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Abstract. The present study focuses on the assessment of the effects of different activation methods on carbonate-rich clays, to understand the mineralogical differences originated and to exploit 

such information to industry for traditional and innovative applications, especially as a precursor for alkali activated binders. 

Illite carbonate-rich clay samples were subjected to thermal activation in ox/red atmosphere between 400 and 900 °C, mechanical activation (grinding for 5, 10 and 15 min) and to a combination 

of such treatments. Mineralogical and textural changes in the activated samples were evaluated through X-ray powder diffraction, Fourier transform infrared spectroscopy and thermal techniques. 

The activated samples with the highest content of amorphous phase underwent leaching tests in a 3 M NaOH solution by means of inductively coupled plasma-mass spectrometry. The application 

of the three processing rou- tines, yielded three types of activated clays with different leaching modes of Si, Al, K and Ca: (1) high energy grinding preferentially delaminates clay minerals and 

reduces the grain size of calcite. K leaching reaches the highest values; (2) thermal heating at 800 °C increases relatively the Si/Al solubility ratio, but the absolute con- centrations of these 

elements are equal or lower than those obtained from ground clays. The relatively higher leaching of Ca is influenced by the formation of non-stoichiometric and poorly crystalline Ca-silicates 

and -alu- minosilicates; (3) high energy grinding combined with heating treatment yields an extended amorphisation, mainly at the expense of clay minerals, with the highest leaching of Si and 

Al, and the lowest of Ca. New formed K-feldspars inhibit the concentration of K in alkaline solution 
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1. Introduction 

 
Natural clays are important industrial raw materials used directly or 

in combination with other materials for the production of structural ce- 

ramics and building materials. In the recent years, there has been in- 

creasing interest in studying the use of such natural feedstocks for the 

synthesis of alkali-activated binders, because of their low cost and abun- 

dance in most countries. The literature on the subject remains scarce and 

further efforts could be made to better understand the potential of such 

complex systems. 

Alkali-activated materials are inorganic binders obtained by alka- 

line or alkaline-earth activation of aluminosilicates and represent nowa- 

days a greener alternative to ordinary Portland cement, owing to 

their low-CO2 emission for their production at relatively mild temper- 

ature (below 100 °C) and their good thermal (Cheng and Chiu 2003; 

Kamseu et al. 2010), chemical (Bakharev 2005; Palomo et al. 1999a) 

and mechanical (Lee and van Deventer 2002) properties. 

A large number of studies have focused on the synthesis of these 

novel engineering materials from calcined kaolinitic clays (metakaoli- 

nite) (e.g. Barbosa et al. 2000; Davidovits, 1991; De Silva et al. 2007; 

Duxson et al., 2007a, b; Granizo et al. 2000; Palomo et al. 1999a),      or 

from fly ash, blast furnace slag and other industrial by-products    too 

(Buchwald 2006; Duxson et al. 2007a; Palomo et al. 1999b; van 

Jaarsveld et al. 2002). Recently, the suitability of common clays other 

than kaolinite for geopolymeric purpose have been also  investigated  as 

they represent widely available and relatively cheap raw materi-    als 

and may show a certain reactivity after the activation processing 
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(Buchwald et al. 2009; Ferone et al. 2013, 2015; Ruiz-Santaquiteria    et 

al. 2013; Seiffarth et al., 2013). The reactivity of clays can be in   fact 

increased by using an appropriate activation treatment, i.e. ther- mal (He 

et al. 1995a) or mechanical (MacKenzie et al. 2007a). The ther- mal 

treatment, which is the most used activation strategy, transforms clays 

in a disordered metastable state (Fernandez et al. 2011; He et al. 1994, 

1995a, 1995b; Tironi et al. 2013) by effect of the dehydroxyla- tion of 

clay minerals occurring in the temperature range between 500 and 800 

°C, which enhances the solubility in alkaline solution of the derived 

amorphous to low crystalline phases (Buchwald et al. 2009; Essaidi et 

al. 2013, 2014, Ferone et al. 2013, 2015; Kaps and Hohmann 2010; Ruiz-

Santaquiteria et al. 2013; Seiffarth et al., 2013). The reac- tion 

mechanisms concerning the thermal activation of natural clay re- 

sources are affected by the complex nature of these materials, as well as 

by the specific operating conditions of the heating treatment (Habert et 

al. 2009; Snellings et al. 2012). In particular, the presence of secondary 

minerals and contaminants other than silicoaluminates in the raw ma- 

terials can affect the properties of the final products and add reaction 

pathways during alkali activation (Mackenzie and Welter 2014). 

The adoption of a mild reducing atmosphere during thermal treat- 

ments can represent a more ecological method, although poorly stud- 

ied, to enhance the clay reactivity at lower temperatures compared      to 

the commonly adopted oxidising regime (Seiffarth et al., 2013). In the 

case of carbonate-rich clays the reducing regime can also increase the 

temperature range which separates the achievement of the maxi- mum 

clay reactivity and the occurrence of crystalline high-temperature phases 

(Bauluz et al. 2003; Carretero et al. 2002; Cultrone et al. 2001; 

Duminuco et al. 1998; Gonzalez Garcia et al. 1991; Letsch and Noll 

1983; Maggetti et al. 2011; Maritan et al. 2006; Rathossi and Pontikes 

2010; Riccardi et al. 1999; Tschegg et al., 2009), less reactive with re- 

spect to the alkali activation. 

The mechanochemical activation, performed through high energy 

grinding, can represent another sustainable and time saving alterna- tive 

to amorphise clays compared to the calcination process, but cur- rently 

is scarcely considered as activation procedure of clays for the production 

of alkaline binders (Mackenzie et al., 2007). Several studies 

demonstrated that the mechanochemical activation can be used to ob- 

tain an amorphous material by breaking the clay bonds and the orig- inal 

OH groups to form new particles aggregates of increased poros- ity, 

specific surface area, altered cation-exchange capacity and solubility 

(Baláž 2003; Balek et al. 2007; Gonzalez Garcia et al. 1991; Hamzaoui 

et al. 2015; MacKenzie et al. 2007; Suraj et al. 1997; Sánchez-Soto and 

Pérez-Rodriguez, 1989; Sánchez-Soto et al., 1994, 2000). 

Grinding also influences the thermal behaviour of clay minerals, 

enhancing phase transformations during heating (Balek et al. 2007; 

Sánchez-Soto and Pérez-Rodriguez, 1989; Sánchez-Soto et al., 1994) 

and can represent a valid method to enhance the reactivity at lower 

temperatures of heated clays, interested by previous changes in their 

physico-chemical properties. However, there is a lack of literature deal- 

ing with the mechanical activation of three-layer clay minerals as 

geopolymeric raw materials and in particular, the application of both 

mechanical and thermal treatments promoting clay activation for the 

geopolymer production represents a never investigated field. 

Despite the literature on inexpensive clays to synthesize novel acti- 

vated materials is rapidly growing, the use of illite carbonate-rich clays 

has been scarcely explored (Ferone et al. 2013, 2015) although it may 

have some advantages (Ferone et al. 2015; Yip et al. 2005, 2008). In 

particular, it has been proven that the Ca addition, as lime and calcium 

hydroxide, contributes positively to improve the compressive strength 

of the resulting geopolymeric products, owing to the formation of a C-

S-H/C-A-S-H gel (Temuujin et al. 2009; Khater 2012) which may en- 

hance the precipitation of dissolved monomers acting as nucleation cen- 

ters (Khater 2012; Temuujin et al. 2009) and may increase the alka- 

linity of the system, favouring the co-precipitation of the geopolymeric 

N-A-S-H gel and giving place to an homogeneous and strong structure 

(Khater 2012). Geopolymerisation is favoured by the formation of the 

C-S-H gel whose growth is controlled not only by activation parameters 

(alkalinity of the activator, curing temperature, etc.) (Khater 2012) but 

also by the nature, crystallinity and particle size of the added Ca-bear- 

ing sources (Yip et al. 2008). 

Owing to the chemical and mineralogical complexity of such a clay 

mixture, several factors are expected to concur and enhance their reac- 

tivity for the geopolymeric purpose and, in this connection, the choice 

of the activation strategy may represent a key point. Different activa- 

tion methods are expected to exert different effects both on the degree 

of clay mineral decomposition and on the crystallinity of carbonates, in- 

fluencing their solubility in the alkaline medium as well as the possi- 

bility for calcium compounds to participate to the geopolymerisation as 

charge balancing cations or to act as fillers (García-Lodeiro et al. 2010, 

2011, 2012, 2013; Khater 2012; Yip et al. 2005, 2008). 

In this perspective, the present study is focused on the assessment of 

the effects of different activation strategies on the reactivity of car- 

bonate-rich clays, to gain a deeper insight in the phase transformations 

occurring in the samples after each treatment and to exploit such in- 

formation for technological transferability to industry. With this aim, il- 

lite carbonate-rich clays from the Apulian region (southern Italy) were 

subjected to different activation treatments in order to explore their ef- 

fectiveness in promoting the loss of crystallinity (and thus reactivity) of 

the clay minerals and at the same time to produce the highest avail- 

ability of calcium from calcium-bearing minerals. Besides the more ex- 

plored thermal activation processing, a mechanical activation by vibra- 

tory milling, which represents a more ecological pre-treatment method- 

ology, has been used for the first time in this study for the activation   of 

illite carbonate-rich clays, in addition to the combination of both 

mechanical and thermal treatments, which represents an energy-saving 

processing favouring clay mineral dehydroxylation reactions. The use of 

both oxidising and mild reducing conditions during thermal treatments 

was also tested, in order to evaluate potentially positive effects of the 

adoption of different burning regimes on clay mineral decomposition re- 

actions. Results of different activation strategies were carefully investi- 

gated by using a multianalytical approach and the potential suitability of 

the resulting treated clays as raw materials for the production of al- kali-

activated binders was evaluated and discussed on the basis of re- sults 

of solubility test in a NaOH solution. 

 
2. Experimental 

 
The raw materials involved in the present study are Apulian cal- 

careous-rich clay sediments belonging to “Argille subappennine” forma- 

tion. The sample, labelled as “LCR”, was collected from a clay deposit 

(Lucera, FG) exploited for structural ceramics. 

To increase its reactivity, the investigated clay was subjected to dif- 

ferent treatments: mechanical, thermal, combination of mechanical and 

thermal treatments (Fig. 1). For the mechanical treatment, clay por- tions 

of 4 g each were prepared after quartering the whole sample and oven 

drying at temperature of 50 ± 5 °C. Selected samples were dry ground  

in a vibratory ball mill for 5, 10, and 15 min at a frequency    of 30 Hz 

(1800 min− 1) using a Retsch MM 400 instrument equipped with two 25 

ml tungsten carbide grinding jars with screwable cover and each fitted 

with 2 tungsten carbide balls of 1.5 mm in diameter. Grind- ing 

conditions were evaluated taking into account information from lit- 

erature (MacKenzie et al., 2007) and on the basis of several prelimi- nary 

tests. Accordingly, a 5 min milling time (at 30 Hz) resulted to be the 

minimum time interval for the achievement of an extensive crys- 

tallinity loss of clay minerals (detectable by X-ray diffraction); doubling 

and tripling this time has been chosen in order to verify the effects      of 

the prolongation of grinding on the amorphisation process. Larger times 

were not considered because they showed significant particle ag 



 

 

 

 

 

Fig. 1. Activation procedures on LCR clay. MA = mechanical activation, TA = thermal 

activation. 

 
gregation effects. The thermal treatment was carried out by heating clay 

samples in a laboratory muffle furnace after placing them in crucibles. 

A gentle milling in vibratory mill at a frequency of 10 Hz for 120 s was 

performed to ensure sample homogenisation before heating. Samples 

were then thermally treated for 1 h at the temperatures of 400, 500, 600, 

700, 800 and 900 °C under both oxidising and almost reducing burning 

conditions, with an average heating rate of about 13 °C/min, and cooled 

in the oven to room temperature. The almost reducing at- mosphere was 

achieved providing the crucibles by lids, thus heating the samples in the 

degassing atmosphere of the clays, according to a proce- dure followed 

in literature (Seiffarth et al., 2013). To evaluate the ef- fects of the 

combination of the two kinds of treatments on clays reactiv- ity, clay 

samples were subjected to mechanical pre-treatments and suc- cessively 

to thermal treatments, by using the same conditions described 

above for each treatment alone. In order to verify the reproducibility of 

each activation method, three replicas of all mechanical, thermal treat- 

ments both in oxidising and reducing conditions, and combinations of 

mechanical and thermal treatments have been carried out. To this pur- 

pose, a total of 108 clay portions were selected. 

Major oxides and trace element concentrations of raw clay were de- 

termined on pressed powder pellets by an automatic spectrometer Pan- 

alytical AXIOS-Advanced, equipped with an X-ray tube X SST-mAX (Rh 

anode), following literature data (Franzini et al. 1972, 1975) to cor- rect 

the matrix effects. The detection limit for major element oxides was 

0.01 wt%. Two reference standards (AGV-1 from USGS - USA and 

NIM-G from NIM - South Africa) were used to check the accuracy of 

the analytical data. Volatile components (H2O plus CO2) were measured 

with the loss on ignition (LOI). 

The particle size distribution of the raw clay in the fraction between 

2 mm and 32 μm was obtained by wet sieving, while sedimentation, ac- 

cording to Stoke's law, was applied for particles size < 32 μm (Tickell 

1965). 

The mineralogical characterization of the untreated clay samples and 

activated clays was determined by X-ray powder diffraction (XRPD) us- 

ing a PANalytical Empyrean diffractometer equipped with a Real Time 

Multiple Strip (RTMS) PIXcel3D detector and Cu-Kα radiation. Analytical 

conditions were: 40 mA and 40 kV, 2θ range from 3 to 80°, virtual scan 

of 0.026°2θ, counting time 360  s per step. The incident beam pathway 

included a 0.125° divergence slit, a 0.25° antiscattering slit and a soller 

slit (0.02 rad), whereas a Ni filter, a soller slit (0.02 rad) and an antiscat- 

ter blade (7.5 mm) were mounted in the diffracted pathway. For prelim- 

inary identification of clay minerals in the raw material, XRPD analyses 

were performed on oriented air-dried specimens (fraction < 2 μm), gly- 

colated at 60 °C for 8 h and heated at 550 °C. Percentage of illite (%I) 

and stacking order (Reichweite; R) of the I-Sm mixed layer were deter- 

mined on X-ray patterns of glycolated oriented specimens according to 

Moore and Reynolds (1997). Qualitative and quantitative mineralogi- 

cal analyses were carried out on bulk samples side-loaded in plexiglass 

sample holders. To ensure the best particle statistics for X-ray diffrac- 

tion with minimum damage on the samples, ground powders were ob- 

tained with the Retsch MM 400 vibratory mill using the following con- 

ditions: wet milling in ethanol at the frequency of 20 Hz for 120 s in the 

case of the untreated clay and dry milling for 60 s at the frequency 

of 10  Hz in the case of the activated clay samples. X-ray patterns were 

analysed using the software X'Pert High Score 3.0e which includes ICSD 

database, whereas phase quantification was carried out by means of the 

Rietveld refinement software BGMN (Bergmann et al. 1998) using the 

new graphical user interface Profex (Doebelin and Kleeberg 2015). Ri- 

etveld refinements were performed by using modified structure models 

contained in the BGMN database and from Ufer et al. (2012a, 2012b) in 

the case of I-Sm interstratifications. In order to quantify the amorphous 

phase in the clay after thermal and mechanical treatments, the Rietveld 

technique was combined with the internal standard method by adding 

corundum (10 wt%) to the samples (Gualtieri 2000). 

Differential thermal and thermogravimetric analysis (DTA/TG/DTG) 

were performed by means of a Toshiba STA7200RV analyser, on about 

20 mg of each sample placed in alumina crucibles. Samples were exam- 

ined over the range from 30 to 900 °C using a heating rate of 10 °C/min 

in a nitrogen flow (60 ml/min). 

Fourier transform infrared (FTIR) measurements were acquired us- 

ing a Nicolet 380 FTIR spectrometer equipped with an EverGlo source, 

a KBr beamsplitter and a deuterated triglycine sulfate (DTGS) detector. 

FTIR spectra were collected in transmission mode on pellets of 13 mm 

discs with approximately 2 mg of the same sample powders used for 

XRPD, which were diluted in 200 mg of KBr to record optimal spectra 

in the regions of 4000–400 cm− 1. The pellets were also dried at 110 °C 

for at least 12 h to minimise possible adsorbed water. The nominal res- 

olution was set to 4 cm− 1; 128 scans over the range 400–4000  cm− 1
 

were averaged for each sample and background. The identification of 

phases was based on the comparison of the results of our study with the 

corresponding literature data. 

The amount of reactive species of untreated and treated samples 

were determined after leaching test in basic medium by mixing 

0.5000 ± 0.0005 g of each sample with 20 ml of a 3 M NaOH solution 

(Ferone et al. 2015; Xu and van Deventer, 2002). After stirring for 5 h 

at room temperature, the solutions and solid residues were separated 
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by filtering using a Büchner funnel provided by 0.45 μm PTFE mem- brane 

filters. The  concentration  of  the  NaOH  solution  was  chosen by a 

comparison with literature tests on similar clay sources subjected to thermal 

treatments (Ferone et al. 2015). Moreover, the selected  alka- linity of the 

solution is similar to that required for the alkali activation     of 

aluminosilicates with high calcium content (e.g. blast furnace slag, 

Fernández-Jiménez et al. 1999; Fernández-Jiménez and Puertas, 2001). To 

achieve a pH value of the solutions suitable for the ICP-MS analysis,   1 ml 

of each sample solution has been diluted with 2% HNO3 up to a   100 ml 

final volume. Al, Ca, Si and K elemental analyses of the filtered solutions 

were determined by an inductively coupled plasma-mass spec- trometer 

(NexION 300X PerkinElmer ICP-MS spectrometer) equipped with a 

collision cell. External calibration with matrix matching  stan-  dards was 

employed for quantification. All experimental data were av- eraged on three 

replicates. 

3. Results 

3.1. Chemical and grain size analysis 

 
The clay sediment used as raw material in this study consists mainly 

of the particle fraction smaller than 63 μm, which represents about 

90.40% of the total dry mass of the sample and is composed of 42.86% 

clay (< 4 μm) and 47.54% silt (Fig. 2). According to Shepard's classifi- 

cation (1954) the sample falls into the “clayey silt” field. 

 

Fig. 2. Grain size distribution of LCR clay. 

Chemical analyses by XRF showed that SiO2, Al2O3 and CaO are the 

main components of the sediment, whereas Fe2O3, MgO and K2O are 

present in lower concentrations. Only small percentages of other oxides 

such as MnO, Na2O and TiO2 are observed (Table 1). A loss on ignition 

value (LOI) of 20.32 wt% was measured from mass variations of the clay 

due to the loss of volatile components from hydrated silicates and car- 

bonates after heating at 950 °C. 

 
3.2. XRPD 

 
The X-ray pattern of the unprocessed clay shows clearly visible first 

order reflections of illite/muscovite, two almost overlapped reflec- tions 

at about 12.5°2θ corresponding to kaolinite and chlorite and a broad 

shaped band at around 5°2θ attributed to a disordered (Reich- weite R0) 

smectite-rich I-Sm intestratification with 30% illitic layers (R0 I(0.3)-

Sm) on the basis of X-ray diffraction measurements on glycolated 

oriented samples (Moore and Reynolds, 1997). 

According to QPA by Rietveld refinement (Fig. 3) about 35 wt% of 

the sediment consists of clay minerals in well agreement with grain size 

analyses, 32 wt% of carbonates (mainly calcite), 17 wt% of quartz, while 

minor amounts of feldspars and iron hydroxides are also present (Table 

1). The good match between the bulk chemical composition re- 

calculated from mineralogical data and XRF chemical data (Table 1) 

gives an estimation of the accuracy of the Rietveld results. The only ex- 

ception is represented by the value of Fe2O3 oxide, due to the occurrence 

of low crystalline Fe-oxides and hydroxides not detectable by X-ray dif- 

fraction, but accounted by the slight amorphous phase content of the 

clay. The loss on ignition value, mainly related to the abundance of hy- 

drated silicates and carbonates, is also very close to the sum of volatile 

components deduced from mineralogical data. 

Fig. 4 shows the evolution of the XRPD patterns as a consequence 

of mineral transformations occurring in the original clay after thermal 

treatments up to 900 °C. At 400 °C the broad I-Sm interstratification 

band at around 5°2θ (d ~ 15 Å) moves toward higher angles due to the 

collapse of smectitic layers to about 10 Å caused by the loss of the in- 

terlayer water. At the same temperature, the disappearance of a small 

peak at about 4.18 Å corresponding to the main reflection of goethite is 

also observed. At 500 °C the basal kaolinite reflections disappear, ow- 

ing to the loss of crystallinity resulting from the dehydroxylation of  the 

mineral, while small residues of the chlorite reflections are present up to 

600 °C. Illite/muscovite reflections do not show changes (with exception 

of small relatively increasing intensity of (001) reflections due to 

superimposition of mica and shifted I-Sm reflections in conse- quence 

of interlayer water removal) up to 700 °C, when a small drop  in the 

intensity of the (002) and (004) reflections can be observed. At 700 °C, 

a decreasing intensity of the calcite reflections is also observed, 

 
Table 1 

Bulk chemical (XRF) and mineralogical (XRPD) composition of LCR clay. 

Chemical composition (wt%) Mineralogical composition 
 

XRF XRPD⁎ Mineral Wt% (3σ) 

SiO2 35.67 SiO2 39.9 Quartz 16.3 (0.7) 

Al2O3 11.47 Al2O3 11.6 Calcite 31.2 (1.3) 

CaO 21.15 CaO 19.9 Illite/Muscovite 3.8 (0.5) 

K2O 1.73 K2O 2.8 R0 I(0.3)-Sm interstratification 24.5 (2.9) 

Na2O 0.34 Na2O 0.4 Kaolinite 5.9 (1.0) 

Fe2O3 6.67 Fe2O3 2.2 K-feldspar 4.2 (1.0) 

MgO 1.91 MgO 2.0 Albite 3.2 (0.5) 

MnO 0.15 MnO – Goethite 1.7 (0.2) 

TiO2 0.53 TiO2 – Dolomite 1.0 (0.2) 

P2O5 0.07 P2O5 – Chlorite 1.0 (0.3) 

LOI 20.32 CO2 13.7 Amorph 7.1 (6.3) 

H2O 8.6 Tot_CM 35.2 (3.7) 

⁎ Calculated on the basis of mineral content estimated from Rietveld refinement. CM stands for clay minerals. 
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Fig. 3. Rietveld refined XRD pattern of LCR clay using BGMN program (Rwp = 4.72%, Rexp = 3.13%). Mineral abbreviations: I-Sm = R0 illite-smectite interstratification with 30% il- 

litic layers (R0 I(0.3)-Sm), I/Ms = illite/muscovite, Kaol = kaolinite, Chl = chlorite, Qtz = quartz, Goe = goethite, Crn = corundum, Pl = plagioclase, Cal = calcite, Kfs = K-feldspar, 

Dol = dolomite. 

indicating the beginning of calcite decomposition, which results al- most 

completed at 800 °C. At this temperature, lime and traces of port- landite 

(due to lime rehydration) are detected in the samples together with 

anorthite and poorly crystalline Ca-silicate phases of the C2S type, 

formed by the reaction of free lime, silica and alumina derived from de- 

composition of calcite and clay minerals (Allegretta et al. 2016; Letsch 

and Noll 1983; Riccardi et al., 1999). Ca-silicates together with poor 

crystallised hematite, form a broad band in correspondence of an an- 

gular interval of 32–35°2θ at 800 °C. At 900 °C, in coincidence with  an 

abrupt decrease of the illite/muscovite reflections indicating the al- most 

complete breakdown of the mica structure (Cultrone et al. 2001; 

Guggenheim et al. 1987), an increase of new-formed and well-crys- 

tallised phases are observed, namely pyroxenes (diopside and wollas- 

tonite), gehlenite, Ca-olivine and hematite (Fig. 5). Calcination in reduc- 

ing conditions did not show significant effects on the samples compared 

to oxidising ones, with the exception of a slightly higher stabilisation of 

calcite and, apparently, a delay in the formation of new Ca-silicate 

phases with respect to oxidising heating (Fig. 5). 

XRPD patterns of clay samples ground for 5, 10, and 15 min show a 

general and gradual decrease of the characteristic reflection intensi- ties 

of clay minerals and calcite, associated with significant broaden- ing 

effects (Figs. 4b and 5). After 5 min of grinding, the band at ~ 5°2θ, 

where the basal reflections of I/Sm interstratifications and chlo- rite 

overlap, as well as the broad band at ~ 12.5°2θ, where (001) kaoli- nite 

and (002) chlorite reflections overlap, disappear, suggesting a sig- 

nificant degradation of the structure of these minerals. On the contrary, 

the main reflections of illite/muscovite are still present but showing a 

lower intensity and a higher broadening with respect to the original clay. 

After 10 and 15 min of grinding, the illite/muscovite basal reflec- tions 

become negligible, whereas non-basal reflections are still present 

although showing progressive decreasing intensity and an augmented 

broadening with the increase of grinding time. Among the non-clay min- 

erals, the same effects of grinding on intensity and width can be ob- 

served on calcite main reflections as the treatment time is prolonged 

(Fig. 4b). It can be very well appreciated in Fig. 6, where the variation 

of intensity and Full-Width at Half-Maximum (FWHM) of the main cal- 

cite reflections after each treatment is displayed. 

Quantitative estimation of the phase composition in mechanically 

treated clay samples shows yet after 5 min of grinding a significant de- 

crease of calcite and illite-muscovite together with a progressive in- 

crease of the amorphous phase (up to 47 wt% after 15 min of grinding), 

mainly derived from the degradation of the crystal structures of the orig- 

inal clay material (Fig. 5). 

The combination of mechanical and thermal treatment in both oxi- 

dising and reducing atmosphere caused only limited mineralogical mod- 

ifications with respect to just ground samples up to a heating tempera- 

ture of 500 °C (Fig. 4c). At 400 °C, only a small decrease of the back- 

ground in the region from 4.5 and 7°2θ is observed, suggesting the per- 

sistence of relic I/Sm layers after the grinding, which are definitively 

lost after relatively low temperature heating. Furthermore, an increase in 

intensity and in the FWHM of the main reflections of calcite is ob- 

served up to the temperature of 500 °C, indicating a slight recrystallisa- 

tion effect occurring during the first stage of heating, contrary to what 

observed in the just heated clay (Fig. 6). From 600 °C onwards, a pro- 

gressive decrease of the calcite reflection intensities is shown with a 

trend proportional to the energy of grinding (i.e. from 600 to 700 °C the 

estimated calcite content decreases from 17 to 7 wt%, from 13 to 4 wt% 

and from 11 to 5 wt% in 5, 10 and 15 min mechanically pre-treated 

samples, respectively), whereas a complete disappearance of the min- 

eral occurs at 800 °C in all samples. Instead, small residues of illite/ 

muscovite, which in samples ground for 10 and 15 min are represented 

only by non-basal reflections, remain almost unchanged up to 600 °C; at 

700 °C, a significant decrease of the reflection intensity and related 

content of calcite is observed before its definitive disappearance occur- 

ring at 800 °C. X-ray pattern of quartz shows a slight decrease in in- 

tensity and an increase of the FWHM after heating at 600 °C samples 

pre-ground for 10 and 15 min, whereas heating from 800 °C to 900  °C 



 

 

 

 

 

Fig. 4. XRPD spectra: a) LCR clay and thermal activation; b) mechanical activation; c) 

mechanical and thermal activation. Mineral abbreviations as in Fig. 3; Fs = feldspars, 

Di = diopside, Hem = hematite, Gh = ghelenite, An = anorthite. 

 
causes a more significant decrease of the intensities and broadening of 

the quartz diffraction peaks in all mechanically and thermally treated 

samples. At 800 °C, a small band from 32.5 to 34°2θ associated to 

poorly crystalline Ca-silicates of the C2S type, hematite, and traces of 

gehlenite forms in these samples. At the same heating temperature an 

increase of the reflection intensity and amount of plagioclase is also 

detected, but only in samples subjected to grinding for 10 and 15 min 

(Fig. 5). After heating at 900 °C, a diffraction peak corresponding to a 

more crystalline hematite occurs at around 33°2θ, combined with in- 

creasing intensities of the gehlenite reflections (in a lesser extent for 10–

15 min ground samples) and additional crystalline anorthitic pla- 

gioclase and pyroxenes (diopside and wollastonite). Neither lime nor 

portlandite reflections are present in the X-ray powder pattern of sam- 

ples heated after mechanical treatments. The amorphous phase content 

ranges around 40 wt% in samples heated up to 600 °C without signif- 

icant variations with respect to the corresponding only ground sam- ple, 

then it increases from 700 to 800 °C and it decreases abruptly at 

900 °C, in coincidence of the crystallisation of new phases. The max- 

imum content of amorphous phase is observed at 800 °C for samples 

ground for 5 min (about 52 wt%) and at 700 °C for samples ground for 

10 and 15 min. (about 54 wt%). Furthermore, the amount of the amor- 

phous phase estimated in samples subjected to a combination of me- 

chanical and thermal treatments is generally higher than that of just 

heated samples (Fig. 5). In analogy to observations done for the only 

calcined clay, the samples treated by a combination of mechanical and 

thermal processing showed a slight delay in the decomposition of cal- 

cite and a subsequent delay in the formation of new Ca-silicate phases 

when heated in almost reducing regime with respect to oxidising condi- 

tions. As a consequence of this deferment, the amorphous phase content 

is generally higher in samples subjected to high temperature heating in 

reducing atmosphere. 

3.3. DTA/TG/DTG 

 
DTA/TG/DTG analysis were performed on the untreated LCR clay 

and for comparison on the mechanically activated samples (MA5, MA10 

and MA15), in order to evaluate the effects of high energy grinding on 

the thermal behaviour of minerals. The obtained results are reported in 

Fig. 7. 

Three major weight-loss events are distinguishable in the un- 

processed clay sample (Fig. 7a). In the first stage (< 300 °C), ther-  mal 

dehydration takes place associated with the removal of water mol- ecules 

from various sorption sites in the clay structure (Heller-Kallai 2006) 

mainly ascribable to I-Sm interstratification. According to the TG curve, 

the main episode of dehydration is characterised by a marked weight-

loss corresponding to a sharp peak at fairly low temperature (~ 65 °C) 

and a shoulder at about 130 °C in the DTG curve. At higher temperature, 

the TG curve declines very gradually and a second peak (~ 260 °C) is 

apparent in the derivative curve corresponding to a much smaller weight 

step. At higher temperature (> 300 °C) the sample dis- plays a second 

major weight loss as a result of dehydroxylation reac- tions of kaolinite 

and illite/muscovite and, to a lesser extent, of goethite (Gualtieri and 

Venturelli 1999). TG curve shows that kaolinite dehy- droxylation 

process starts slowly and increases gradually with a major water release 

at about 490 °C. In the last stage (> 600 °C) the thermo- gravimetric 

curve shows an abrupt rate decline up to about 760 °C, due 

to the decomposition of carbonates bringing to CO2 release (Trindade et 

al. 2009) and residual dehydroxylation of smectite (Fernandez et al. 

2011). At higher temperature the DTA curve continues monotonously 

until an exothermic peak is observed around 860 °C. The exothermic 

peak corresponds to the heat effect associated to the recrystallisation of 

decomposition products into more stable phases. 

The mechanically activated samples are characterised by similar TG/ 

DTG/DTA curves although the activation method has pronounced ef- 

fects on the decline of thermogravimetric curve. A higher weight loss is 

observed for the 5 and 10 min mechanically treated samples com- pared 

to the unprocessed clay, in agreement with an enhanced particle surface 

area caused by grinding (Sánchez-Soto Wiewióra et al., 1997). 

Moreover, the three dehydration steps become more smoothed as the 

grinding time increases, and the sample weight loss decreases almost 

monotonically at the highest milling time, due to pronounced varia- tions 

in particle size with the increase of grinding treatment. The 15 min 

mechanically treated sample shows a lesser total weight loss, owing to 

the effect of a re-aggregation process that hampers the water diffusion 

(Sánchez-Soto Wiewióra et al., 1997). 

The position, shape and broadness of peaks of the corresponding de- 

rivative curve are also affected as a function of the grinding time: the 

dehydration events are shifted to higher temperature, while the dehy- 

droxylation reaction of clays and the carbonates decomposition process 

are shifted to lower temperature (Balek et al. 2007). The increase in 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Block diagram of mineralogical evolution after activation treatments by XRPD. Mineral abbreviations as in Figs. 3 and 4; CaO = lime, Ptl = portlandite, Ilm = ilmenite, 

Mgh = maghemite, Kfs = K-feldspar, Wo = wollastonite, C2S = bi-calcium silicates, Amr = amorph. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6. Intensity and Full-Width at Half-Maximum (FWHM) of the main calcite reflec- 

tion (1–1-4) at room temperature (RT) and after thermal treatment (from room temper- 

ature to 900 °C), mechanical activation (MA5 = 5 min grinding, MA10 = 10 min grind- 

ing, MA15 = 15 min grinding) and combination of mechanical and subsequent thermal 

treatments. The FWHM is represented by vertical lines sample symbols. 

 

 
DTG dehydration peak temperatures is attributed to the particle tight 

packing as a consequence of the reduction of sample size with grinding 

The shift of dehydroxylation events at lower temperature is related to the 

structural modification due to exfoliation and the removal of the OH 

groups by mechanical treatment (Sánchez-Soto et al. 1994; Balek et al. 

2007). Lower temperatures of carbonates decomposition were also asso- 

ciated with the increase of specific surface area of treated samples due 

to a decrease in particle size. The exothermic DTA effects of new formed 

phases are consequently shifted to lower temperatures with the increase 

of grinding time. 

3.4. FTIR 

 
The FTIR analyses were performed on a selection of samples which, 

on the basis of XRPD and DTA/TG/DTG results, have shown marked 

clay mineral decomposition after mechanical and/or thermal activation 

treatments to be considered the most suitable precursors for alkaline 

activation. In particular, the selected samples were: thermally treated 

samples at 800 °C in both oxidant and reducing atmosphere (samples 

800 OX, 800 RED); high energy ground samples for 10 and 15 min, re- 

spectively (samples MA10 and MA15); samples subjected to high energy 

grinding for 10 and 15 min followed by heating at 700 °C in both ox/ 

red conditions (samples MA10 700 OX, MA10 700 RED, MA15 700 OX, 

MA15 700 RED). 

FTIR data of samples activated by different methods are reported  in 

Fig. 8 in comparison with that of the unprocessed raw material (LCR). 

The FTIR spectrum of the untreated material is dominated by the 

characteristic vibration bands of clay minerals (illite/muscovite, I-Sm 

interstratification, kaolinite), quartz and carbonates (mainly in  the form 

of calcite), in agreement with XRPD results. The band  at 3697 cm− 1 is 

specific to kaolinite hydroxyl groups (Vaculíková and Plevová 2005) 

and is related to the in-phase symmetric stretching vibra- tions of OH 

groups located at the octahedral surface, which are weakly linked 

through hydrogen bonds to the Si–O–Si group oxygens of the adjacent 

layer (Madejová 2003). The absorption band near 3620 cm− 1 is 

attributed to hydroxyl groups which are located between the tetra- hedral 

and octahedral sheets of phyllosilicates, usually found in prin- cipal 

clay-minerals (Madejová 2003). The broad absorption band cen- tred at 

3421 cm− 1 is characteristic of OH stretching vibrations of phyl- 

losilicates with some adsorbed/interlayer water. Indeed this broad band 

appears reduced after the sample was heated overnight. The band at 1635 

cm− 1  is the corresponding bending vibration of H–O–H groups   in 

interlayer/adsorbed water molecules (Srasra et al. 1994; Tyagi et al. 

2006; Yu et al. 1999). The intensive band peak at 1033 cm− 1 is as 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 7. DTA/TG/DTG curves of unprocessed LCR clay (a) and clays ground for 5 (b), 10 (c) and 15 (d) minutes. 

 
signed to Si-O in-plane stretching of illite (Vaculíková and Plevová 

2005), kaolinite (Aglietti et al. 1986) and montmorillonite (Madejová 

2003; Tyagi et al. 2006) minerals, whereas the shoulder  at  about  1110 

cm− 1 corresponds to the out of plane Si-O symmetrical stretch- ing 

vibration (Ferone et  al.  2015).  The  bands  at  about  526  and  470 cm− 

1  are associated respectively to Si–O–Al and Si–O–Si bending 

vibrations (Madejová 2003) in silicate phases. More or less intensive 

bands are caused by presence of calcite (CaCO3) at 1426, 1800, 875 and 

713 cm− 1. 

The IR spectrum of the clays mechanically activated for 10 and 

15 min does not show relevant changes compared to that of the un- 

processed sample. In particular, a progressive intensity decrease of the 

OH stretching bands of illite/muscovite and kaolinite as well as the 

Al–OH inner hydroxyl deformation vibration of kaolinite is observed as 

the mechanical activation is performed for longer time. This is due to 

significant changes in the surface structure of these phyllosilicate at the 

molecular level as a consequence of the mechanical treatment. Indeed, 

mechanical treatment supplies sufficient energy to break the hydroxyl 

bonds between adjacent phyllosilicate layers. 

The relative intensities of the absorption bands associated to quartz 

and calcite remain almost constant upon grinding whereas a broadening 

of the Si–O–T stretching band centred at 1043 cm− 1 is observed, testi- 

fying the occurrence of stacking disorder involving phyllosilicates. 

From FTIR spectra the significant effect exerted by thermal treat- 

ments on samples is evident, resulting mainly in a modification of the 

characteristic bands of clay minerals and carbonates (Chukanov 2014). 

In particular, the heating at 800 °C is responsible for the almost com- 

Fig. 8. FTIR spectra from bottom to top: unprocessed clay (LCR); clay samples thermally 

treated at 800 °C in oxidising and reducing atmosphere (800 OX and 800 RED); clay sam- 

ples mechanically treated for 10 (MA10) and 15 min (MA15); clay samples mechanically 

treated for 10 and 15 min and subsequently heated at 700 °C in oxidising and reducing 

atmosphere (MA10 700 OX, MA10 700 RED, MA15 700 OX and MA15 700 RED). 

plete dehydroxylation of clay minerals, as shown by the quite complete 

disappearance of the –OH stretching bands at 3698 and 3620 cm− 1 

(Srasra et al. 1994). Moreover, the thermal treatments at 800 °C in both 

oxidising and reducing regimes have the effect to induce also a de- 

crease in the intensities of the Al–OH and Si–O–Al bending vibration 

bands, respectively at 915 cm− 1 and at about 526 cm− 1, as a conse 
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quence of the dehydroxylation process and the structural disruption of 

the phyllosilicate sheets (Madejová 2003). Additionally, the calcite char- 

acteristic bands at 2875, 1800, 875 and 713 cm− 1 are almost disap- 

peared. The small bands between 1520 and 1400 cm− 1 are due to vi- 

bration modes of CO 2– groups and are most probably ascribable to 

residues of carbonates. The almost complete decomposition of carbon- 

ates is most pronounced in the case of sample heating at 800 °C in ox- 

idising regime with respect to the reducing one. The concomitant ap- 

pearance of the OH stretching band at 3640 cm− 1 is due to portlandite 

(CaOH2) as the reaction product of CaO (from calcite decarbonation) 

with atmospheric water vapour (Ferone et al. 2015). 

The combination of mechanical (10 min and 15 min) and thermal 

(700 °C OX) treatments on clay brings to the almost complete clay min- 

eral structural decomposition, as proved by the disappearance of the OH 

stretching vibrations of structural hydroxyls at 3698 cm− 1, and of the 

band centred at 3620 cm− 1  (OH stretching of inner hydroxyl groups) 

and at about 913 cm− 1 (OH deformation of inner hydroxyl groups) 

(Souri et al. 2015). The complete disappearance of the Al–O–Si band (at 

about 526 cm− 1) is the effect of structural disruption in the bonds be- 

tween tetrahedral and octahedral sheets of clay minerals (Aglietti et al. 

1986; Vizcayno et al. 2010). The very broad and less featured Si O 

stretching band centred at 1038 cm− 1 point out to an enhanced struc- 

tural disorder of silicates (Tyagi et al. 2006; Vizcayno et al. 2010). 

There is no noteworthy difference between the heat treatments in 

different burning regimes, except for carbonates. Indeed, the less intense 

characteristic bands at 1437 and 875 cm− 1 point out to a higher extent of 

calcite decomposition in oxidising regime. 

In general, all the treatments have a negligible effect on quartz (Souri 

et al. 2015), whose persistence is indicated by the characteristic bands at 

798, 779 and 694 cm− 1 (Tyagi et al. 2006) for all treated sam- ples. 

 
3.5. Leaching test 

 
The solubility tests in a 3 M NaOH were performed on the same sam- 

ples selected for FTIR investigations, which showed the highest extent 

of clay mineral decomposition and thus highest amorphous phase con- 

tent, to be considered the most suitable precursors for alkali activation. 

The solubility test showed that the release of Al and Si increases with  

the grinding time and it is favoured at lower temperature (700 °C) in 

the case of combination of mechanical and thermal treatments, com- 

pared to just heated samples (Table 2). The soluble Si/Al ratio is above 

3 in the untreated raw clay material, while it ranges from 1 to 2 in 

the treated clays, due to the increase of Al leaching from the low crys- 

talline-amorphous silicates. Calcium shows a general very low solubility 

in alkaline solutions as already observed in literature (García-Lodeiro 

et al. 2013), although a slight increase was observed in clays 

 

 
Table 2 

Release of Si, Al, K and Ca (ppm) from the selected clays in 3 M NaOH solution. 

heated at 800 °C. The highest K leaching was obtained from clays 

ground at 30 Hz for 10 and 15 min. 

The highest absolute release of soluble species (sum of Al, Si, Ca and 

K) in leachates has been observed for mechanically/thermally treated 

samples, followed in order of abundance by mechanically treated sam- 

ples, whereas the lowest values are observed for the thermally treated 

samples (Table 2). The overall Si/Al ratio detected for the samples sub- 

jected to a combination of mechanical and thermal treatments is about 

1, whereas it increases after thermal or high energy grinding treatment 

alone, as a consequence of a lower extent of Al solubility from less re- 

active clay minerals. The reducing burning regime adopted during the 

heating of the mechanically treated samples seems not to enhance the 

clay reactivity and thus the solubility of species in alkaline medium, 

whereas the solubility of Al and K is enhanced by the adoption of the 

reduced burning regime in the case of the thermally treated samples, as 

observed in literature (Seiffarth, et al., 2013). 

4. Evaluation of the activation methods 

 
It is known that the soluble Si/Al ratio in the starting material com- 

position affects the setting and hardening times of the derived geopoly- 

mers (De Silva et al. 2007). Low Si/Al values will accelerate setting and 

hardening. Besides, a Si/Al ratio between 2 and 3 from starting mate- 

rials could ensure a good potential for the synthesis of alkali activated 

materials (Seiffarth, et al., 2013). In our case, the soluble Si/Al ratio af- 

ter dissolution tests in 3 M NaOH ranges from 1.0 to 1.7, regardless of 

the type of treatment: mechanical, thermal or both. This value is clearly 

lower than the theoretical Si/Al ratio of the raw clay (i.e. 2.78) due to 

the presence of non-reactive and poorly soluble crystalline phases (e.g. 

quartz) in the clay. 

In Fig. 9a the soluble Si and Al (in ppm) in the 3 M NaOH solu- tion 

are plotted together with the amorphous phase content and crys- talline 

phases as determined by quantitative XRPD. The lowest Si and Al 

solubility was observed for the samples heated at 800 °C, which are 

those with the highest soluble Si/Al ratio (Table 2). This is consequence 

of the major preservation of clay mineral structures (illite/muscovite   in 

particular) during the thermal treatment with respect to the other 

activation methods. The lowest K solubility in the heated samples can 

be related to the same effect (Fig. 9b). Instead, the different Si/Al ra- tio 

and the slight variation in Ca solubility observed between 800 OX and 

800 RED samples can be due to the diverse stability of clays min- erals 

and calcite during heating in different burning regimes and to the 

consequent variation in the content of non-stoichiometric poorly crys- 

talline Ca-silicates and -aluminosilicates formed as precursors of equi- 

librium phases, i.e. anorthite and diopsidic pyroxene (Riccardi et al. 

1999), not observed in samples subjected to other treatments. As a con- 

sequence, the 800 RED sample shows minor new formed plagioclase 

(less soluble) and higher amorphous phase content (more soluble) than 

the samples heated under oxidising condition, which can likely explain 

the observed increase of Al solubility. This evidence, together with the 

 

Sample Si Al K Ca ⁎Total Si/Al 

Original (reference) Theoretical – – – – – 2.78 

LCR 88.93 26.04 31.05 45.66 191.68 3.42 

Mechanical activation MA10 294.43 237.38 242.02 22.32 796.15 1.24 

MA15 555.37 497.11 303.82 6.32 1362.62 1.12 

Thermal activation 800 OX 305.10 181.17 51.98 22.70 560.95 1.68 

800 RED 356.37 309.83 67.32 21.88 755.40 1.15 

Mechanical activation + thermal activation MA10 700 OX 744.56 705.37 143.51 7.30 1600.74 1.06 

MA10 700 RED 661.61 642.05 123.55 6.44 1433.65 1.03 

MA15 700 OX 694.25 663.82 147.91 6.19 1512.17 1.05 

MA15 700 RED 683.01 677.88 141.89 6.22 1509.00 1.01 

⁎ Total = [Al] + [Si] + [K] + [Ca]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Solubility trends and principal phases variability of: unprocessed clay (LCR); clay samples mechanically treated for 10 (MA10) and 15 min (MA15); clay samples thermally treated 

at 800 °C in oxidising and reducing atmosphere (800 OX and 800 RED); clay samples mechanically treated for 10 and 15 min and subsequently heated at 700 °C in oxidising and reducing 

atmosphere (MA10 700 OX, MA10 700 RED, MA15 700 OX and MA15 700 RED). Mineral abbreviations: CM = total clay minerals, Amr = amorph, Kfs = K-feldspar, Cal = calcite, 

Pl = plagioclase, CAS = Ca-aluminosilicates, CaO = lime, Ptl = portlandite. 

almost similar percentages of illite/muscovite in both 800 RED and 800 

OX samples, suggests that increasing amorphous phase content (and 

thus Al leaching) in 800 RED samples is not related to an intensification 

of dehydroxylation of clay minerals under reducing heating conditions, 

contrary to what observed in Seiffarth et al. (2013) for illitic non-cal- 

careous clays. Thus, in our carbonate-rich clay the onset of mineralog- 

ical reactions between clay minerals and calcite have changed their re- 

spective thermal stability. 

XRPD and FTIR clearly show that the mechanical process resulted 

in a progressive loss of crystallinity of minerals and reduction of their 

crystal size. It was observed that a mechanical activation treatment per- 

formed for 10 min can promote the amorphisation of clay minerals, 

bringing to an illite/muscovite content comparable with that obtained 

after clay calcination at 800 °C, but with a less extent of calcite decom- 

position and without the formation of poorly reactive Ca-aluminosili- 

cate phases promoted by the heat treatment. Furthermore, the inten- 

sities of the general (hkl) reflections of illite/muscovite decrease less 

than those of the basal (00l) reflections after mechanical treatments, 

suggesting delamination effects occurring during grinding, produced by 

the progressive loss of periodicity perpendicularly to the layer plane and 

to the reduction of dimension along the c direction, leading to too small 

sized crystallites to produce coherent scattering (Sánchez-Soto et al., 

2000). As shown by reactivity test (Fig. 9a), the Si and Al solubility 

in NaOH of samples ground for 10 min is almost similar to that of the 

thermally treated samples at 800 °C, although with a slight different Si/ 

Al ratio. However, a very high value of K release is observed in ground 

sample leachates, mainly related to the delamination occurring within 

2:1 layer silicates. The intensification of grinding caused more signifi- 

cant degradation effects on clay mineral structures and on calcite, which 

are not clearly shown from X-ray diffraction patterns but can be well 

detected by the intensity reduction of the OH stretching bands in FTIR 

diagrams (Fig. 8). DTA/TG/DTG analysis also showed that grinding af- 

fected significantly the thermal behaviour of the clay minerals, as it  can 

be derived from mass loss profiles (Fig. 5). The decrease of par- ticle 

size fosters their tight packing so hindering the water diffusion through 

the clay minerals and causing the shift toward higher temper- atures of 

their dehydration. Moreover, we suppose that higher surface area of 

particles produced by exfoliation by grinding made the clay min- eral 

layers less stable and facilitated at lower temperature the removal of OH 

groups (Figs. 5 and 6). In addition, higher surface areas pro- duced by 

the decreasing particle size after the grinding favoured the reaction 

involving the OH groups during heating and the progressive elimination 

of structural water. The significant increase of Al and Si sol- 

ubility in the sample ground  for 15 min can be thus  clearly  related  to 

the incipient rupture of bonds in tetrahedral and octahedral sheets dur- 

ing grinding, while the slight increase of K solubility may be due to 



 

 

 

late delamination effects on coarser muscovite relics. The mechanical 

activation caused only size reduction on calcite and no decomposition or 

polymorphic transformations (Pesenti et al. 2008) were detected. The 

progressive decrease of Ca solubility in mechanically activated clays is 

(inversely) correlated with the grinding time and with the Si, Al and    K 

solubility but not with calcite amounts, although the significant de- 

crease of calcite crystals during grinding (Fig. 7). Furthermore, the Ca 

solubility is similar to that of Si, Al and K in the untreated clay, while in 

ground samples the solubility of Si, Al and K increases of an order of 

magnitude and that of Ca decreases to a quarter (i.e. sample MA15, Fig. 

9). On the other hand, the soluble Si/Al ratio in the ground clay is one 

third of the untreated clay (Table 2). Such dissolution trends may be ex- 

plained taking into account the different hardness of minerals (calcite 

and tectosilicates versus clay minerals) and therefore their behaviour 

during grinding. It is our opinion that agglomeration of particles from 

the extensive amorphisation of clay minerals may have created coating 

effects on harder calcite grains, so inhibiting its dissolution under our 

experimental conditions. 

Combination of mechanical and thermal treatment caused higher 

structural changes in the clay, resulting in a general anticipation of the 

illite/muscovite breakdown of about 200 °C with respect to the just 

heated sample (Fig. 5) and significant decomposition effects on calcite 

at already 700 °C (Fig. 6), with a subsequent increase of the total amor- 

phous phase detected from XRPD. Moreover, the combination of the two 

activation methods anticipated of about 100 °C the formation of Ca-sil- 

icates (anorthite, gehlenite and diopside) and the content of such new 

formed phases were higher in ground samples heated at 800 and 900 °C 

under oxidising conditions compared to reducing burning. This can be 

likely explained as a combined effects of grinding, enhancing decom- 

position reactions, with the partial stabilisation of calcite in reducing 

atmosphere, which is known to inhibit the formation of calcium-alumi- 

nosilicates (Letsch and Noll 1983). 

From Fig. 9 it can be seen that the selected clay samples treated by 

the combination of the two methods (MA10 700 OX/RED, MA15 700 

OX/RED) show the highest amorphous phase contents and a slight in- 

crease of K-feldspar compared to the unprocessed clay. A significant de- 

crease of calcite content is also observed from X-ray QPA analyses (Figs. 

5 and 9), but not confirmed from FTIR data (Fig. 8), showing character- 

istic vibration bands associated to carbonate bonds (Galván-Ruiz et al. 

2009). The occurrence of such calcite relics can at the same time explain 

the absence of lime, Ca-silicates and -aluminosilicates in ground sam- 

ples heated at 700 °C. The coupled reactions of decomposition of both 

clay minerals and calcite, which characterises the only heated samples 

(Fig. 5), occurred separately in samples subjected to the combination of 

treatments. In the latter case, the more rapid decomposition of clay min- 

erals favoured the nucleation of K-feldspars in the illite/muscovite relic 

domains during heating. In other words, when the activity of Si and  Al 

is high (decomposition of clay minerals), that of Ca is low (calcite still 

stable) and hinders the formation of Ca-silicates and -aluminosilicates 

(Figs. 5, 9). Samples ground for 10 and 15 min. and heated at 700 °C 

showed the highest release of Si and Al in alkaline solution, which can 

be greatly related to their highest amorphous phase content (Fig. 9), thus 

showing that the treatments bringing to the major extent of mineral 

decomposition are the most effective in increasing the clay reactivity for 

the alkali activation purpose. Contrary to what observed in only heated 

samples, the Si and Al dissolution behaviour of mechanically and ther- 

mally treated samples does not show noticeable differences between the 

two different burning regimes. 

Summarising, the three activation procedures here applied on illite 

carbonate-rich clay provided silico-alluminate systems with variable de- 

gree of amorphisation and a different content and crystallinity of min- 

eral phases. Note that the amorphous phase detected from XRPD oc- 

curs in the samples in different form: in the case of mechanical acti- 

vated samples it results from significant crystal size decrease and de 

lamination effects, while in the case of thermally treated samples and in 

samples subjected to the combination of mechanical and thermal acti- 

vation, dehydroxylation/decomposition phenomena occur, fostering the 

formation of new crystalline phases. The disruption of crystal structures 

through dry grinding is responsible for the anticipation of phase trans- 

formations during subsequent clay heating and for lowering the temper- 

ature range coinciding with the highest clay amorphous phase content. 

DTA/TG/DTG analysis of mechanically treated samples shows the grad- 

ual shift of the DTG peak falling at about 730 °C toward lower temper- 

atures and the increase of the peak asymmetry, as a consequence of the 

progressive size reduction of carbonates and the residual dehydroxyla- 

tion of 2:1 clay minerals. The different structural modification modes of 

clay minerals under the selected activation methods result in differ- ent 

leaching of Si and Al in alkaline solution, rather than in a variation of 

their ratio (Table 2). The soluble Si/Al ratios above 1 found for all 

treated samples accounts for almost complete decomposition from pre- 

vailing 2:1 clay minerals. Late dehydroxilation effects on 2:1 clay min- 

erals are observed from 700 to 950 °C due to OH groups bonded in Al 

(Mg) octahedra sandwiched between silica tetrahedra, more resistant  to 

decomposition. The occurrence of extensive disruption of the phyl- 

losilicate sheets is well accounted in samples activated by the combina- 

tion of mechanical and thermal treatment from FTIR data, showing the 

disappearance of the characteristic Al–OH and Si–O–Al bending vibra- 

tion bands at 915 cm− 1 and at about 526 cm− 1 respectively (Madejová 

2003), and the substitution of the structural OH vibration bands of phyl- 

losilicates with a broad band (3440 cm− 1) associated to the stretching 

vibration OH groups from adsorbed and interlayer water (Souri et al. 

2015; Vizcayno et al. 2010). 

One of the main aspects of the clays here studied is the role played 

by mineral species that bring Ca. Other than the different nature and 

amounts of amorphous phase, the three activation procedures bring Ca 

in different forms: 1) calcite; 2) Ca-silicates and -aluminosilicates; 3) 

amorph. Recent works focusing on the reaction products of hybrid ce- 

ments propose models for the formation of C-A-S-H and N-A-S-H phases 

and show that the stabilisation of these phases depend mainly by the Ca 

concentration and the pH of the activator solution (García-Lodeiro et al. 

2010, 2011, 2013). Khater (2012) reports that the addition of Ca(OH)2 

up to 10 wt% to the starting aluminosilicate resources improves the me- 

chanical strength of geopolymers, thanks to the diffused nucleation of 

C-S-H, which contributes to form a homogeneous and fine microstruc- 

ture. An increase of the compressive strength of geopolymers was also 

observed by Yip & Van Deventer (2002), which found that samples pre- 

pared with an amorphous source of Ca activated with low concentrated 

sodium hydroxide solutions worked better than those derived from the 

activation in the same pH conditions of a blend with a crystalline source 

of Ca. The original presence of calcite in our raw clay gives the oppor- 

tunity to use Ca-bearing phases already present in the starting material. 

The mineral associations produced from the three treatment types 

on the carbonate-rich clays gave a complex mixture of relics and new 

formed phases which can interact differently with alkali solutions. The 

behaviour of each mineral assemblage in alkali solutions is not easily 

predictable and specific tests changing pH and time of curing are neces- 

sary. Chemical micro-domains may direct the precipitation of different 

gels according to the local activity of Si, Al, Ca and K available dur- ing 

alkaline activation. However, some general considerations can be made 

here. The samples heated at 800 °C show the highest soluble Si/ Al ratio, 

as well as the highest Ca and lowest K solubility in alkaline medium. 

However, the absolute values of soluble species observed in leachates 

are the lowest among the differently treated samples. Reduc- ing burning 

regime adopted during clay heating do not contribute sig- nificantly to 

the enhancement of clay mineral decomposition and thus on the clay 

reactivity as expected from literature results (Seiffarth et al., 2013). The 

samples ground for 10 min produce Si, Al and Ca solu 



 

 

 

bility in alkaline solution similar to those of heated samples and may 

represent a cheaper equivalent, although the nature of amorphous phase 

is different. The combination of mechanical and thermal treatment at 

700 °C gives a very high amorphous phase content, with the highest 

leaching of Si and Al in the 3 M NaOH solution. It can be supposed that 

better compressive strengths can be obtained for these samples owing to 

the high availability of Al and Si, which enhances the extent of poly- 

merisation reactions. Also in this case, the heating in different regimes 

did not produce significant effects on mineral decompositions and clay 

reactivity. 

On the basis of the effects of different treatments on carbonate-rich 

illite clay reactivity here discussed we considered the 10 and 15 min 

ground samples (MA10 and MA15) and the samples subjected to 10 and 

15 min grinding and subsequent heating at 700 °C (MA10 700OX and 

MA15 700OX) as the most potentially reactive materials to be in- volved 

in the production of alkali activated binders. These samples have been 

thus selected for synthesis experiments reported in D'Elia et al. (in prep.), 

aiming to the investigation of factors influencing alkali activa- tion and 

resulting strengths of products from these activated clays. As  a matter 

of fact, although low Ca releases are observed in all of these activation 

conditions, the reaction pathways during alkaline activation could be 

strongly influenced by the kind and concentration of the acti- vator. It is 

known that, for low concentrations of the alkaline activator, the gels 

formed in the first stages of the geopolymerization reactions lead to a 

decrease of the solution pH and to a subsequent increase in dis- solution 

of calcium compounds (Alonso and Palomo 2001). The choice of this 

kind of precursors represents a novelty in the field of alkali acti- vated 

binder productions, as to date the use of similar carbonate-bear- ing clays 

for geopolymeric purpose were solely attempted by Ferone and 

coworkers (Ferone et al. 2013, 2015), but in that case only thermally 

activation was explored and good mechanical performances of geopoly- 

meric products were obtained only by using a sodium silicate solution 

and ground blast furnace slag. 

 
5. Conclusions 

 
Our results about three modes of activation of a carbonate-rich clay 

– mechanical, thermal and mechanothermal – show that amorphisation 

occurs in all the samples with a different extent. The activated samples 

with the highest content of amorphous phase were further analysed by 

FTIR and underwent leaching tests in a 3 M NaOH solution. The appli- 

cation of the three processing routines yielded three different types of 

activated clays, showing different leaching behaviours: 

1) high energy grinding preferentially amorphises clay minerals and 

calcite, even though Ca solubility in alkaline solution is low. A two-step 

process of decomposition was outlined in the ground clays. The first step 

is characterised by incipient delamination of sheet silicates with signif- 

icant K leaching from illite/muscovite (Si/K ≈ 1:1), while the second 

step consists of structural damages of 1:1 and 2:1 layers with significant 

increase of Si and Al release (Si/Al ≈ 1:1, Si/K ≈ 2:1). 

2) samples subjected to heating at 800 °C show the highest solu- ble 

Si/Al ratio (≈ 1.7) among the different treated samples, but the 

Si and Al absolute concentration in leachates are equal or lower than 

those obtained from ground clays. Partial dehydroxylation of clay min- 

erals accounts for this. Relative higher leaching of Ca may be due to 

scarcely crystalline Ca-silicates and -alumosilicates and portlandite sol- 

ubilisation. The heating in different atmosphere (oxidising or mild re- 

ducing) influences the decomposition of calcite and, subsequently, the 

temperature to which the crystallisation of new Ca-silicates (gehlenite, 

anorthite and poorly crystalline C2S phases) occur, which is higher in 

the case of reducing burning. This greatly influences the release of Al in 

the samples. 

3) high energy grinding and heating at 700 °C yields an extended 

amorphisation, which leads to the highest leaching of Si and Al (Si/     K 

= 1:1) and the lowest of Ca. More generally, it was shown that     the 

combination of mechanical and thermal treatments anticipates the 

breakdown of clay minerals of about 200 °C with respect to just thermal 

activation. The heating in different atmospheres causes similar effects, 

although less evident, than those observed in solely heated samples. 

These findings represent an important starting point for a better un- 

derstanding of the mechanisms involving Apulian carbonate-rich clays 

with regard to different treatments promoting their reactivity and to ex- 

ploit the potential of such poorly studied, widely available and cheap 

precursor to be involved in the production of green binders after the op- 

timisation of sustainable procedures, with derived economic and envi- 

ronmental benefits. 

To sum up, carbonate-rich clays are cheap and versatile raw mate- 

rials for industry of innovative binders according to a properly selected 

activation method. However, the complexity of the obtained activated 

clays requires a deep knowledge of all involved parameters (i.e. activa- 

tor concentration, curing conditions) to fully understand their real ex- 

portability to the industry. The influence of these parameters were care- 

fully investigated in the out coming paper by D'Elia et al. (in prep.). 
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