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Calcined clays have emerged as a suitable alternative to partially replace conventional cement due to their high
pozzolanic activity. This study explores a novel activation methodology for kaolinite, aiming to obtain meta-
kaolin at lower temperatures than conventional thermal activation. This methodology involves a prior interca-
lation stage with potassium acetate (KAc) before thermal activation. The effectiveness of KAc intercalation was
assessed through X-ray diffraction (XRD), indicating an intercalation ratio of approximately 90%. Several
calcined temperatures were tested in accordance with the thermal behaviour analyzed through thermogravi-
metric analysis (TGA). Once calcined, the intercalated kaolinites exhibited enhanced reactivity compared to
conventional calcined clays in the range between 400 °C to 550 °C, as demonstrated by modified Chapelle and
Si/Al availability tests. A comprehensive structural characterization was conducted to facilitate a better un-
derstanding of the novel KAc-based metakaolin reactivity through various techniques (XRD, Al - 'H MAS NMR,
and TGA). This focused on the crystalline changes in the kaolinite structure, the evolution of Al atoms confor-
mation, and the OH behaviour at different thermal activation temperatures. Overall, this study highlights the
potential of KAc intercalation as a strategy to obtain higher metakaolin content at lower temperatures than
through conventional thermal treatments, offering insights into the development of its potential use as supple-
mentary cementitious materials or alternative cementitious materials precursor.

Alternative cementitious materials
Dehydroxylation

cementitious materials either as alternative cementitious materials
(ACM) or as supplementary cementitious materials (SCM) (Fernandez

1. Introduction

Ordinary Portland cement (OPC) production entails a significant
contribution to carbon dioxide emissions worldwide (Gartner, 2004;
Scrivener et al., 2018) The production of one cement tonne leads to 900
kg CO2 emission (Benhelal et al., 2013). To keep the global environ-
mental balance, the cement research community has been pressured to
develop new eco-friendly construction materials (Schneider et al.,
2018). For this purpose, calcined clays rise as a suitable option as an
interesting replacement for conventional cement (Sabir et al., 2001).
Calcining kaolin (K) in the range between 700 and 800 °C produces the
dehydroxylation of kaolinite (Kaol) structure, which highly disorders its
crystalline composition. The obtained aluminosilicate 3-dimensional
framework, named metakaolin (MK), possesses a high pozzolanic ac-
tivity in contact with Ca(OH),, forming various cementitious phases
(Siddique and Klaus, 2009; Ramezanianpour and Bahrami Jovein,
2012). The high reactivity of MK promotes its implementation in several
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et al., 2011; Tironi et al., 2012, 2013).

Kaolinite Aly[SioO5](OH)4 (see Fig. 1), the MK precursor, exhibits
remarkable versatility in reactivity terms. Kaol can interact with both
organic and inorganic substances through adsorption, intercalation, and
cation exchange mechanisms (Brigatti et al., 2013). Notably, the inter-
calation of organic molecules into Kaol layers emerges as a compelling
area of interest within the field of clay research. The intercalation
phenomenon involves the insertion of guest organic molecules into the
interlamellar spacing of Kaol, thereby disrupting the hydrogen bond
network between the Si—Al oxide layers (Deng et al., 2002). This pro-
cess results in an expansion of Kaol interlayer distance (Li et al., 2009;
He et al., 2014).

A wide number of organic molecules with intercalation properties,
such as hydrazine, potassium acetate, dimethyl sulphoxide, urea, or
formamide, have been studied in recent years (Horvath et al., 2010;
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Fig. 1. Schematic Kaol structure.

Lagaly et al., 2013). According to the literature, intercalation procedures
require long reaction times (Lagaly et al., 2013). In this regard, among
all organic guest options, the intercalation of potassium acetate (KAc)
has been reported to require the shortest reaction times (~1 day) (Cheng
et al., 2010a). Furthermore, KAc insertion on Kaol layers has also
demonstrated the highest reaction degrees (Ruiz Cruz, 1999).

Intercalating processes change Kaol thermal behaviour (Horte et al.,
1988; Gabor et al., 1995; Cheng et al., 2012b). There are different
studies supporting that the thermal decomposition of KAc-intercalated
Kaol (K-KAc) takes place at lower temperatures than unaltered Kaol
(Cheng et al., 2012a; Zhong et al., 2017). The onset of Kaol dehydrox-
ylation occurs at ~450 °C, whereas for the K-KAc intercalated systems,
the dehydroxylation starts at around 300 °C (Cheng et al., 2014; Mako
et al., 2014). Despite the very limited application of KAc intercalation in
the cement industry (Zeng et al., 2014), the thermal performance of K-
KAc complexes may lead to an improved thermal activation methodol-
ogy for the production of SCM or cement precursors for ACM.

In this sense, this work aims to achieve MK at lower temperatures
than through the conventional thermal activation procedures. This
innovative activation methodology involves a preliminary chemical
treatment with KAc prior to thermal activations. This multi-step process
may enhance the pozzolanic activity at lower temperatures compared to
conventional calcined clays. Firstly, the reaction degree of the KAc
insertion was assessed and quantified. After different calcination treat-
ments, reactivity measurements were carried out to evaluate the effec-
tiveness of this novel activation method. Then, a comprehensive
structural characterization was conducted to elucidate the reactivity
variations. Non-intercalated kaolinites were also studied for comparison
purposes.

2. Materials and methods
2.1. Materials

The raw kaolinitic clay employed for intercalating was supplied by
the Spanish company Minerals i Derivats, S.A and was used without any
further purification. Its chemical composition was determined by X-ray
fluorescence (Table 1) with a Panalytical Philips PW 2400 sequential X-
ray spectrophotometer equipped with UniQuant® V5.0 software. The
crystalline composition was evaluated by means of X-ray diffraction
(XRD) using a Bragg-Brentano PANalytical X’Pert PRO MPD alphal
powder diffractometer with CuKal radiation (A = 1.5406 A). The
measuring time was 100 s and five scans were performed for each
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sample. The experimental setup included a focusing Ge (111) primary
monochromator, with a step size of 0.026°, an anti-scatter slit of 4° and a
Soller slit of 0.04 rad. The main crystalline phases of raw kaolin were
analyzed using the X’Pert HighScore software. Potassium acetate (KAc)
used for the intercalation process was provided by Panreac.

To carry out the pozzolanic tests, the purchased reagents were cal-
cium oxide and sodium hydroxide from Thermoscientific, and D(+)-
Sucrose AGR and hydrochloric acid 0,1 N from Labkem for the titrations.

2.2. Methods and characterization techniques

2.2.1. Intercalation methodology

The intercalated complexes were prepared by directly combining
raw kaolin with a 7.2 M KAc solution for 24 h. The reaction system
comprised a reflux column and was exhaustively stirred at 60 °C with a
solid-to-liquid ratio of 1:5. Once the reaction ended, the resulting paste
was filtered, and the resultant solid was dried at 105 °C for 2 days of
ageing. Subsequently, the solid was washed with ethanol to remove any
excess of non-intercalated KAc. Nonetheless, the authors preferred to
assume a small loss in the intercalation ratio over a remaining significant
amount of KAc, which would generate too much CO, when calcined.

For the intercalation effectiveness measurements, X-ray diffraction
(XRD) was employed. PANalytical X'Pert PRO MPD alphal powder
diffractometer in Bragg-Brentano 6/20 geometry of 240 mm of radius
(CuKal radiation, A = 1.5406 A). The work power used was 45 kV — 40
mA. A focusing Ge (111) primary monochromator was used for the
measurements. The preparation via of the samples was back-loading.
The intercalation extent was determined by the intercalation ratio
(IR), which was calculated using the intensity values of the 001 reflec-
tion (basal reflection) as stated in Eq. (1). For this purpose, the X’Pert
HighScore software was used to determine the relative intensity data.

1(001) intercalated kaolinite

IR = [I(001) intercalated kaolinite + 1(001) kaolinite

100 (€D)]

Scanning electron microscopy (SEM) was employed to compare the
intercalated clay with raw kaolin. For this purpose, the samples were
coated with carbon and scanned using a JEOL J-7001F microscope,
operating at a 15 kV accelerating voltage. In addition, a thermogravi-
metric analysis (TGA) was conducted to analyze the intercalation using
an SDT Q600 (TA Instruments) from 30 to 800 °C, with a heating rate of

10 °C-min~! and a synthetic air flux of 50 mL-min~'.

2.2.2. Calcination series

Once the intercalation was achieved, intercalated kaolinites were
calcined at 400, 450, 500, 550, and 600 °C for 2 h to evaluate any po-
tential increase in the reactivity of the thermal activated Kaol. They
were calcined heating in-situ from room temperature 5 g each sample
using a Hobersal JB20 muffle furnance (maximum temperature of
1100 °C).The calcination series were also carried out for the raw kaolin
for comparison purposes. The nomenclature of the samples through this
work was K-T or KI-T, where K or KI were assigned to raw kaolin or
intercalated kaolinite, respectively, whereas T denotes the temperature
applied during the thermal process.

2.2.3. Clay activity assessment

Modified Chapelle test: 1 g of calcined clays (both K-T and KI-T series)
and 2 g of powdered CaO were added to 250 mL of distilled water (Li
et al., 2018). The mixture was then vigorously stirred for 16 h at 90 °C
controlled by refrigerant equipment (Ferraz et al., 2015). A control

Table 1

XRF analysis of the raw kaolin.
Compounds SiO, Al,03 K,0 Fe,03 CaO TiOy Na,O MgO P,05 LOoI*
wt% 49.85 36.31 0.69 0.47 0.16 0.15 0.13 0.11 0.08 12.03

" LOL: Loss on ignition at 1100 °C.
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experiment (blank test) without the pozzolanic material was made
under the same conditions. Once the reaction system cooled down for 1
h, the solution was added to 250 mL of sucrose 0.7 M and mixed for 15
min. Then, approximately 150 mL of the reacting system-sucrose
resultant solution was filtrated, and 25 mL were titrated with 0.1 M
HCl and 3 phenolphthalein drops. To measure the portlandite (Ca(OH)3)
fixed by the SCM, the following formula was used:

PA = 2%-—-1000 (2)

where PA (pozzolanic activity) denotes the mg of fixed Ca(OH),-per g of
SCM (mg-g 1), v1 is the required volume for titrating 25 mL of control
solution, and v2 is the required volume for titrating 25 mL of the solution
where the pozzolanic reaction takes place.

Avadilability of Si and Al test: The SiOy and Al;O3 availability was
investigated employing Inductively Coupled Plasma — Optical Emission
Spectroscopy (ICP-OES) on the resultant solution derived from chemical
treatments using 8 M NaOH (Manosa et al., 2022). 1 g for each K-Ts and
KI-Ts was solved in 100 mL of 8 M NaOH (solid-to-liquid ratio of 1/100).
This system was stirred for 5 h at 80 °C. Three replicates were made to
ensure repeatability.

2.2.4. Structural characterization of the resultant calcined clays (K-Ts and
KI-Ts)

The Fourier-transform infrared spectroscopy (FTIR) was employed to
evaluate the acetate removal and the structural evolution of the calcined
intercalated Kaol, with 32 scans over the range of 4000-450 cm™ * at a
resolution of 4 cm™ 1. For this purpose, the A Spectrum Two™ Perki-
nElmer spectrometer in attenuated total reflectance (ATR) mode was
used. The spectra were enclosed to the interest scanning regions.
Furthermore, TGA was carried out to track the removal of OH groups in
order to study the intercalation effect on the dehydroxylation rate of the
K and KI series. X-ray diffraction was also employed to evaluate the
crystalline evolution of kaolinite reflections, using the same conditions
described above (section 2.2.1.). Solid state 2 Al MAS-NMR (magic angle
spinning nuclear magnetic resonance) was implemented to follow the
structural disorder exhaustively through the Al coordination numbers
evolution. Its spectra were recorded at RT in an AVANCEIII HD 600
(Bruker AXS) spectrometer using a double resonance CPMAS probe of
4.0 mm at a spinning rate of 13 kHz. The magnetic field was 14.1 T
corresponding to a 27Al resonance frequency of 156.37 MHz. The %Al
chemical shifts are referenced to AI(NO3)3. 27 A1 MAS-NMR spectra were
recorded with an excitation pulse of 0.7 ps and 1-s delay with 'H
decoupling (¥’Al Hpdec with spinal 64 decoupling sequence for Al) and
summing up 2000 scans. 'H MAS-NMR spectra were recorded at RT in
an AVANCEIII HD 600 (Bruker AXS) spectrometer using a triple reso-
nance DVT probe of 2.5 mm at a spinning rate of 25 kHz to compare the
OH evolution between calcined intercalated and non-intercalated kao-
linites at each temperature. The magnetic field was 14.1 T correspond-
ing to a 'H resonance frequency of 600.09 MHz. The 'H chemical shifts
are referenced to adamantane. 'H MAS NMR spectra were recorded with
an excitation pulse of 2 ps and 3-s delay summing up 64 scans.

3. Results and discussion
3.1. K-KAc intercalation assessment

Fig. 2 depicts the diffractogram patterns of both the raw kaolin and
the intercalated kaolinite, providing insight into its structural evolution.
The utilization of the XRD technique is commonly employed to evaluate
the effectiveness of intercalation, as noted in previous studies (Li et al.,
2009; Cheng et al., 2010b). The intercalation procedure leads to an
expansion of the interlayer space of Kaol along the normal direction to
the (001) crystal plane (Cheng et al., 2015). The interlayered extension
varies depending on the organic guest proposed. In this KAc studied
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Fig. 2. XRD patterns of raw kaolin (K) and K-KAc complex with a focused
diffractogram on 4° to 16° region.

case, the intercalation induces an interlamellar expansion from 0.706 A
to 1.416 A, altering the typical 001 reflection (basal reflection) from
12.5° to 6.2°. The appearance of this new peak indicates that the po-
tassium acetate molecules are straightly inserted into the lamellar space
of Kaol. The intercalation degree for the K-KAc complex of this experi-
mental procedure was assessed through the reflection intensities,
following Eq. (1). The insertion was achieved with an efficiency of 89%.
As previously mentioned, K-KAc complexes appear to be the most effi-
cient intercalation in yield terms as they result in the largest basal
spacings. Nonetheless, the utmost level of reaction may not consistently
reach 100%, even after prolonged reaction durations, as this is contin-
gent upon the nature of K, structural order, and particle size (Gabor
etal., 1995; Ruiz Cruz, 1999). Moreover, inner OH may not contribute to
intercalation as inner-surface OHs (see Fig. 1) since they are not located
in the interlayer space.

The kaolinite and KAc-intercalated kaolinite SEM images are pre-
sented with different magnifications in Fig. 3. The crystalline kaolinite
in the raw kaolin is formed by pseudo-hexagonal plates disposed of
laminarly, building an accordion structure with sharp edges (San
Cristobal et al., 2010; Cheng et al., 2018; Manosa et al., 2023). These
stacked films are presented in both Fig. 3a-b, revealing a high crystalline
degree for the Kaol studied. On the other hand, a morphological change
is observed once the intercalation has been accomplished. Fig. 3¢ shows
that the kaolinitic films are appreciably distorted and more randomly
distributed, changing the initial conformation of kaolinite. This may be
because the intercalation reaction breaks the interlayered hydrogen
bonds, thereby disrupting the kaolinitic structure. In addition, even the
kaolinitic crystalline network is disrupted due to the KAc insertion, as
seen in Fig. 2, the layers set remained with the lamellar disposition (see
Fig. 3c).

A thermogravimetric analysis is implemented to foresee the thermal
behaviour of KAc intercalated. It is well-known that the kaolinite
dehydroxylation process produces around 13 wt% loss between the
range of 400-700 °C, which provides higher reactivity to the material by
amorphizing it (Shvarzman et al., 2003; Johnston et al., 2022). For the K
sample studied (see Fig. 4, black line), 12.1% of mass loss is reached. The
dehydroxylation depends on the particle size, quantity of impurities, and
heating rate, among others (Alfonso et al., 2022) as well as the per-
centage of Kaol in the K. The differential thermogravimetry curve (DTG)
curve marked the peak at 520 °C.
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Fig. 4. Thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) curves of K and K-KAc composite.

Contrarily, there are many discrepancies in the literature regarding thermal behaviour varies depending on the degree of intercalation. In
the dehydroxylation in intercalated kaolinite composites (Mako et al., any case, backtracking on the temperature of dehydroxylation is
2014; Zeng et al., 2014; Cheng et al., 2015; Zhong et al., 2017). The experimented for the K-KAc complex (see Fig. 4, red line) in comparison
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with K, according to DTG curves. TGA shows two distinct steps of mass
loss at 377 °C and 493 °C, assigned to acetate decomposition and OHs
dehydroxylation, respectively. This may be due to the kaolinitic inter-
layer distance expansion caused by intercalation. This process exposes
the OH groups, predisposing them to a more thermally efficient acti-
vation. In addition, the crystallinity of kaolinite decreases sharply after
intercalation. As a result of both phenomena, a more rapid onset of
dehydroxylation results from intercalated kaolinites. The first small
weight loss is attributed to the moisture content of the tested sample.

3.2. Reactivity measurements

The modified Chapelle test (Fig. 5) evaluates the pozzolanity
acquirement of the K and KI series through thermal activations. The
capability of the calcined clays to react with Ca(OH), by consuming
calcium defines its potential reactivity. An interesting pattern is appre-
ciated in the lower calcination temperatures used. An increase in the
reactivity for KI-400, 450, and 500 in comparison with K-400, 450, and
500 was obtained. Thus, K-400 consumed 0.23 g, while KI-400
consumed 0.43 g. K-450 consumed 0.25, while KI-450 consumed 0.62
g. K-500 consumed 0.84 g, while KI-500 consumed 1.15 g. The most
notable difference was observed in the KI-450 sample, which exhibited
an increase in reactivity to almost 250% concerning K-450. The inter-
calation of kaolinite as a previous procedure to produce metakaolin al-
lows to achieve a more reactive material than conventional kaolinite
calcined at the same temperature between 400 and 500 °C. Nonetheless,
at temperatures of 550 °C and 600 °C, both the K and KI series reached
similar ranges of calcium consumption values. This indicates that once
the dehydroxylation is fully accomplished for both kaolinitic series, their
reactivity performances become equal, with the consumption of por-
tlandite falling within the 1.4 to 1.7 g range.

To furnish evidence of the reactivity behaviour, chemical extractions
of Si and Al in a concentrated NaOH solution were carried out (Fig. 6).
Even though this test is typically used to evaluate the potential alumi-
nosilicate source application as an alkali geopolymer, the Si and Al
availability can also determine the potential pozzolanity as well
(Kuenzel and Ranjbar, 2019). The dissolved content is expressed as
available SiO5 and Al;03 relative to the total SiO5 and Al,O3 content in
the raw kaolin, respectively. The trend of Al and Si dissolution behaviour
remained almost consistent across different calcination temperatures,
with only very slight variations. This suggests that the same quantity of
aluminates and silicates are potentially reactive units. Intensifying the
thermal activation promotes more reactive SiOy and Al;O3 particles as
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Fig. 5. Consumed portlandite in the modified Chapelle test for K-T and KI-
T series.
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the degree of dehydroxylation and amorphisation increases (Bich et al.,
2009). Consequently, an increase in the dissolution of Si and Al particles
in the alkali medium was observed as the thermal treatment temperature
increased. Hence, the results also agreed with the Modified Chapelle
test.

Based on the ICP analysis of the supernatant, the Si and Al dissolution
are higher in the calcined intercalated kaolinites compared to the
calcined non-intercalated kaolinites. This indicates a higher degree of
amorphization in the intercalated samples, suggesting enhanced reac-
tivity due to the structural changes induced by intercalation. A trend is
observed for aluminates and silicates at 400, 450 and 500 °C. When the
intercalated-kaolinites are submitted under calcination, the dehydrox-
ylation takes place more readily due to a higher exposal of the OHs and
the structure disruption (caused by KAc intercalation) than the raw
kaolin (Cheng et al., 2012a). Hence, more available Si and Al units are
obtained for intercalated complexes calcined at the same temperature
than non-intercalated kaolinites. On the other hand, at 550 °C, even
though the intercalated complex still shows a higher reactive content of
SiO3 and Al;03 than the non-intercalated, the reactivity values are much
closer than in lower calcinating temperatures. Moreover, at 600 °C the
dissolved content values are slightly increased for the K-600 in com-
parison to KI-600. Nonetheless, the values still fall within a similar,
relatively narrow range, suggesting a convergence in reactivity at this
higher temperature. This potential plateau reached is explained as fol-
lows: the reactivity values are defined by the dehydroxylation degree.
Once OH removal is entirely accomplished, the amorphization levels of
the aluminosilicates can not increase notably, and neither can its reac-
tivity. This is in accordance with the modified Chapelle test results. The
presence of potassium from KAc could slightly alter the reactivity of
metakaolin (Xu et al., 2011).

3.3. Structural characterization of the resultant calcined clays (K-Ts and
KI-Ts)

The intercalated Kaol (denoted as K-KAc in Fig. 7a) exhibits char-
acteristic acetate bands in the FTIR spectrum. Specifically, the band at
1336 cm™! corresponds to CHs deformation, whereas those at 1401
ecm ™! and 1569 cm ™! are attributed to symmetric and antisymmetric
C—O stretching, respectively (Xu et al., 2015). The FTIR analysis thus
confirms the intercalation process. When the intercalated complex is
treated at 400 °C (KI-400), all acetate anions are removed from the
structure, as evidenced by the complete disappearance of these bands.
This removal is consistent for samples K-450, K-500, K-550, and K-600,
indicating that thermal treatments effectively eliminate the intercalated
acetate. In the region from 750 cm ™! to 1100 cm ™}, bands corresponding
to Si—O, Al—O0, and Si-O-Al vibrations in Kaol show broadening with
progressive thermal treatment of the K-KAc complex. This broadening is
indicative of kaolinitic structural amorphization, as previously reported
(Alvarez-Coscojuela et al., 2024). Fig. 7b highlights the FTIR spectral
region of hydroxyl groups, where new bands appear at 3450 cm™ ! and
3600 cm™!. These correspond to the hydroxyl stretching of interlayer
water coordinated to acetate and the stretching of inner hydroxyl groups
in Kaol aligned parallel to the (001) direction, respectively (Frost et al.,
2001). Additionally, bands at 3688 cm’l, 3670 cm’l, 3653 cm’l, and
3620 cm ™! are associated with hydroxyl group vibrations (Manosa et al.,
2023). Thus, since none of the KI-T samples exhibit acetate vibrations, it
can be concluded that acetate is completely eliminated at all studied
calcination temperatures. Furthermore, the FTIR data indicates that
hydroxyl groups are almost fully removed at 500 °C when intercaled.

Fig. 8 was implemented to track the OH content (%) of the K-T and
KI-T series to compare the dehydroxylation degree between them. For
clearer visual representation, TGA data was adjusted to show 100% mass
loss at 400 °C. This normalization allows for a more straightforward
comparison of the rate and extent of dehydroxylation in each series,
highlighting differences in thermal behaviour and chemical reactivity
due to the presence or absence of intercalation. The mass loss attributed
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to all samples between 400 °C to 700 °C is located on the right side of the
figure, which corresponds to kaolinite dehydroxylation since the acetate
is already eliminated at 400 °C, as evidenced through FTIR. Table 2
displays the degree of dehydroxylation as the percentage of hydroxyls
removed during calcination. This percentage is calculated based on the
difference between the mass loss from the dehydroxylation of thermally
treated samples and the mass loss from the dehydroxylation of raw
kaolin (12.1%, as seen in Fig. 4).

The Kaol dehydroxylation in the K series does not occur significantly

Table 2

Degree of dehydroxylation of K and KI series.

Mass loss from TGA

Degree of dehydroxylation (%)

(Wt%)

K 12.10 -
K-400 12.03 0.58
K-450 11.92 1.49
K-500 7.57 37.44
K-550 1.79 85.21
KI-400 7.81 35.45
KI-450 6.95 42.56
KI-500 2.55 78.93
KI-550 0.81 93.31
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until the temperature reaches at least 450 °C. According to TGA data, the
K-400 and K-450 mass loss is almost negligible, which is consistent with
Fig. 4. At 500 °C, a 7.57% mass loss is achieved on the TGA, which
means losing 37.44% of all available OHs. Simultaneously, at 550 °C the
mass loss value of TGA results in 1.79%. The OH loss from calcination of
K-550 reaches 85.21% of the total OHs. On the other hand, the
intercalated-kaolinite displays a higher degree of dehydroxylation at the
same temperature calcination than the K dehydroxylation. Comparing
the OHs removed percentage of K-T and KI-T series, calcining raw kaolin
at 500 °C and intercalated kaolinite at 400 °C results in a ~ 36-38% of
dehydroxylated OHs, which means avoiding 100 °C to achieve the same
dehydroxylation values. Furthermore, comparing K-400 and K-450 with
KI-400 and KI-450, a significant difference can be observed between the
total OH removal. In addition, KI-500 doubles the dehydroxylation rate
compared to K-500.

Fig. 9 depicts the crystalline evolution of both intercalated and non-
intercalated Kaol samples in the low-angles region, as it comprises the
most intense kaolinitic reflections. XRD was performed as a key tech-
nique to track the amorphization degree to further understand the
reactivity results. Both series of samples presented some variations in
comparison with the raw kaolin (Fig. 2) since the thermal treatment of
kaolinitic structures promotes its distortion, leading to a diminishment
of the kaolinitic reflections. It is also remarkable that KAc intercalated
particles are removed from every sample since the 6.2° reflection
returned to 12.5° in all XRD spectra. This means that, at 400 °C, the
potassium acetate intercalated is effectively eliminated, suggesting
complete decomposition of the intercalant at this temperature.
Comparing K-400 and KI-400, a substantial intensity reduction on 12.5°
and 24.9° angles is observed. This pattern is also repeated with calci-
nation at 450, 500 and 550 °C. Furthermore, as the diminishment of the
kaolinitic reflections at 12.5° and 24.9° are more readily observed than
the reflections enclosed on the 17-23° region, the authors have provided
higher-resolution spectra (Fig. A1) to facilitate a clearer analysis of these
changes. Nonetheless, the spectra do not vary so much at 550 °C,
because for the non-intercalated complexes, the dehydroxylation is
almost achieved too. Therefore, the intercalation process is more useful
at low temperatures in order to obtain the new SCM-ACM. In addition,
quartz and illite remain stable since the intercalation process only affects
kaolinitic structures, and the treatment at the temperature does not
involve any processes that could significantly alter their crystalline
structure. Hence, no variation is observed in these reflections.

In structural terms, the X-ray diffraction analysis revealed a
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significant decrease in the crystalline structure of the intercalated
kaolinite complexes compared to non-intercalated kaolinite at the same
thermal activation temperature. This is consistent with the higher
reactivity accomplished by intercalated compounds in front of the non-
intercalated, represented in Fig. 5 and Fig. 6.

The aluminium sheet is directly bonded to the hydroxyl groups;
when those are eliminated through dehydroxylation, the Al suffers
modifications on its conformation, which can be monitored by
aluminium magic-angle spinning nuclear magnetic resonance spectros-
copy (27Al MAS NMR). Metakaolin (see MK in Fig. 10a) was added for
comparison purposes. It is obtained through calcination at 800 °C. The
aluminium environments of Kaol and MK, illustrated in Fig. 10b, are
discerned through 2’Al MAS NMR. In the K spectrum, the pronounced
appearance of a sharp peak at 4.7 ppm affirms the presence of hex-
acoordinated Al, which is indicative of the typical Al surroundings for
the crystalline Kaol structures (Walkley and Provis, 2019). Minor con-
tributions from K-feldspars (around 60 ppm) and illite (around 70 ppm)
are also observed (Manosa et al., 2022). The MK spectrum reveals three
distinct resonances at 4.7 ppm, 30.7 ppm, and 56.6 ppm, corresponding
to AIVL AlY, and ALY, respectively (Alvarez-Coscojuela et al., 2024). The
acquisition of Al'Y and A1Y units implies a significantly amorphized Kaol
structure.

Concerning the K-T and KI-T series, Fig. 10c-d plots the Al evolution
through calcination at 450 °C and 500 °C. When comparing KI-T and K-T
calcined at the same temperature some variations in the Al surroundings
are observed, which are directly related to its potential reactivity. At
450 °C (Fig. 10c), K-450 does not experiment with any remarkable
change, whereas KI-450 undergoes an Al to Al'Y slight conversion,
indicating a higher amorphization level and the start of the dehydrox-
ylation process. At 500 °C (Fig. 10d), there is a significant increase in the
presence of Al'Y and A1, as well as Al'! decreased for KI sample. This
indicates a substantial transformation in Al coordination within the
intercalated kaolinite structure towards lower coordination states, sug-
gesting enhanced amorphization. Conversely, for the Kaol samples at the
same temperature, while there is evidence of dehydroxylation indicated
by the small presence of Al'Y and Al", the main Al conformation remains
as Al as kaolinitic crystalline structure. The quantity of Al"Y and Al is
severely increased in KI-500 in comparison to K-500, hence its
amorphization degree and reactivity. According to XRD and %Al MAS
NMR studies, for the same calcination temperature, KI-T series suffers
more structural changes than K-T series. Consequently, the intercalation
method enhances the generation of amorphous content using the same

Kaol
Kaol

Kaol

Kaol

Kaol

ﬂ

Intensity (a.u.)

~~\K_L J o\

Kaol

1

Kaol K.le Kaol
Q wo i) Q

| KaolKaol Q Kaol

Angle (26, degree)
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thermal treatment compared to conventional calcination. This agreed
with the reactivity results as well.

'H MAS NMR was implemented to support evidence on the higher
dehydroxylation rate phenomenon for KI complexes by comparing the
hydroxylic groups release evolution of K and KI at 500 °C (Fig. 11). Kaol
presents two typical peaks at around 2.5 ppm and 1.9 ppm, which are
assigned to inner-surface hydroxyls and inner hydroxyls, respectively
(Huittinen et al., 2013). Inner hydroxyls are established on the Al
octahedra only, whereas inner-surface hydroxyls are bonded to the Al
and Si sheets simultaneously to attach the different kaolinite sheets by
hydrogen bonds. Therefore, inner hydroxyls exhibit higher electron
density around the proton since they are not bonded to other chemical
groups (Huittinen et al., 2013; Zhu et al., 2016). Moreover, at ~7 ppm, a
broad resonance is observed, attributed to the adsorbed water within the
kaolinitic structure (Manosa et al., 2023). KI-500 shows a significant
intensity decrease in both OH peaks compared to those in K-500. This
supports the TGA results, indicating a major OH removal achieved for K-
KAc complexes than raw kaolin when calcined.

4. Conclusions

This study aimed to develop novel activation methods for kaolinite
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that reduce environmental impact. The main objective was to imple-
ment KAc intercalation within the kaolinite structure to enable the
production of metakaolin at lower calcination temperatures. By
achieving effective dehydroxylation at reduced temperatures, the study
aimed to decrease energy consumption associated with the traditional
production of metakaolin. The main outcomes of this study are sum-
marized in the following key findings:

e The intercalation procedure achieved an 89% successful insertion,
according to XRD results. Even though SEM revealed a conforma-
tional change in the intercalated kaolinite, its lamellar distribution
was preserved. TGA showed the different dehydrxoylation onsets,
with lower temperatures for intercalated complexes compared to
kaolinite as a consequence of the OH exposal due to the lamellar
expansion.

The reactivity tests supported an increased pozzolanic activity for
calcined KIs in comparison with calcining K. The modified Chapelle
test and the Si/Al availability test results exposed that at 400, 450,
and 500 °C, the KI complexes reactivity performances are higher
than K.

e The intercalated kaolinite enhanced reactivity was elucidated
through an exhaustive structural characterization. XRD analysis
revealed a severe decrease in the kaolinitic reflections for the
calcined KI series. Moreover, Al MAS NMR demonstrated changes
in the Al surroundings at 450 and 500 °C, revealing a higher content
of AlY and Al'Y in KI compared to K. These findings explain the in-
crease in amorphousness on the kaolinitic structure of the interca-
lated complexes.

On the other hand, TGA served to quantify the dehydroxylation rate
of the OH groups in KI and K samples. Calcining intercalated kao-
linites in the range of 400 to 550 °C causes a significant increase in
the dehydroxylation degree, achieving a higher content of amorph-
ized material.

In conclusion, an enhancement of the kaolinitic reactivity is achieved
by implementing a previous kaolinitic intercalation with KAc before
calcining the material. This is caused by an easier OH removal produced
because of the intercalation. In application terms, this could serve as a
strategy to avoid high temperatures during metakaolin production, as it
can be obtained preferentially at lower temperatures if intercalated.
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