
Ca(OH),. Additionally, 0.1 N HCI, provided by Labkem, was used for
titrations, along with D(+)-Sucrose AGR. All reagents were of analytical
grade.

2.5. Energetic assessment

A lab-scale evaluation of electrical consumption associated with the
three clay activation methods implemented in this research was

conducted to evaluate the energy impact of MTA. The results are pre-
liminary, as the scalability to industrial levels remains a challenge due to
equipment constraints and limited availability of data on MA process in
an industrial context. This assessment is not intended to serve as an
energy audit, as no efforts were made to optimise the activation pro-
cesses. The energy consumption used for all the activation procedures is
expressed in Wh, based on monitoring data from a power meter con-
nected to each device (furnace or ball mill). In this context, the ball mill,
with a 25 g capacity per activation batch, has the lowest throughput.
This configuration allows for maintaining a constant ball-to-powder
ratio (BPR), optimised in previous trials. The 25 g of mechanically
treated raw material are subsequently transferred to the furnace for
thermal treatment during MTA. To evaluate MTA efficiency in terms of
reactivity yield versus energy use, energy consumption per unit weight
is normalised by the cumulative heat release obtained from the R test at
7 days.

3. Results and discussion
3.1. Mechanothermal activation (MTA) concept

The structure modifications caused by the grinding process during
the mechanochemical activations do not involve the OHs release.
Notwithstanding, the remaining OH become less attached to the Kaol
structure because of this distortion process, thus predisposing them to
interact more easily [18]. A reduction in the dehydroxylation temper-
ature is observed as a result of the amorphisation induced by MA, as
mechanically activated samples exhibit a shift in the thermogravimetric
curves (solid line) compared to untreated kaolin (Fig. 1). Accordingly,
this phenomenon is exploited in this study to obtain the total dehy-
droxylation at lower temperatures, requiring less energy or fuel sources
during calcination processes. For this purpose, the two mechanically
activated K samples (KM-350-120 and KM-300-60) are then heated to
300, 400, 500, and 600 °C, constituting the multistep MTA process, as

Temperatures assessed for MTA
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Fig. 1. Mechano-thermal activation concept explained through TGA and DTG
of mechanically activated K and raw K.
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depicted in Fig. 1 with the vertical grey arrows. Additionally, mecha-
nothermally activated K at 800 °C is analysed for comparison with MK.

Focusing on the TGA curves, both mechanically activated samples
present a mass loss attributed to the dehydroxylation in the region be-
tween 100 and 500-600 °C. In contrast, the thermal treatment applied to
untreated K shows the OHs decomposition occurring around 520 °C
lasting until ~700 °C, as highlighted by the derivative thermogravim-
etry (DTG). This corroborates the OHs’ easy release after submitting K to
mechanical grinding. Nevertheless, the mechanical treatment parame-
ters play a crucial role, as their intensity marks the dehydroxylation
reduction degree according to the structural disruption accomplished
through the MA. Specifically, increasing the MA intensity, as in the KM-
350-120 sample, leads to a very low-temperature peak dehydroxylation
(see DTG curve). On the other hand, with lower grinding intensity, as in
the KM-300-60 sample, the Kaol presence is still noticeable according to
the peak at 440 °C on the DTG, making dehydroxylation still difficult at
low temperatures. The broad DTG peak of KM-300-60 observed below
400 °C is attributed to the OH groups associated with the amorphised
portion of the structure.

3.2. Structural characterisation

Fig. 2 illustrates the crystallographic evolution of Kaol through XRD,
as influenced by the different activation methods. This study primarily
examines the degree of transformation of kaolinitic clay into an amor-
phous structure in the 5-40 °(26) diffractogram region. Most reflections
in Fig. 2a are attributed to Kaol and quartz (Q) for K and KT-500. A

Q

——KM-300-60 |

——K(B)-300 |
K(B)-500

—— K(B)-600

Intensity (a.u.)

c) Q

—— KM-350-120,

—— K(A)-300

K(A)-500

9 J
Mo

\“"‘"“s Q Q
eran Ay |

10 15 20 25 30 35 40
Angle (20, degree)

Fig. 2. XRD diffractograms of (a) K, KT-500, and KT-800, (b) KM-300-60 with
its corresponding posterior thermal treatments, and (¢) KM-350-120 with its
corresponding posterior thermal treatments. Notations stand for Kaol=Kaolin-
ite, I=Illite, Q=quartz, and F=K-feldspar.
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comparison between them suggests a slight decrease in the kaolinitic
reflections since a few OHs amount are released at 500 °C (see Fig. 1).
Additionally, minor reflections at 8.8 °, 17.7 °, and 29.9 °(20) suggest
the presence of secondary phases, likely illite and muscovite, and K-
feldspar peaks appearing at 27.5 °(26).

The XRD pattern of the KM-300-60 sample displays reflections cor-
responding to Kaol and Q, suggesting that grinding at 300 rpm for
60 min only partially amorphises the structure (Fig. 2b). This is
consistent with the presence of crystalline Kaol in its corresponding TGA
(440 °C peak on DTG). Subsequent thermal treatments of the mechan-
ically pre-treated samples are conducted to further reduce kaolinite re-
flections, aiming to disrupt this crystalline phase. The formation of an
amorphised aluminosilicate source is evidenced by a broad humped
peak within the 20-30 °(260) range [37].

Thermal activation of KM-300-60 at 300 °C, K(B)-300, does not alter
the kaolinite structure significantly, as the kaolinitic reflections from
KM-300-60 remained. Specifically, KM-300-60 requires 500 °C to
accomplish almost the total elimination of kaolinitic reflections,
expressing a substantial reduction in crystalline Kaol content for K(B)-
500. Nevertheless, some low-intense reflections can be seen at 12.4 °,
19.9 °, and 24.9 °(20). At 600 °C the dehydroxylation is completed, as
represented by the K(B)-600 sample.

A more intensive grinding process (KM-350-120) results in a dif-
fractogram without Kaol reflections, as seen in Fig. 2c. XRD patterns of K
(A)-300, K(A)-500, and even higher posterior calcination temperatures
for KM-350-120 activation devoid kaolinitic reflections too. Comparing
the XRD diffractograms of K(A)-500 or K(B)-500 with those of KT-500
evidences the effectiveness of amorphising the Kaol structure to a
major degree with MTA at low temperatures instead of TA or MA
(depending on the milling intensity). Moreover, the prior application of
MA to MTA facilitates the partial amorphisation of other phases, such as
quartz or illite, which cannot be activated through TA, generating more
pozzolanic activity contributions. Based on this structural characteri-
sation, less intensive mechanical grinding requires higher temperatures
to achieve the total conversion of Kaol into an amorphous phase.

Foreseeing the thermal behaviour through thermogravimetric curves
provides valuable insight into the effectiveness of MTA employment
(Fig. 3). DTG data is also added (Fig. 3d, e, ) to plot the dehydroxylation
rate thanks to MTA implementation. Moreover, Table 3 provides the
mass loss attributed to all samples and the dehydroxylation degree
achieved during the TA or MTA, expressed as the percentage of hy-
droxyls removed during calcination. This quantified data provides a
deeper understanding of the MTA effect, based on the calculation pro-
cedure outlined in 2.4 (Eq. 2).

Figs. 3a and 3b demonstrate that the dehydroxylation can be effi-
ciently trailed to low temperatures compared to the K dehydroxylation
temperature (Fig. 3c) by implementing MTA. K thermal activation at
300 °C, 400 °C, and 500 °C has a minimal influence on the dehydrox-
ylation degree. A slight reduction in hydroxyl groups is observable only
at 500 °C, while calcination at 300 °C and 400 °C does not provide
sufficient thermal energy to induce OH removal. On the contrary,
mechanothermal activation allows a significant release of OHs at 300 °C,
400 °C, and 500 °C (Figs. 3a and 3b), evidencing the MTA effect in the
reduction of the dehydroxylation temperatures required for Kaol.
Notably, MTAs at 300 °C or 400 °C represents an interesting approach to
the effectiveness of this process by enabling significant OH release that
would not be attainable through calcination alone. For comparison, KT-
300 and KT-400 exhibit OH release of only 0 % and 3.2 %, respectively,
whereas the MTA unlocks a higher dehydroxylation degree, allowing a
release of the OHs between 50 % and 72 %. In addition, MTAs at 500 °C
produce almost complete dehydroxylation, while calcining untreated K
at 500 °C appears to have minimal effect. The dehydroxylation levels
achieved for K(A)-500 (85.7 %) and K(B)-800 (83.66 %) significantly
exceed the effect observed in KT-500, which only releases 12.3 % of the
OHs. However, implementing MTA at 600 °C provides a comparable
dehydroxylation rate to conventional thermal activation at 600 °C since
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Fig. 3. TGA (a, b, and c¢) and DTG (d, e, and f) of mechanothermally treated samples (a, b, d, and e) and thermally treated samples (c and f).

Table 3
Dehydroxylation degree calculated through the TGA mass loss data.

Mass loss from TGA Dehydroxylation degree (%)

(Wt%)

K 12.71 -
KT—800 0 100
K(A)—600 0.69 93.7
K(A)—-500 1.68 85.7
K(A)—400 341 71.9
K(A)—300 5.81 52.6
K(B)—600 0.86 92.8
K(B)—500 2.01 83.6
K(B)—400 4.4 65.1
K(B)—300 6.57 46.9
KT—-600 1.3 89.8
KT—-500 11.15 12.3
KT—400 12.30 3.2
KT-300 12.71 0

the untreated K dehydroxylation predominantly takes place around
550-600 °C. This is supported by the values in Table 3: K(A)-600 ach-
ieves 93.7 % OHs release, K(B)-600 achieves 92.8 %, whereas KT-600
reaches a slightly lower but comparable value of 89.8 % OHs release.
For this reason, the application of MTA at 600 °C becomes less effective
in terms of the dehydroxylation rate, as well as for treatments at 800 °C.

On the other hand, using a more or less intensive grinding does not
significantly change the enhancement of the dehydroxylation reduction
(see the differences in Table 3), despite the structural variations
observed in the XRD patterns. This indicates that complete structural
disruption of kaolinite is not required for effective dehydroxylation
when calcined at 500 °C.

Particle size distribution (PSD) and specific surface area evaluation
are illustrated in Fig. 4 to track the morphological modifications induced
by MA and MTA. The PSD of KM-350-120, K(A)-500, and K(A)-800
(Fig. 4a) exhibit a higher volume of particles within the 1-3 pm range
compared to K. Extending milling times or increasing rotation speeds in
MA likely cause particle agglomeration due to formation of new chem-
ical bonds through prolonged frictional interactions [27]. Furthermore,
the particle diameters of the mechanothermally treated samples are
even more concentrated within the 1-3 pm range compared to
KM-350-120, possibly due to sintering effects between particles induced
by the heat exposure. This is evidenced by the decrease in the differ-
ential volume within the 6-10 pm range. Consequently, K(A)-800 dis-
plays larger particles compared to K(A)-500, indicating increased
sintering associated with higher thermal activation temperature.

Reducing milling impacts through less-intensive MA results in an

]2 —«
s —— KM-350-120
S 4] K(A)-500
Q —K(A)-800
g
S 31
>
g 2
5
g 17
[a)

04

1 10 100
Diameter (um)

KM-300-60
KM-350-120
K(A)-500

sintering

Specific surface area (m*-g™)

Samples under study

Fig. 4. Analyses of particle size distribution (a) and specific surface area (b) for
representative samples activated through mechanical and mechanothermal
methods, as well as K.

increase in specific surface area, as shown in Fig. 4b for KM-300-60.
Additionally, the agglomeration effect at higher MA intensities is further
supported by BET analysis represented by KM-350-120. Furthermore,
the thermal application over a mechanically activated sample leads to a
slight decrease in the specific surface area, likely attributed to a sintering
phenomenon.

3.3. Reactivity assessment

The reactivity measurements of the samples under study provided by
the R® test are compiled in Fig. 5. Fig. 5a depicts the R® results of KM-
300-60 and its derived samples activated through MTA, while Fig. 5b
displays the corresponding data for KM-350-120. For comparative
analysis, the thermally activated samples are represented in Fig. 5c. As
expected, KM-350-120 (620.3 J ~g’1) can be classified as a more reactive
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Fig. 5. R® test results of all MA, TA, and MTA samples.

material than KM-300-60 (470.5 J~g’1), attributed to the difference
observed in the amorphisation degree resulting from the initial MA.

MTA implementation demonstrates a highly efficient enhancement
of reactivity values at low temperatures. Treating kaolin either ther-
mally or mechanothermally results in significant differences in the
pozzolanic activity of each activated samples. The most representative
comparison occurs at 300 °C and 400 °C, where KT-300 and KT-400
present R values of near zero at 7 days, likely due to the remaining
unaltered kaolinitic structure after thermal induction at 300 °C and 400
°C. In contrast, K(A)-300, K(A)-400, K(B)-300 and K(B)-400 exhibit high
pozzolanic activity due to the extended dehydroxylation achieved
through MTA. Thus, MTA efficiently unlocks the dehydroxylation in K at
300 °C and 400 °C. Comparisons at 500 °C still remark the MTA effect.
KT-500 increased from 174.2 J-g~! to very high pozzolanic numbers
exceeding 700 J-g~! for K(A)-500 and K(B)-500, multiplying its effect on
reactivity terms by a factor of 4. However, thermally activated K at 600
°C and 800 °C alone results in high pozzolanic values that mechanically
activated samples cannot achieve.

The decrease in reactivity for all mechanothermally activated sam-
ples at 800 °C, related to metakaolin (KT-800), is quantified as a per-
centage in Fig. 6a-b (indicated by a red arrow). Since both methods
appear to reach the same dehydroxylation rate, this reacting decrease
may be explained through the sintering phenomenon of the particles
observed in the PSD and BET study (Fig. 4). This reactivity reduction in
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MTA at 800 °C compared to TA at 800 °C ranges from 8 % to 9.4 %,
depending on the intensity of the initial mechanical application.

On the other hand, it is also remarkable that MTA provides superior
reactivity values than MA across all samples. These increased pozzolanic
values are also quantified in percentages in Fig. 6a-b (indicated by green
arrows) to provide further information on MTAs’ effects. Specifically, K
(B)-500 highlights the efficacy of MTA, showing an increase in reactivity
of 37.3% in comparison with its MA, along with a substantial
improvement over TA at 500 °C.

As depicted in Fig. 7, XRD analysis of the resultant pastes from the R3
test reveals the consumption of CH at the same time that tracks the
formation of new hydrated phases, providing valuable insight into the
reactivity rate. Representative samples with distinct reactivity values
were selected to evidence the formation and consumption of these
phases. Furthermore, Table 4 summarises the phases semiquantification
through Rietveld refinement to provide more accurate data on phase
consumption and formation.

Increased consumption of CH and calcite, caused by the reactions
with amorphous aluminosilicates, indicates the reactivity of the acti-
vated kaolins. CH consumption promotes the formation of C-(A)-S-H
phases, while calcite and CH consumption indicate the development of
carboaluminate phases, specifically AFm phases such as hemi-
carboaluminate (Hc) and monocarboaluminate (Mc). In this regard, KT-
800 exhibits the highest CH consumption compared to K(B)-500 and
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Fig. 6. Reactivity enhancement of MTAs compared to MAs (green arrow) and reactivity reduction of MTAs compared to KT-800 (red arrow) assessed through R®
values at 7 days of mechanically activated samples, mechanothermally activated samples and KT-800.
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Table 4
Percentage of crystalline and amorphous phases estimation of resultant R® pastes
using Rietveld refinement.

Phases content

(Wt%)

KM-300-60 K(B)-500 KT-800
Portlandite (CH) 30.00 30.74 24.49
Calcite (Cc) 25.19 22.36 21.97
Monocarbonate (Mc) 30.20 31.55 35.94
Hemicarbonate (Hc) 5.63 5.36 6.27
Amorphous 7.17 8.08 8.63
Quartz (Q) 1.80 1.91 2.70

KM-300-60, as evidenced by the significant reduction in reflections
intensity, corroborated by Rietveld analysis results. Moreover, K(B)-500
presents a very slight decrease in CH content compared to KM-300-60.
On the other hand, AFm phases are formed with KT-800 exhibiting the
highest Hc and Mc content compared to K(B)-500 and KM-300-60.
Furthermore, Mc formed in a major percentage for K(B)-500 than KM-
300-60, whereas Hc presents a very similar formation rate. In particular,
it can be observed that the Mc content is significantly higher than that of
Hc across all R® pastes from activated kaolins. In addition, the amor-
phous amount, mainly attributed to C-(A)-S-H hydrated phases, results
in 7.17 % for KM-300-60, 8.08 % for K(B)-500 and 8.63 % for KT-800,
corroborating the reactivity patterns with a linear trend where KT-
800 > K(B)-500 > KM-300-60.

Fig. 8 illustrates the TGA and DTG data curves of pastes from the R®
test, providing complementary evidence to the XRD patterns discussed
earlier. Residual isopropanol can be observed at 82 °C as a consequence
of the drying paste procedure. The formation of C-(A)-S-H and AFm is
confirmed across all samples, as evidenced by the mass loss jump at
around 100 °C and 130 °C, respectively [38,39]. The Mc and Hc for-
mation is further corroborated by XRD results (Fig. 7), whereas the
detection of C-(A)-S-H is more effectively performed using TGA, given
the challenges in tracking its amorphous structure through XRD. The
DTG curves reveal the decomposition of CH and calcite with distinct
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peaks at approximately 400 °C and 650 °C, respectively.

In terms of reactivity behaviour, KT-800 exhibits higher consump-
tion of CH and carbonates, resulting in the augmented formation of C-
(A)-S-H and AFm phases compared to K(B)-500 and KM-300-60, as
anticipated. However, K(B)-500 shows slightly higher CH consumption
than KM-300-60, maintaining equal carbonate consumption. These
findings reaffirm the reactivity trend as KT-800 > K(B)-500 > KM-
300-60. Additionally, the DTG peaks observed at 265 °C and 340 °C
could be attributed to amorphous AH3 phases and C3ASHj4, according to
the literature [40]. Notably, the formation of the common phase in
limestone calcined clay cement, ettringite (AFt), is not observed in either
TGA or XRD, likely due to the absence of gypsum in R* pastes formu-
lation [41].

Even though the R® test provides a more accurate simulation of
cement reactions compared to the modified Chapelle test [37], it is
implemented here to contrast the evidence of reactivity enhancement
provided by the RS test data (see Fig. 9). Mechanically treated samples
reached values according to their grinding intensity; KM-300-60
consumed 0.91 g of portlandite, whereas KM-350-120 fixed 1.28 g.
These results indicate that MA alone is an effective activation method for
kaolin with moderate pozzolanic activity. The posterior dehydrox-
ylation enhances portlandite consumption in mechanically activated K,
showing a rising linear trend with increasing temperature for the MTAs.
In addition, each subsequent thermal treatment of KM-350-120 sur-
passes the portlandite consumption of KT, even KT-600. Nonetheless,
KT-800 performed as the highest pozzolanic material, with a 1.78 g
consumed. The portlandite consumption measured for all the samples
analysed in this investigation closely mirrors the R> values trend, where
TA at 300 °C, 400 °C and 500 °C < MA < MTA < metakaolin (KT-800),
corroborating the good correlation between both pozzolanic tests.

3.4. Lab-scale energetic assessment

A preliminary lab-scale evaluation of the electrical consumption
associated with different clay activation methods was conducted to
furnish evidence about the MTA energetical impact (Table 5). However,
this analysis offers only an initial estimate of the energy requirements, as
current equipment used at the laboratory scale is not yet able to meet
large-scale demand. Moreover, the lack of data referred to MA in in-
dustry applications implies some throwbacks to face the scalability
challenges.

The left column from Table 5 evidences that the ball mills consume
significantly less electrical energy than the furnaces, with the KT-T series
exhibiting higher consumption compared to mechanically activated
clays. For mechanothermally activated clays, energy consumption
mainly depends on the thermal intensity applied during the MTA pro-
cess. For temperatures below 500 °C, the process is less energy-intensive
compared to metakaolin obtention (KT-800). In contrast, MTA processes
at 600 °C or 800 °C require an even higher amount of energy, as they
involve the combination of both mechanical and thermal activation
processes.

Table 5 illustrates the energy consumption per gram of activated clay
(Wh-g’l) for each activation process. For both mechanical alone and
mechanothermal activations below 600 °C, the energy required to
activate 1 g of clay is lower compared to the KT-800 process (except for
K(A)-600). Although this analysis is conducted at a laboratory scale
using electrical data, the favourable performance of MTA suggests the
potential for greater efficiency at the industrial level. Since the thermal
activation of kaolin typically depends on fuel sources, scaling up could
lead to a significant reduction in CO3 emissions.

To estimate the efficiency of MTA in terms of reactivity yield relative
to energy consumption, the energy use per unit weight is divided by the
cumulative heat data from the R® test at 7 days. This calculation reveals
the energy consumption required to achieve this level of reactivity per
unit weight. For MTA treatments at 300 °C, 400 °C, and 500 °C, a
significantly improved reactivity-to-energy ratio is observed compared
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Fig. 9. Modified Chapelle test results of all MA, TA, and MTA samples.

to KT-300/400/500 samples. Nevertheless, despite increased reactivity,
the energy demands of MTA are higher than those of mechanically
activated kaolin.

4. Conclusions

This study develops a multistep activation method for kaolinitic clays
by combining mechanical activation (MA) with posterior calcination.
This novel process reduces Kaol’s dehydroxylation temperature related
to the amorphisation of the structure induced by MA. Then, a thermal
treatment is applied to release substantial amounts of OHs at much
lower temperatures than conventional thermal activation (TA). Based on
the structural changes monitored by characterisation techniques and
pozzolanic tests, the following conclusions are summarised:

e As mechanothermal activation (MTA) conducts the posterior OHs
release on the mechanically activated samples, the reactivity values

Table 5
Lab-scale energetic consumption of all MA, TA, and MTA samples.

Energetic
consumption of
the activation

Energetic
consumption
normalised by the

Electrical energy
normalised by
heat release from

method (Wh) activated clay R value
(Wh-g™h) (Whg~1J™h

KM—350-120 630 24.23 1.02
KM—-300-60 240 9.19 0.51
K(A)—800 2170 83.85 2.44
K(A)—600 1650 63.46 1.88
K(A)—500 1480 56.73 1.81
K(A)—400 1250 47.88 1.59
K(A)—300 1060 40.85 1.46
K(B)—800 1790 68.81 2.04
K(B)—600 1260 48.42 1.52
K(B)—500 1080 41.69 1.45
K(B)—400 850 32.84 1.44
K(B)—300 670 25.81 0.92
KT—-800 1550 59.62 1.60
KT—600 1020 39.23 1.12
KT—500 850 32.50 4.85
KT—400 620 23.65 133

KT—300 430 16.62 216

are higher if compared with MA, regardless of the grinding intensity,
as demonstrated by the R® and modified Chapelle tests. In terms of
reactivity, MTA outperforms MA (MTA > MA).

e TGA reveals a significantly higher dehydroxylation degree at 300 °C
and 400 °C (approximately 50 % and 70 %, respectively), whereas
thermally treated samples remain predominantly undehydroxylated.
Consequently, reactivity increases substantially from near-zero
values to high pozzolanic activity at these lower calcination tem-
peratures. MTA unlocks the dehydroxylation at 300 °C and 400 °C.

e K(A)-500 and K(B)-500 achieve a significantly higher dehydrox-
ylation degree compared to KT-500, with approximately 85 % and
12 %, respectively. In addition, K(A)-500 and K(B)-500 exhibited
pozzolanic activity values only 15-20 % below that from metakaolin
(KT-800), with a significant reduction in the calcination temperature
of 300 °C. In contrast, KT-500 cannot be considered as a pozzolanic
material since heat treatments at 500 °C have a minimal impact on
the structure and reactivity. MTA demonstrates a strong capacity to
highly dehydroxylate Kaol at 500 °C.
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When applied at 600 °C or 800 °C, MTA produces less reactive ma-
terials than those achieved through TA alone, while also requiring
more energy to be obtained. Consequently, MTA applied above 600
°C is considered inefficient.

This novel activation process effectively lowers the temperature

required to produce metakaolin, reducing its environmental impact
while aligning with the key findings. Unlocking the kaolinitic dehy-

dro

xylation at 300 °C and 400 °C ensures significant savings on fossil

fuel sources. It highlights MTA as a promising approach for developing
more sustainable activation methods. To maximise its potential, this
strategy should be scaled up for industrial application to validate its
effectiveness and feasibility in large-scale operations.
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