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A B S T R A C T   

This study examines the structural evaluation of differently activated kaolins for potential use as supplementary cementitious materials (SCM) or as 
precursor for alternative cementitious materials (ACM). Chemical activation involved amorphizing the kaolinite structure using varying phosphoric 
acid concentrations, reaction times, and temperatures. Metakaolin obtained via thermal activation served as a comparison. Inductively Coupled 
Plasma – Optical Emission Spectroscopy (ICP-OES) characterization of the activating solutions revealed phosphoric acid activation leading to 
dealumination in kaolinite structures, with temperature emerging as the most significant parameter. X-ray diffraction (XRD) confirmed amorph-
ization, attributed to the dealumination process causing Al loss and creating new Si–O–Si interlayered bonds, as monitored by 29Si magic-angle 
spinning nuclear magnetic resonance (MAS NMR) tracking the change from Q3 to Q4 environments. Furthermore, pozzolanic activity was 
assessed through Ca(OH)2 consumption and reaction heat release via modified Chapelle and R3 tests, respectively. Kaolinite subjected to intensive 
chemical activation exhibited high reactivity and increased specific surface area, indicating its potential as a pozzolanic material. Keywords: Kaolin; 
Chemical activation; Supplementary cementitious materials; Alternative cementitious materials; Dealumination; Pozzolanic reactivity.   

1. Introduction 

Cement production originates around 5–7% of carbon emissions worldwide [1]. Production of conventional clinker requires a large 
amount of energy during the sintering process, burning at 1450 ◦C raw materials thus causing an elevated carbon footprint [2]. The 
environmental impact of construction forces the contemporary industry to face the challenge of developing novel cement alternatives 
capable of minimizing carbon footprint. Partially replacing Portland cement (PC) with supplementary cementitious materials (SCMs), 
which do not involve any clinkering process, has emerged as a strategy for developing new sustainable types of cement [3,4]. The 
addition of SCMs is projected to decrease drastically the greenhouse gas emissions by reducing PC percentages using by-products from 
different sectors or elaborated materials with less energy demand [5]. Furthermore, alternative cementitious materials (ACMs) rise as a 
suitable option to reduce more significantly CO2 emissions since ACMs do not incorporate PC in their composition [6]. SCMs and ACMs 
production cannot cover the huge demand for cement [7]. Hence, kaolin’s importance is remarkable due to its widely available access 
and its potential application as a precursor for cement [8]. 

Clays are in major recognition since they performed as ceramics and construction materials in ancient ages, even before they were 
scientifically well-defined [9]. Clays and clay minerals are in great abundance in topsoils around the world, with silica and alumina 
constituting 75 wt% of the Earth’s crust [10,11]. Their widespread availability promoted that the clay-research activities began an 
expansion in multiple scientific disciplines. 

In structural terms, clays belong to phyllosilicates groups, characterized by their sequential polymeric sheets [12]. Clay 
morphology essentially consists of various combinations of two chemically different overlapping sheets (mostly 2:1 or 1:1 sequences). 
The first sheet is a 2-D layer formed by hexagons made up of SiO4 tetrahedra units bonded simultaneously. The other sheet is comprised 
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of octahedral AlO4(OH)2 units, where Al is coordinated to six oxygen atoms, sharing four oxygen edges between octahedron units [12]. 
Both sheets are connected by the Si–O apical oxygen atoms, forming a crystalline structure bonded by covalent bonds, while the 
interlayer connections are formed by hydrogen bonds [13]. Kaolinite is a type of clay structured with a 1:1 lamellar disposition, which 
contributes to its remarkable stability. The well-packed disposition of kaolinite structures explains their poor reactivity performances 
[14]. 

Therefore, clay activation processes are designed to alter kaolinite’s structural stability by inducing amorphization, thereby 
enhancing its reactivity and enabling improved reaction capabilities. Thermal and mechanical activations are the most studied acti-
vation mechanisms [15–17]. Structural disorder in kaolinite is commonly induced by thermal treatments. Submitting kaolin to 
temperatures between 600 and 750 ◦C leads to the dehydroxylation of kaolinite and its crystalline structure transformation into an 
amorphous phase named metakaolin, which possesses a high ability to react [15,18]. Recent progress on SCMs is based on metakaolin 
because clay calcination takes only 10% of the energy associated with clinker sintering procedures [19]. On the other hand, me-
chanical activation (MA) is based on causing the loss of crystallinity of kaolinite structure by grinding with milling equipment [16,17, 
20,21]. Milled structures are usually obtained in chemical-free and low-energy requirement processes, so MA is well-known as a 
sustainable activation treatment [22]. 

Alternatively, chemical activation (CA) of clays can be achieved using both phosphoric mineral acids and alkaline media [23]. 
These attacks result in a cement with an amorphous structure and good mechanical properties known as geopolymer [24,25]. The idea 
of this study is to create a precursor as SCM to replace PC rather than cement itself. So, a novel method of clay activation will be tested 
to amorphise kaolin and thus impart a certain degree of reactivity to the final material. Currently, there are no studies describing 
chemical activation of clay as a cement precursor in the literature, so this study offers a different activation route to the common kaolin 
activations. For these chemical activations, optimal parameters were established to induce high amorphization levels in clay structure 
which were carried out by acidic chemical attacks with different combinations of temperatures, phosphoric acid concentrations and 
reaction times. A special emphasis was put on the usage of phosphoric acid since it is used as a reagent for acid-based geopolymers 
[26]. 

This work aims to synthesise a new clay-based SCM or ACM precursor with high reactivity levels, thus emerging a novel effective 
method to replace PC. For this purpose, this work is divided into two distinct parts; the first part focuses on the structural charac-
terisation to evaluate the chemical changes within the kaolinite structure during the CAs as well as following its amorphization 
evolution. The second part focuses on the reactivity of the final material by testing its pozzolanic activity using two different methods 
to quantify its effectiveness as an SCM or ACM precursor. 

2. Materials and methods 

2.1. Materials 

The raw kaolinitic clay (K) used during the chemical activation (CA) without any further purification was proportionated by the 
Spanish company Minerals i Derivats, S.A. The chemical composition of the raw clay was analyzed 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 detected with X-ray diffraction (XRD) using a Bragg-Brentano PANalytical X’Pert PRO MPD alpha1 powder 
diffractometer with CuKα1 radiation (λ = 1.5406 Å). The measuring time was 100 s and five scans were performed for each sample. 
The experimental configuration was: a focalizing Ge (111) primary monochromator, step size of 0.026◦, anti-scatter slit of 4◦ and Soller 
slit of 0.04 rad. The principal crystalline phases of the starting clay material were determined by using X’Pert HighScore software. 

For the CA, a commercial phosphoric acid with an 85 wt% content of H3PO4 was provided by Labkem, which was then diluted with 
distilled water until achieving the required molar concentrations. For both pozzolanic activity tests the purchased reagents were: 
calcium oxide and potassium sulphate from Thermoscientific and, potassium hydroxide from Fisher Scientific®. Furthermore, Labkem 
also provided the hydrochloric acid 0,1 N and D(+)–Sucrose AGR required for the titrations. 

2.2. Chemical and thermal activation methodology 

A schematic diagram of the chemical activation procedure on experimental and characterisation terms is implemented in Fig. 1. 
Chemical activation was carried out with an H3PO4 solution in contact with the raw kaolinite material in a spherical flask of 250 mL 
equipped with a reflux system to condense water at the corresponding working temperatures. Taking into consideration preliminary 
CA trials, the solid-solution ratio was fixed to 1/10 to ensure high kaolin-phosphoric acid interactions without forming a cementitious 
paste and avoiding another parameter to no further experimental complexity. After vigorously mixing, to stop the reaction taking 
place, the solid was filtrated and then, severely washed with distilled water (approximately 500 mL) to remove H3PO4 from the 
unreacted remaining particles. Before analysis, the obtained solid was dried overnight in an oven at 105 ◦C. Simultaneously, the 
activating phosphoric solution was filtered and subsequently stored in a refrigerator at a temperature of 15 ◦C. 

Different parameters were studied to optimize the chemical acidic activations of kaolinite clay. The effect of three parameters on CA 

Table 1 
XRF analysis of the raw kaolin material.  

Compounds SiO2 Al2O3 K2O Fe2O3 CaO TiO2 Na2O MgO P2O5 MnO LOIa 

wt. % 49.85 36.31 0.69 00.47 0.16 0.15 0.13 0.11 0.08 0.00 12.03  
a LOI: Loss on ignition at 1100 ◦C. 
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was studied, namely (i) reaction time (4 h, 6 h, 8 h, and 12 h), (ii) temperature (60 ◦C and 90 ◦C), and (iii) phosphoric acid con-
centration (8 M, 10 M and 12 M). For every chemically activated kaolinite, a corresponding notation is employed following the 
nomenclature KP_t_[H3PO4]_T, wherein KP refers to K activated with phosphoric acid, t denotes the reaction time, [H3PO4] indicates 
the phosphoric acid concentration and T is the working temperature. Consequently, the experimental design comprised 24 different 
combinations. 

Based on ICP-OES results, five different samples from five different CAs were selected as representative samples (Table 2) in the 
Results and Discussion section. KP_12_12_90 performs as the most aggressive CA, followed by KP_12_10_90 and KP_12_8_90, which 
represent moderately intensive CA and will be used for evaluating the concentration contributions to CA. Meanwhile, KP_12_12_60 acts 
as a comparative sample to estimate the temperature effect. KP_4_8_60 sample, referring to the less intensive treatment, will be used to 
study the slight differences achieved in the resultant materials compared to the raw kaolin. 

Moreover, the raw kaolin was also thermally activated (750 ◦C for 6 h) to obtain metakaolin (MK), so all characterised samples 
were compared with MK. In addition, MK is also useful to analyse and compare the synthetic precursors’ efficiency through pozzolanic 
activity tests, which are described below. The raw K was also structurally defined as well as its reactivity was tested. Both K and MK 
were assessed for comparison purposes. 

2.3. Characterisation 

2.3.1. Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 
ICP-OES was first performed to evaluate the content of different dissolved species resulting from the treated kaolinite. The chemical 

activation was performed with different parameters. So, ICP-OES tracked all conditions: reaction time, temperature, and phosphoric 
acid concentration to evaluate the chemical activation efficiency. 

2.3.2. X-ray Diffraction (XRD) 
To follow the structural distortion promoted by the chemical activation procedures, the XRD patterns were analyzed, utilizing the 

same conditions described in Section 2.1, focusing on the kaolinite reflections. 

2.3.3. Thermogravimetric analysis (TGA) 
The effect of CA on the hydroxyls of the kaolinite structure was evaluated through thermogravimetric analyses using an SDT 600 

(TA Instruments) from 30 to 1000 ◦C, with a heating rate of 10 ◦C⋅min− 1 and a synthetic air flux of 50 mL min− 1. 

2.3.4. 27Al and 29Si MAS NMR (magic angle spinning nuclear magnetic resonance) 
To define the near-neighbouring of Al and Si atoms the 27Al and 29Si MAS NMR spectra were recorded at room temperature in an 

Fig. 1. Experimental procedure scheme of chemical activation.  

Table 2 
Samples under study.  

Samples Activation methodology Reaction time (h) Phosphoric acid concentration (M) Temperature (–C) 

MK Thermal 6 – 750 
KP_12_12_90 Chemical 12 12 90 
KP_12_10_90 Chemical 12 10 90 
KP_12_8_90 Chemical 12 8 90 
KP_12_12_60 Chemical 12 12 60 
KP_4_8_60 Chemical 4 8 60 
K – – – –  
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AVANCEIII HD 600 (Bruker AXS) spectrometer using a double resonance CPMAS probe of 4.0 mm at a spinning rate of 14 kHz and 13 
kHz, respectively. The magnetic field was 14.1 T corresponding to a27Al resonance frequency of 156.37 MHz and 29Si resonance 
frequency of 119.22 MHz. 27Al MAS NMR spectra were recorded with an excitation pulse of 0.7 μs and 1-s delay with 1H decoupling 
(27Al Hpdec with cw decoupling sequence for Al) and summing up 2000 scans, while 29Si MAS NMR spectra were recorded with an 8.5- 
μs 90◦ pulse and 60-s delay with 1H decoupling (29Si Hpdec with cw decoupling sequence for Si) and summing up 1000 scans. The 27Al 
chemical shifts are referenced to Al(NO3)3, whereas the 29Si chemical shifts are referenced to trimethylsilyl group, (CH3)3Si-. 

2.3.5. Fourier-transform infrared spectroscopy (FTIR) 
In addition, to support the structural evolution, the A Spectrum Two™ PerkinElmer spectrometer in attenuated total reflectance 

(ATR) mode was employed. The spectral evolution of the samples was evaluated through different chemical activations with 32 scans 
over the range of 4000–450 cm− 1 at a resolution of 4 cm− 1. The spectra were enclosed to the interest regions where Si–O, Al–O, and 
OH- bonds are commonly scanned. 

2.4. Pozzolanic activity tests 

2.4.1. Modified Chapelle test 
The modified Chapelle test was carried out by measuring the Ca(OH)2 consumption when it is combined with aluminosilicate 

species in an isolated environment [27]. This test aims to quantify the capability of the aluminosilicate sources to react with Ca units, 
[28–30]. 1 g of pozzolanic material and 2 g of powdered CaO were added to 250 mL of distilled water. The mixture was then vigorously 
stirred for 16 h at 90 ◦C and was controlled by refrigerant equipment. A control experiment (blank test) without the pozzolanic 
material was made under the same conditions. Once the reaction system cools down for 1 h, the solution is added to 250 mL of sucrose 
0.7 M and mixed for 15 min. Then, approximately 150 mL of the pozzolanic system-sucrose resultant solution was filtrated and 25 mL 
were titrated with 0.1 N HCl and 4–5 phenolphthalein drops. To measure the portlandite (Ca(OH)2) fixed by the SCM the following 
formula was used: 

PA= 2 ⋅
v1 − v2

v1
⋅

74
56

⋅ 1000 (Eq1)  

where PA (pozzolanic activity) refers to mg fixed Ca(OH)2 g− 1 of SCM; v1 is the required volume for titrating 25 mL of control solution 
(blank test); v2 is the required volume for titrating 25 mL of the solution where the pozzolanic reaction takes place. Two replicates were 
titrated three times to ensure repeatability. 

2.4.2. R3 test 
To increase the accuracy of pozzolanic activity measurements in addition to corroborating the Chapelle test reliability, another 

route to test the reactivity was implemented. The R3 test is based on measuring the heat released during the cement hydration reaction. 
This test provides a more accurate simulation of cement reactions compared to the modified Chapelle test. The main advantages that R3 

presents are the easy experimental procedure (rapid), the information obtained on clays reactivity (relevant) and its correlation with 
compressive strengths results (reliable) [31]. The pozzolanic reaction carried out involved the amorphous aluminosilicate phases and 
calcium hydroxide reagents, producing C–S–H and alumina phases [32]. 

Fig. 2. Dissolved (a) SiO2 and (b) Al2O3 from the treated clay dissolution at 60 and 90 ◦C determined by ICP-OES.  
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The mix of R3 design was carried out following ASTM C1897 − 20 [33]. The chemically activated samples described in Table 2 were 
mixed with Ca(OH)2 (1:3 ratio) and CaCO3 (2:1 ratio) and mixed with a K2SO4 and KOH solution to obtain a paste (solution/solid ratio 
= 1.2). The solution was prepared by dissolving 4 g of K2SO4 and 20 g of KOH in 1 L of distilled water. The paste was obtained by 
mixing for 2 min at 880 rpm the solid mixture and the solution using a high shear mixer, and 15 g of paste was poured into a plastic 
ampoule. The heat of the reaction was measured for 6 days using an isothermal calorimeter TAM Air (TA Instruments). The calorimeter 
was set at 40 ◦C and a plastic ampoule with 9.4 g of water was used as a reference to avoid external temperature deviation. KOH and 
sulphates were added for an accurate reproduction of cement development and similar products’ obtention. Nonetheless, some authors 
have remarked that K2SO4 presence can change the nature of the resultant phases, hence their side reactions must be considered in the 
calorimetry results for the Ca(OH)2 consumption [34,35]. Moreover, the isothermal calorimetry starting data was recorded at 75 min 
to avoid unstable signals so the calorimeter could establish at 40 ◦C accurately. 

2.4.3. Specific surface area 
In addition, the Brunauer–Emmett–Teller (BET) method was also implemented to evaluate the specific surface area to compare the 

structural change in reactivity terms between samples. It was carried out with a Micromeritics Tristar 3000 device. 

3. Results and discussion 

3.1. Structural characterisation 

3.1.1. ICP-OES 
Quartz and silica do not present a clear mechanism of dissolution, nonetheless, Si–O bonds breakage is unlikely in acidic conditions 

[36]. As depicted in Fig. 2a, no substantial change in Si dissolution is achieved even with treatments at high temperatures, high H3PO4 
concentrations, and the largest reaction time proposed. Only around 0.25% of the total SiO2 available in kaolin is dissolved. This 
phenomenon could be attributed to silicon’s chemical nature. SiO2 consists of uncharged and strongly covalent bonded tetrahedrons 
containing Si4+ ions, which are non-metallic cation with low polarizability, thereby classifying it as an acid oxide [37]. ICP-OES of Si 
indicates that CA with phosphoric acid does not lead to the Si4+ units release from the kaolin structure. 

On the other hand, Al dissolution has been achieved at different temperatures [38]. Commonly, acidic treatments on clay lead to 
the dealumination of aluminosilicate units [39,40]. As shown in Fig. 2b–a significant difference in the amount of dissolved Al under 
both working temperatures is observed. The dissolution of Al increases by approximately 50% at 90 ◦C compared to 60 ◦C after 12 h of 
reaction, leading to the formation of two distinct regions in the graph. Moreover, no plateau is reached which indicates that more 
quantity of aluminium could be available to be dissolved with longer treatments. At 60 ◦C there is a slight increase of the Al dissolved 
percentage comparing 8 M, 10 M and 12 M, especially for 8 and 12 h. A similar trend is observed in the case at 90 ◦C, wherein the 
difference in dissolved aluminium content can range from 11% to 13%, depending on the molarity of the H3PO4 solution used in the 
CA. The reaction time of K–H3PO4 systems exhibits more significant changes for Al dissolved content in the case of samples exposed to 
90 ◦C, suggesting a lower reaction degree in 60 ◦C samples [41]. In conclusion, temperature emerges as the most critical parameter 
influencing the dissolution of Al, which incites kaolinite to be further amorphised. 

The Al2O3 dissolved ratio directly depended on the CA treatment conditions. This particular fact can cause a significant mass loss of 
the required kaolin. In this sense, the loss of a high percentage of alumina should cause a major problem in the precursor obtention 
since a large amount of raw kaolin would be required for a very poor production yield. 

3.1.2. XRD 
Fig. 3 plots the crystallographic evolution of the mineral phases contained in K depending on the different CA indices implemented 

during the experimental procedure. The study was focused on the kaolinitic clay conversion degree into an amorphous material. The 
diffractograms presented in Fig. 3 correspond to the CA of 12 h of reaction time, as they were considered to show more significant 
changes. Most of the reflections are indexed to kaolinite and quartz. The presence of K-feldspar is observed for every sample also at 

Fig. 3. XRD diffractograms of K, MK and chemically activated samples treated for 12 h.  
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27.5◦(2θ). In addition to those main mineral phases, slight reflections in 8.8◦, 17.7◦ and 29.9◦(2θ) indicate the presence of minor 
species corresponding to illite and/or muscovite, which differentiation is very difficult due to their similar reflections. This is caused 
because their analogous structure can be only distinguished by their little chemical composition differences [42]. In addition, to follow 
the structural amorphization in acid-activated samples, the MK diffractogram was added. MK reflection peaks were attributed to 
unaltered quartz and muscovite/illite phase. 

A visible difference in the diffractograms in the angle range between 20 ◦ and 30◦(2θ) and 35 ◦–70◦(2θ) of KP_12_12_90 (green line) 
and KP_12_12_60 (red line) is detected for kaolinite. Characteristic kaolinite reflections are significantly more reduced at 90 ◦C 
compared to CA at 60 ◦C, indicating that the dealumination alters and modifies kaolinite structures at higher temperatures. Increasing 
the phosphoric acid content from 8 M to 12 M intensifies the dealumination process of kaolinite, resulting in a significant decrease in its 
main reflections, which underscores the critical role of temperature and concentration in controlling the CA procedures [43]. 
Nonetheless, even the most intensive-activated samples still show kaolinite reflections with lower integral intensities (areas), sug-
gesting that the kaolinite consumption is incomplete. Quartz is also detected for all samples after acidic activation, showing the already 
known great chemical stability without considerable changes between both work temperatures or different acidic concentrations [44]. 

Usually, the formation of newly amorphised phases can be described in XRD as a broad irregular hump-shaped peak around 20 
◦–30◦(2θ) [13,45]. This typical broad peak is observed (seen in Fig. 4) from 15◦ to 33◦(2θ) in samples with high temperatures and long 
reaction times for all phosphoric acid concentrations, demonstrating the formation of an amorphous phase and achieving a potential 
high-reactive clay precursor. The MK diffractogram presents a similar band in the same region. The diffractogram modifications ac-
cording to the area of the amorphous irregular peak demonstrate that the degree of the amorphosity increases as the hump area 
becomes more extended and intense. So, the growth of the reflection curve is associated with a decrease in kaolinite content. It is also 
remarkable that no other crystalline phases are formed even with kaolinite consumption and a considerable amorphization degree is 
achieved. 

In addition, in 1:1 typical kaolinite layer aluminium octahedra are exposed, so acid-base reactions can easily occur. Conversely, in 
the 2:1 layer, as aluminium species are found between two crystalline Si layers in a sandwich structure, the CA becomes further 
difficult. As a result, the area of illite/muscovite peaks does not exhibit a significant decrease while CAs are incremented (Fig. 4). K- 
feldspar remains also unaffected. 

3.1.3. TGA 
The dealumination process and crystalline kaolinitic content reduction induced by CA are also corroborated by thermogravimetric 

analysis. Fig. 5 reveals two steps of mass loss on K and treated samples. The first step involves the mass loss of physically absorbed 
water of kaolinite which occurs in the 0–200 ◦C range [46]. This step in the raw kaolin was found with a mass loss below 1 wt%. The 
observed mass loss value of about 2–2.4 wt% for treated samples corresponds to the interlayer and adsorbed water removal from the 
new structure. This provides more space for the physical arrangement of water due to the released aluminium than the initial kaolin. 
The second step produces around 13 wt% for the raw kaolin which is attributed to the dehydroxylation process of the kaolinite. This 
process reflects the structural modification during the heating of kaolinitic materials where the hydroxyl groups bonded to Al units are 
thermally removed as water, as reported in Eq. 2 [47,48]. This phenomenon occurs in the range of 400–700 ◦C accompanied by a 14 wt 
% approximately, a value that depends on particle size, impurities content, and heating rate, among others [49]. 

Fig. 4. XRD of K, MK, KP_12_12_90, KP_12_10_90 and KP_12_8_90 at 15 ◦–35◦ 2θ region.  
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Si2Al2O5(OH)4 (s)→Al2O3⋅2SiO2 (s) +2H2O (g) (Eq.2.)                                                                                                             

In the TGA of chemically treated kaolins, mass loss is observed to occur in smaller percentages. So, the inner and surface Al–OH bonds 
are significantly decreased. This correlates with the ICP-OES results, confirming that the kaolinite’s CA mechanism is based on its 
structure’s dealumination. Consequently, TGA exhibits a consistent trend for all samples according to different dealumination degrees. 
As the Al–OH bonds decrease, a smaller quantity of mass is lost in the dehydroxylation process. This is due to H3PO4 first reacting with 
the Al–OH kaolinitic bonds, producing AlPO4 species solved in the reaction medium [50,51]. KP_12_12_90, with 83.9% of Al2O3 solved 
(see Fig. 2) registers a mass reduction of only 2 wt%, while KP_12_10_90 and KP_12_8_90 presents a 3 wt% and 5 wt% of mass loss with 
an Al2O3 loss of about 77.3% and 70.9%, respectively. 

In terms of the thermogravimetric studies related to amorphised kaolinitic clays, the dehydroxylation processes are normally found 
with a gradual mass loss through a wide range of temperatures, where the OH within the kaolinitic structure are removed according to 

Fig. 5. TGA measurements of K, KP_12_8_90, KP_12_10_90, and KP_12_12_90 (solid line for mass loss, and dashed line for derivate of mass loss).  

Fig. 6. Chemical changes of (a) Al and (b) Si near-neighbour surroundings of MK, KP_12_12_90, KP_12_8_90 and KP_12_12_60, and K surroundings.  
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the attaching degree to the structure depending on the amorphization levels [13]. In this study, the TGA mass loss jumps are estab-
lished in a very slight temperature range. This indicates that all remaining Al–OH bonds in samples after acidic treatments offer the 
same structure, confirming that the remaining Al is found as crystalline kaolinite. This fact is further supported by the presence of 
kaolinite in each treated sample in the XRD study. 

Furthermore, TGA supports that the newly vacant Si sites, formed during the removal of aluminium, are not finally reconverted into 
Si-OH species, as evidenced by the absence of any additional mass loss in the TGA. Hence, the restructuration of the resultant 
amorphous kaolinites of this work may proceed with new randomly distributed Si–O–Si interlayer bonds, ascribing the amorphization 
to Si layers only. 

3.1.4. MAS NMR 
27Al MAS NMR reveals the Al surrounding environments of K and MK (presented in Fig. 6a–ii), and KP_12_12_60, KP_12_8_90, and 

KP_12_12_90, which are presented in Fig. 6a–iii. In the K spectrum, the appearance of a very intense and sharp peak at 4.7 ppm 
confirms the presence of the kaolinite structure overall kaolin, which corresponds to the hexa-coordinated Al [52]. There are other 
very small contributions attributed to K-feldspars (around 60 ppm) and illite (around 70 ppm) [22]. The MK spectrum shows three 
different resonances at 4.7 ppm, 30.7 ppm and 56.6 ppm, associated with AlVI, AlV and AlIV, respectively [42,53–55]. Those species 
coexist in MK structures according to Loewenstein restrictions [56], which dictates that 5 or 4-coordinated Al cannot be straight 
bonded via one oxygen between them [57]. This means that AlVI must be present even in amorphous clays as well as the impossibility 
to convert all AlVI into lower coordination number species. Obtaining AlIV and AlV structures is of great importance since they can 
highly amorphise the kaolinite structure [58]. However, only the 4.7 ppm resonance is observed in the chemically treated samples as 
shown in Fig. 6a–iii, which is assigned to the remaining non-dealuminated regions of the kaolinite. According to the dealumination 
processes, the resonance intensities decrease while the CA became more aggressive, but no transition to less coordinated aluminium 
was achieved. This supports that the CA with phosphoric acid dissolves octahedral Al units entirely, so there are no partial reactions 
with the hydroxyl groups. As a result, there is no AlVI transformation into AlV or AlIV species. This is in contrast with thermal and 
mechanical kaolin activations [22], raising an amorphization model without amorphised aluminium content. The illite peak is 
maintained during the CAs, confirming the previous hypothesis about the phosphoric acid’s incapability to penetrate and react with 
aluminium in the 2:1 phyllosilicate layer. The resonation of K-Feldspar remained also. 

29Si MAS NMR was performed on K, MK and KP_12_12_90. The main resonance at − 91.6 in the K spectrum is associated with the 
typical Si kaolinite surroundings with Q3 environments (Fig. 6b–ii) [52]. In the transition traced by K to MK, the main spectrum in-
tensity is transformed into a broadened and less intensive peak covering the region from − 90 ppm to − 120 ppm with a maximum of 
around − 104 ppm. This confirms the rearrangement of Al2O3 and SiO2 bonds during the clay dehydroxylation which leads to Q3 and 
Q4 environments. The sharp kaolinite band is still present in the KP_12_12_90 spectrum at lower intensities (Fig. 6b–iii), which in-
dicates a partial distortion in the aluminosilicate layers explained by the remaining Q3 contributions. Moreover, the transition from a 
sharp peak at − 91.6 ppm to a broad peak with a maximum at around − 111.8 ppm indicates the amorphization of the KP_12_12_90 
structure [54,59]. The Si layers are severely affected by the dealumination promoted by CA since its typical Q3 band experimented a 

Fig. 7. K, KP_4_8_60, KP_12_8_90 and KP_12_12_90 FTIR spectra (a) at the regions between (b) 1300-900 cm− 1 (c) 3750-3550 cm− 1 (d) 980-850 cm− 1 and (e) 580- 
475 cm− 1. 
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transition from Q3 to Q4 Si environments [12]. Moreover, the peak projected beyond the − 111.8 ppm band at − 107 ppm corresponds 
to quartz contribution [60]. The 29Si NMR results are in accordance with XRD diffractograms which show an amorphised material with 
remaining traces of kaolinite and quartz. Accordingly, the amorphization of the resultant chemically activated samples is not induced 
by kaolinite Si–O–Si and Si–O–Al bonds rearrangement as the other activation procedures [22,61]. This fact can be observed in the 
comparison of MK and KP_12_12_90 spectra, which shows just one irregular broad peak unifying Q3 and Q4 contributions and two 
distinct contributions separated by Q3 and Q4 regions, respectively. So, it can be concluded that new randomly interlayered Si–O–Si 
(Q4) bonds are formed once the Al is released. 

3.1.5. FTIR 
To complete the structural study, an FTIR analysis was also implemented (Fig. 7). The analysis is focused on the typical kaolinite 

regions: 3750-3550 cm− 1, 1300-900 cm− 1, 980-850 cm− 1 and 580-475 cm− 1. The main bands of the kaolinite infrared spectrum are 
assigned according to bibliography research as follows: 3688 cm− 1 corresponds to in-phase symmetric stretching of inner-surface OH 
groups. 3670 and 3653 cm− 1 are related to stretching vibrations of inner-surface OH groups. 3620 cm− 1 stretching is correlated with 
inner hydroxyl groups vibrations. 1113, 1025 and 1004 cm− 1 are assigned to o the apical vibrations of apical Si–O bonds, in-plane 
Si–O–Si stretching vibrations, Si–O–Al vibrations, respectively. 936 and 910 cm− 1 are related to inner surface hydroxyl groups 
Al–O–H vibrations and inner O–H vibrations in Al–O–H. 641 cm− 1 is related to Si–O–Si bending, 525 cm− 1 is attributed to Si–O–Al 
stretching, and 457 cm− 1 is assigned to Si–O–Si bending [22,62,63]. 

Fig. 7a compiles the significant variation of the initial kaolin through different phosphoric acid treatments by substantial reductions 
of the characteristic kaolinite peaks. CA induced a new amorphous phase as is qualitatively detected by XRD and NMR studies. The 
KP_4_8_60 spectrum does not show an appreciable change in comparison with the raw kaolin spectrum because the distortion structure 
achieved is almost negligible. KP_12_8_90 spectrum shows the kaolinite peaks highly diminished while the KP_12_12_90 spectrum 
indicates the almost destruction of kaolinite since its corresponding peaks almost disappeared. The temperature performs as a more 
determinant experimental parameter than acid phosphoric concentration. Moreover, for the 12 h of time reaction and 90 ◦C treated 
samples, a new peak appeared at 1077 cm− 1, which was assigned to quartz presence [62,64]. Once chemical activation becomes more 
intense, kaolinite areas disappear due to the dealumination process. Consequently, the unmasking of the quartz peaks starts. For 
example, the 453 cm− 1 band is slightly diminished compared to other kaolinite peaks due to the around 450 cm− 1 Si–O vibrations of 
kaolinite and quartz coexistence [65]. Nonetheless, the only observable change in the spectrum is the disappearance of kaolinite 
content and the formation of a broader peak in the Si–O spectra region. Fig. 7b suggested the possibility of the existence of some 
amorphous silicates in 1090 cm− 1 due to the broad band at 1077 cm− 1 could hide them, in addition to the quartz contribution [64]. 
The wide shoulder around 1200 cm− 1 is attributed to a combination of the poorly ordered kaolin within the same aluminosilicate 
structure [66]. 

In Fig. 7c, the region of the OH which comprised the kaolinite structure is observed [13]. That region gives fundamental infor-
mation about the final structure of the clay since OH groups are responsible for the hydrogen bonds that connect the sequential 
kaolinite sheets between them, as well as covering the structural function with the Al octahedra units [67,68]. The consumption of OH 
bonds increases while the applied CAs are augmented, so the four peaks in the 3750 - 3550 cm− 1 region decrease. This is due to the 
acid-base reaction between the H3PO4 and hydroxyl groups. This can also be observed in Fig. 7d, where both 936 cm− 1 and 910 cm− 1 

Al–OH vibrations undergo a visual change in the infrared spectra. Firstly, phosphoric acid consumes OH from Al–OH bonds, and then 
the Al3+ is released from the kaolinite structure forming AlPO4 in the solution. The bonds represented in the spectrum with aluminium 
contributions (Al–OH and Si–O–Al stretching) decrease even with poor attacks, and this effect becomes more pronounced with higher 
mineral acid concentration or elevated CA temperature. The Si–O–Al stretching vibrations (525 cm− 1) exhibit a slight shifting of their 
peaks from 525 cm− 1 original kaolinite contribution to 528 cm− 1 for KP_4_8_60, to 533 cm− 1 for KP_12_8_90 and 535 cm− 1 for 

Fig. 8. Amount of consumed portlandite in the modified Chapelle test for K, MK, KP_12_12_90, KP_12_10_90, KP_12_8_90 and KP_4_8_60.  
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KP_12_12_90, as shown in Fig. 7e. This could be explained by the different chemical environment formed by the new neighbouring 
Si–O–Si units primarily shifted from Q3 to Q4 configurations, for the remaining Si–O–Al bonds. 

3.2. Reactivity assessment 

3.2.1. Modified Chapelle test 
The fixed amount of Ca(OH)2 obtained in the modified Chapelle test (Fig. 8) determined the pozzolanic activity of the dealuminated 

and amorphised kaolinite samples. The pozzolanity acquirement is based on generating reactive Si and Al units from pozzolan ma-
terials, which subsequently react with Ca(OH)2 producing calcium silicate and aluminate hydrated phases [69]. In this case, MK and 
KP_12_12_90 are the samples with a major capacity of consuming Ca(OH)2, falling within the range of 1.5 and 1.3 g of Ca(OH)2 
consumed, respectively, a value that comprises excellent pozzolanic material [70]. As other authors confirmed, MK consumes between 
1 and 1.7 g of portlandite in Chapelle tests [30,60]. The variation reported in the literature is attributed to the diverse treatment 
temperatures and the original composition of the kaolin used in the experiments (kaolinite percentage). KP_12_12_90 performed in the 
same range of Ca consumption, suggesting a very reactive material. To consider an SCM as a pozzolanic material, it must have 
consumed 660 mg of Ca(OH)2 during modified Chapelle test [30]. Consequently, KP_12_10_90 and KP_12_8_90 can also be distin-
guished as pozzolanic material since they consumed 0.86 g and 0.76 g of Ca(OH)2, respectively. Their reactivity performances are 
much lower than KP_12_12_90 and calcined clays. Nonetheless, raw kaolin consumed only 0.09 g of Ca(OH)2 and KP_4_8_60 consumed 
0.14 g, hence their reactivity performances are almost the same. This is because they both share a very similar structure since the 
chemical activation for KP_4_8_60 results insufficient to alter the kaolinite content minimally. 

3.2.2. R3 test 
Fig. 9 compiles the cumulative heat of the SCM-Ca(OH)2 system measured in J⋅g− 1 of SCM from the R3 test. K and KP_4_8_60 

samples are considered inert under R3 test conditions since they show a very low amount of accumulated heat for 144 h (Heat flow, 
W⋅g− 1, can be seen in Fig. A1 also). Nonetheless, KP_4_8_60 does not reach a plateau as it is an SCM with very poor reactivity with an 
exothermic heat value of around 67 J g− 1, suggesting an unfinished reaction. Some authors have performed earlier R3-modified tests at 
50 ◦C since it can increase the SCM reactivity effectiveness, enhancing knowledge of low-reactivity materials [71]. The calorimetric 
curves of KP_12_12_90, KP_12_10_90 and KP_12_8_90 samples exhibit an increasing trend over time. This is attributed to the fact that 
these samples contain progressively higher amounts of available SCM, which is capable of undergoing reactions with Ca(OH)2, 
resulting in the observed rise in cumulative heat output. At 144 h, KP_12_12_90 SCM reaches 522 J g− 1, KP_12_10_90 reaches 224 J g− 1, 
KP_12_8_90 reaches 178 J g− 1 and MK reaches 963 J⋅g-1. KP_12_10_90 and KP_12_8_90 result in a partially reactive material, while 
KP_12_12_90 reaches promising reactivity values and MK reaffirmed to perform as further reactive kaolin. This corroborates the 
modified Chapelle test results as well as the amorphization data recorded in the structural characterisation. However, the KP_12_12_90 
modified Chapelle results of portlandite consumption reveal the SCM to perform almost as MK in reactivity terms, but in comparison 
with the cumulative heat recorded in the TAM Air experiment, a great difference can be appreciated. The overestimation is probably 
associated with an acceleration of the pozzolanic reaction kinetics (the modified Chapelle test performed at 90 ◦C and isothermal 
calorimetry at 40 ◦C) and thereby of the Ca(OH)2 consumption [60]. 

Fig. 9. The cumulative heat release of the SCM pozzolanic reaction of K, MK, KP_12_12_90, KP_12_10_90, and KP_12_8_90 samples.  

A. Alvarez-Coscojuela et al.                                                                                                                                                                                         



Journal of Building Engineering 87 (2024) 109051

11

The 7-day R3 results that exceed the limit of 160 J g− 1 of SCM are classified as a pozzolanic-reactive material with a 90% confidence 
level, according to RILEM TC 267 [72]. Considering the same cumulative heat at 6 days as at 7 days, all the chemically activated kaolin 
submitted at 12 h of reaction time at 90 ◦C, can be classified as a reactive SCM, as well as MK. For a better understanding of the reactive 
capability of the chemically activated kaolins, Table 3 offers a classification of them among already-known SCMs tested with the R3 test 
by different authors. In addition to the current study, P. Suraneni classified the SCM reactivities depending on the cumulative heat 
ranges: <120 J g− 1 SCM – inert; 120 J g− 1 SCM to 370 J g− 1 SCM – less reactive; >370 J g− 1 – more reactive [34]. This proposes 
KP_12_12_90 as a high pozzolanic reactive. 

3.2.3. Specific surface area analysis 
The BET method was employed to assess the specific surface area, a critical parameter for comprehending the reactivity perfor-

mance of chemically activated kaolinites (Fig. 10). Eventually, the increase in the surface area involves an improvement in the ma-
terial’s reactivity. Focusing on the study case, a slight decrease on the specific surface area in the MK (8.97 m2 g− 1) in comparison with 
K (9.98 m2 g− 1) is observed. This diminishment is attributed to particle aggregation and sintering during calcination [76]. In 
accordance with the specific surface area values of the chemically activated kaolinites, the Al removal produces an extended increase 
of the reactive surface area, improving the reactivity behaviour as well. KP_4_8_60 shows a great improvement (~40%) on its specific 
surface area considering that it is the less intensive CA. KP_12_12_60 doubles the specific surface area in comparison with K. 
KP_12_10_90 and KP_12_12_90 reached 49.92 m2 g− 1 and 55.25 m2 g− 1, respectively, interesting values which remarked again the 
temperature importance in CA procedures. Hence, the reactivity increase of chemically activated kaolinite could be explained by the 
amorphization produced by the dealumination, as well as the increase of the specific surface area acquirement. 

Table 3 
Ranges/values of cumulative heat release for common SCMs and chemically activated kaolinites.  

SCM Cumulative heat release range/value (J⋅g− 1 SCM) References 

Calcined clays 450–900 [34,35,72–75] 
Furnace slag 350–500 [34,35,72–75] 
Silica fume 350–600 [34,35,72–74] 
Fly ash 200–350 [34,35,72–75] 
Limestone 0 [34,74] 
Quartz 20–60 [34,74,75] 
Ground lightweight aggregates 215–300 [34] 
Volcanic ashes 236–311 [72] 
Basalt fines 19 [34] 
Ground bottom ashes 150–250 [72] 
KP_12_12_90 522 – 
KP_12_10_90 224 – 
KP_12_8_90 178 – 
KP_4_8_60 67 –  

Fig. 10. The specific surface area values of MK, K, KP_4_8_60, KP_12_12_60, KP_12_10_90 and KP_12_12_90.  
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4. Conclusions 

This work presents a novel way to convert kaolinite into an amorphous solid phase with the potential ability to perform suitably as a 
cement precursor. The kaolinite activation using phosphoric acid was achieved at different degrees through three main parameters 
(temperature, reaction time, and phosphoric acid concentration). Based on the experimental results obtained, the following conclu-
sions can be drawn: 

• The dealumination phenomenon was observed by every technique used, but it was accurately quantified by ICP-OES. This tech-
nique suggested that submitting kaolin into treatments at 60 ◦C or 90 ◦C can significantly increase the percentage of dissolved 
aluminium to 50%, meanwhile, the concentration causes variations around 5% only. The increase of K–H3PO4 reaction time 
augmented the dealumination linearly. The SiO2 dissolved content was smaller than 0.5% after every chemical treatment. In the 
FTIR spectra, every peak comprised of Al contributions was severely diminished through intensive chemical attacks. In the TGA and 
MAS NMR studies, the diminishments of the Al contributions were also observed once dealumination took place.  

• The evolution of the crystalline content into an amorphous phase was observed through 2 techniques: (i) X-ray diffraction showed a 
certain level of amorphization which increases as chemical activations were intensively augmented. (ii) 29Si MAS NMR plotted the 
change from Q3 to Q4 in the Si environments of kaolinite. This was caused by the Al removal. Subsequently, Si–O–Si interlayered 
bonds were established randomly.  

• In reactivity terms, the sample KP_12_12_90 achieved a similar range of cumulative heat than Silica fume, falling in the range 
nearby calcined clays, performing as a highly pozzolanic material according to R3 test knowledge. The modified Chapelle test 
results were in accordance with R3 suggesting KP_12_12_90 to be a good Portlandite consumer. KP_12_8/10_90 were considered as 
less reactive materials, and KP_4_8_60 was an inert clay. This implies an intensive chemical treatment to achieve a reactive pre-
cursor. Therefore, a good estimation of the reactivity of kaolinites can be made based on the modified Chapelle test in contrast with 
the R3 test. 

This paper provides optimised parameters for the obtention of a novel SCM or precursor based on submitting kaolinite clay to 
chemical treatments. The dealumination resulted to be the key for the kaolinitic structure amorphization and specific surface area 
enhancement, improving the reaction capability on the pertinent clay. The main drawback is the mass loss attributed to the dissolution 
of alumina, which is required to produce the activation. Nonetheless, the reactivity performances of the most intensively treated 
sample showed interesting values. 
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