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A B S T R A C T   

Developing a greater understanding of kaolinite dehydroxylation upon calcination is crucial for several industrial 
applications, including cements. Aluminium coordination in meta-kaolinite indicates the extent of its dehy
droxylation and its potential chemical reactivity, and it is typically determined using 27Al magic angle spinning 
(MAS) nuclear magnetic resonance (NMR) spectroscopy. This technique however presents limitations for Fe-rich 
materials, given the magnetic properties of Fe ions and minerals containing Fe. In this study, the effect of 
calcination on Al coordination was assessed in a low-Fe clay used as a reference system, and a Fe-rich clay. Al 
coordination in the low-Fe clay was quantified via 27Al MAS NMR spectra deconvolution, using data collected at 
9.4 T and 11.7 T. Energy dispersive X-ray spectroscopy (EDX) maps and electron energy loss spectroscopy (EELS) 
measurements were carried out in a scanning transmission electron microscope (STEM) on both clays. Al K-edge 
EEL spectra showed distinguishable 4/5-fold Al and 6-fold Al sites in both clay types. Differences in line-profile 
indicated a higher proportion of 4/5-fold Al in kaolinite in the Fe-rich clay compared to the low-Fe clay. 
Conversely, the Fe-rich clay contained a lower proportion of 4/5-fold Al in meta-kaolinite after calcination, 
relative to the low-Fe clay. These differences are consistent with the greater structural disorder of the meta- 
kaolinite identified in the Fe-rich clay by X-ray diffraction and the geological origins of both clays. Overall, 
this study demonstrates the potential of EELS to provide information about Al coordination for individual 
kaolinite and meta-kaolinite particles.   

1. Introduction 

Kaolinite is a di-octahedral 1:1 clay mineral, with each 1:1 layer 
consisting of an octahedral sheet of alumina bonded via shared oxygen 
ions to a tetrahedral sheet of silica. It has the chemical composition 
Al2Si2O5(OH)4, resulting in a net layer charge of zero (Brigatti et al., 
2006). Calcining kaolinite in air at an optimal temperature range 
(typically within 600–800 ◦C) results in formation of meta-kaolinite – a 
highly disordered form of kaolinite that is X-ray amorphous and highly 
reactive (relative to its un-calcined form) (Heller-Kallai, 2006). Loss of 
hydroxyl groups distorts the Al octahedra, which causes significant 
structural disorder in the octahedral sheet; in turn, this results in 
distortion of the tetrahedral sheet as Si tetrahedra rotate to adapt to the 
new configuration (Bergaya et al., 1996; White et al., 2010). As a result, 

there is buckling of individual 1:1 layers, and a subsequent loss of long- 
term order in all crystallographic axes. Hereafter “meta-kaolinite” will 
be used to describe the disordered form of kaolinite, and “metakaolin” 
will be used to describe a clay which contains meta-kaolinite alongside 
associated minerals. Because of well-established limitations and ambi
guities around the use of “crystallinity” to describe clay minerals, the 
term “structural order” will be used instead (Guggenheim et al., 2002). 

A major emerging application of calcined clays is in cementitious 
materials, including as a substitute for Portland cement (Scrivener et al., 
2018) and as a precursor for alkali-activated cements (Khalifa et al., 
2020). Much investigation has gone into understanding the links be
tween clay mineralogy, calcination conditions, and the chemical reac
tivity of calcined clays in cementitious systems, a process that is 
somewhat complicated by the variety in mineralogy of clay-based 
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resources (Alujas Diaz et al., 2022). There is debate regarding the exact 
role and influence that Al coordination has on a calcined clay’s chemical 
reactivity. The fraction of 5-fold co-ordination Al has been proposed as 
an indicator of reactivity for meta-kaolinite (Rocha and Klinowski, 
1990a), while subsequent studies argue against this (Fabbri et al., 2013; 
Kuenzel et al., 2013). 

Magic angle spinning nuclear magnetic resonance (MAS NMR) 
spectroscopy is typically used to explore changes in Al coordination after 
calcination (Walkley and Provis, 2019). Using appropriate models that 
account for quadrupolar broadening, e.g. the Czjzek model (d’Espinose 
de Lacaillerie et al., 2008), it is possible to deconvolute 27Al MAS NMR 
spectra and hence obtain quantitative measurements of the proportions 
of sites in each coordination state (Massiot et al., 1995). When applied to 
as-received kaolinite, there is a general consensus that nearly all Al sites 
are in 6-fold coordination. If calcined at high temperatures sufficient to 
cause re-crystallisation (typically above 900 ◦C), nearly all Al sites are in 
4-fold co-ordination. In meta-kaolinite, 27Al MAS NMR spectra exhibit 
three distinct resonances, with a distribution of Al sites in broadly 
similar proportions - typically assigned to 4-fold, 5-fold and 6-fold co- 
ordination states (Massiot et al., 1995; Rocha, 1999). However, the 
assignment of the mid-range resonance as 5-fold Al is contested – an 
alternative interpretation is 4-fold Al coordination in a highly disor
dered local environment, wherein the disorder causes a substantial de
viation in chemical shift from the expected range for 4-fold Al in 
aluminosilicates (MacKenzie et al., 1985; McManus et al., 2001; Izadifar 
et al., 2020). There is further debate around 6-fold Al in meta-kaolinite. 
Studies consistently report a substantial resonance associated with 6- 
fold Al in meta-kaolinite’s 27Al MAS NMR spectrum (Rocha and Kli
nowski, 1990a; Massiot et al., 1995; Rocha, 1999), yet structural models 
developed from neutron scattering yield no 6-fold Al remaining at all 
(White et al., 2010). Given that a detailed scientific understanding of 
meta-kaolinite’s structure and the dehydroxylation process itself is not 
yet complete, additional characterisation techniques have value in 
bringing new perspectives to these fundamental questions. 

A drawback of MAS NMR is that the presence of species that exhibit 
paramagnetism in substantial quantities (e.g. Fe, Mn), and mineral 
particles that may be ferro/ferrimagnetic (e.g. Fe3O4, Fe2O3), signifi
cantly degrades the spectral quality (Kirkpatrick et al., 1985). These 
phenomena present an obstacle to studying clays that also contain Fe- 
based minerals (typically goethite and hematite). Fe-rich clays are 
abundant in regions of the world projected to have a high demand for 
construction in the coming years (e.g. the Indian subcontinent, West 
Africa). The kaolinite present in lateritic clays can vary with regard to its 
particle size, degree of structural ordering and extent of octahedral Fe3+

substitution, depending on its position in the weathering profile 
(Beauvais, 1999). There is an established trend between the amount of 
Fe substitution in a kaolinite specimen, and its extent of structural dis
order (Mestdagh et al., 1980; Brindley et al., 1986). There is increasing 
research interest in using Fe-rich clays for cementitious materials’ pre
cursors, due to the relatively low dehydroxylation temperatures of 
disordered kaolinites (Kaze et al., 2017), and the potential for Fe to 
participate in binder phase formation (Kaze et al., 2021). Hydrochloric 
acid treatments have been used to remove Fe oxide and (hydr)oxide 
minerals from clay (Schroeder and Pruett, 1996); whilst such treatments 
have been adapted to avoid altering the kaolinite structure as far as 
possible, it is well-established that acid treatments tend to result in 
preferential dissolution of Al3+ (Komadel and Madejová, 2006). 

Electron Energy Loss Spectroscopy (EELS) within a Transmission 
Electron Microscope (TEM) offers a potential alternative method for 
measuring Al co-ordination, and has not been used to study kaolinite 
calcination so far. The shape or near-edge profile of the Al K-edge ac
quired by TEM-EELS (or in this case Scanning (S) TEM-EELS) can be used 
to identify Al coordination states for different aluminosilicate minerals 
(Hansen et al., 1994) and glasses (Liao et al., 2020). X-ray near-edge 
absorption spectra (XANES) show differences in the Al K-edge profile 
for different Al coordination states (Li et al., 1995; Ildefonse et al., 

1998). XANES studies have investigated the coordination state of 
kaolinite (Li et al., 1995; Ildefonse et al., 1998), and meta-kaolinite 
(White et al., 2011; Andrini et al., 2016). However, XANES has the 
practical disadvantage of largely being restricted to synchrotrons. In 
contrast, TEM-EELS is a laboratory-based microscopy technique, and 
can provide spectral information at the individual particle level (Eger
ton, 2008). In addition EELS does not suffer the limitations arising from 
high Fe concentrations that MAS NMR does. Therefore, the use of EELS 
for investigating the structural changes induced by calcination in Fe-rich 
clays offers added value beyond what XANES and 27Al MAS NMR can 
provide. A challenge of using EELS is the beam-sensitivity of kaolinite 
samples; high energy electrons can cause radiolytic damage leading to 
the loss of structural hydroxyl groups and even oxygen, giving rise to a 
change in corresponding metal co-ordination (Garvie et al., 2004; Pan 
et al., 2010). There is therefore a need to use EELS measurement con
ditions at sufficiently low electron fluence to avoid radiolysis-induced 
sample damage, whilst still achieving the desired spectral resolution 
and signal to noise to measure metal co-ordination (Freeman et al., 
2019). 

This study evaluated the feasibility of using STEM-EELS to measure 
coordination changes of Al in kaolinite upon calcination; and its po
tential applicability to determine Al coordination changes in Fe-rich 
kaolinitic clays. The approach of this study was to use 27Al MAS NMR 
measurements on a low-Fe clay to benchmark the use of EELS for this 
mineral system, and then to use STEM-EELS on an Fe-rich clay to assess 
the change in kaolinite Al co-ordination induced by calcination. 

2. Materials and methods 

2.1. Clays evaluated 

Two kaolinitic clays were selected for this study – one low-Fe clay 
(1.1 wt% Fe2O3), and one Fe-rich clay (24.4 wt% Fe2O3) (Table 1). The 
chemical oxide composition of the clays was measured by X-ray fluo
rescence (XRF) spectroscopy (Table 1), using a Rigaku ZSX Primus II, 
with the fused bead preparation method and a loss on ignition (LOI) 
heating step carried out at 900 ◦C for 2 h. 

The low-Fe clay was a purified china clay (Imerys PolwhiteE). This is 
a commercial kaolin product from the well-known kaolinized granite 
deposit in Cornwall, U.K. (Imerys Imerys Kaolin, 2019), in which 
muscovite is commonly found alongside remaining K-feldspar and 
quartz as associated minerals (Exley, 1976; Psyrillos et al., 1998). The 
quantities of each mineral phase were calculated independently by 
quantitative XRD analysis using the Rietveld refinement method (Ufer 
and Raven, 2017), as 73.5 wt% kaolinite, 17.9 wt% muscovite, 5.6 wt% 
K-feldspar and 3.0 wt% quartz. 

The Fe-rich clay was sourced from the lithomargic layer of the 
Interbasaltic Formation in Co. Antrim, Northern Ireland, U.K. (McIntosh 
et al., 2015). In this formation, kaolinite is formed via neogenesis from 
the weathering of silicates (inc. feldspar, pyroxene, olivine) found in 
basalt (Hill et al., 2000). The quantities of each mineral phase were 
calculated independently by quantitative XRD analysis using the relative 
intensity ratio method (Omotoso et al., 2006; Butler and Hillier, 2021), 
as 62.7 wt% kaolinite, 29.0 wt% goethite, 2.7 wt% hematite, 2.6 wt% 
magnetite, 1.6 wt% gibbsite, and 0.3 wt% anatase. 

The low-Fe clay was evaluated as a reference system on which both 
27Al MAS NMR and STEM-EELS measurements were carried out. Only 
STEM-EELS was applied to the Fe-rich clay, for which 27Al MAS NMR 
measurements would yield data in which 27Al signals would typically be 
too broad to be informative. Changes identified by STEM-EELS are 
validated against 27Al MAS NMR measurements for the low-Fe clay, and 
STEM-EELS then used to investigate the Fe-rich clay. 

2.2. Calcination process 

Both clays were calcined by heating at 750 ◦C for 1 h in air, hot- 
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loaded into a Carbolite 1100 AAF static laboratory furnace. A calcina
tion temperature of 750 ◦C was selected, as no further mass loss due to 
dehydroxylation was observed above this temperature from either clays’ 
TG curves. A mass of 10 g of clay was loaded in a shallow porcelain 
crucible. 

2.3. Characterisation methods 

Powder X-ray diffraction (XRD) was used to identify the mineral 
phases present in the as-received and calcined clays, and also to assess 
the extent of structural disorder upon dehydroxylation caused by 
calcination. Data were collected using a Panalytical Empyrean diffrac
tometer (45 kV, 40 mA) in Bragg-Brentano geometry, with a two-axis 
goniometer geometry and a Cu Kα X-radiation source (λ = 1.5406 Å). 
Incident beam optics of a soller slit 0.03 rad, divergence slit ¼ deg. rad 
(0.5 mm) and diffracted beam optics of soller slit 0.04 rad, anti-scatter 
slit ¼ deg. rad (0.5 mm) were used, with no monochromator. Mea
surement conditions were: 2θ range of 4–70◦, a step size of 0.0131◦2θ, a 
time per step of 100 s, and a spinning speed of 30 rotations/min. Powder 
diffraction files (PDFs) from the International Centre for Diffraction Data 
(ICDD) PDF-4+ 2023 database were used to identify mineral phases. 

Thermogravimetry was used to confirm that full dehydroxylation of 
kaolinite had taken place during calcination. A Netzsch STA 449 F5 was 
used, with a heating range between 30 and 1000 ◦C, and a heating rate 
of 10 ◦C/min, in an N2 gas atmosphere with an N2 gas flow rate of 60 
mL/min. A sample mass of 20 mg was used in alumina crucibles. 

27Al MAS NMR spectroscopy was used to measure the changes in Al 
coordination in the low-Fe clay after calcination. A Bruker Avance III HD 
(400 MHz, magnetic field 9.4 T) was used at an operating frequency of 
104.26 MHz. Alumina rotors of 2.5 mm diameter were used, with a 
spinning speed of νR = 20 kHz and an excitation pulse of 0.23 μs. 4096 
scans were collected for each spectrum. Yttrium Aluminium Garnet 
(YAG) was used as a secondary standard with the hexacoordinated site 
referenced to 0.7 ppm. Additional 27Al MAS NMR spectra were collected 
with a different Bruker Avance III HD (500 MHz, magnetic field 11.7 T), 
at an operating frequency of 130.32 MHz. ZrO2 rotors of 4 mm diameter 
were used, with a spinning speed of νR = 12.5 kHz, and an excitation 
pulse of 1.7 μs. Topspin 3.6.4 (Bruker) was used for initial phase 
adjustment and line broadening. Spectra were presented after constant 
sum normalisation (Giraudeau et al., 2014). 

Deconvolution of 27Al MAS NMR spectra was carried out in dmfit 
software (Massiot et al., 2002). Five peaks were fitted for the low-Fe 
clay’s spectrum: a 6-fold Al resonance representing octahedral Al sites 
in kaolinite, a 6-fold Al resonance representing octahedral Al sites in a 
muscovite impurity, a minor 6-fold Al resonance as an artefact of 
quadrupolar interactions, a 4-fold Al resonance corresponding to tetra
hedral Al sites in a muscovite impurity, and a 4-fold Al resonance cor
responding to a K-feldspar impurity. Three peaks were fitted for the 
calcined low-Fe clay’s spectrum, representing the main resonances 
found in meta-kaolinite: 6-fold Al, 4-fold Al, and a third resonance which 
will hereafter be referred to as the “mid-range Al resonance’, given the 
true coordination state of this resonance is still under debate. Full at
tributions of the individual peaks fitted are described in Section 3.1. 
Quadrupolar coupling constants (Cq) were varied to obtain the best 
overall fit, broadly within the ranges established by previous studies for 
the main resonances (Table 2). Using similar Cq values for the three main 
resonances in meta-kaolinite is appropriate, as a broadly similar extent 
of quadrupolar coupling across the three main resonances has been 
established for meta-kaolinite and similar amorphous aluminosilicates 

(McManus et al., 2001). Resonance intensity and full-width half 
maximum values were then iterated in order to achieve the best agree
ment with the overall measured signal, whilst maintaining an acceptable 
fit with the individual resonance lineshapes. Spectra collected from two 
different magnetic fields (B0 = 9.4 T and 11.7 T) were used in order to 
provide confidence to fitting, as done by Sankar et al. (2019). Fitting 
parameters are provided in Table S2 in the Supplementary Information. 
The uncertainty in quantification within each spectrum was estimated to 
be equivalent to the % signal to noise ratio in each respective measured 
spectrum. 

Scanning transmission electron microscopy (STEM) was used 
alongside energy dispersive spectroscopy (EDX) to identify individual 
mineral particles on the basis of size, morphology and composition. 
EELS was used to measure the coordination states of Al for particles of 
interest. A Thermofisher Titan3 Themis G2 STEM was used with a 
monochromator, a Thermofisher Super-X EDX detector, a Gatan One
View camera, and a Dual EELS Gatan Quantum 965 ER energy filter. 
Samples were prepared by dispersing in ethanol, sonicating and then 
drop-casting onto holey carbon film (EM resolutions). 

The standard Thermofisher double-tilt sample holder and regular 
vacuum conditions were used. In TEM mode, the magnification was 
limited to <185 kX maximum with an accelerating voltage of 300 kV 
and a probe current of 200 pA. Fig. 1 shows resolution of unaltered basal 
planes of kaolinite in an image acquired under these conditions of a 
stack of kaolinite in the as-received low-Fe clay. The kaolinite (001) 
lattice spacing was measured as ~0.71 nm, considered to match well 
with a value for fully hydrated kaolinite of 0.74 nm obtained by X-ray 
diffraction data (Bish and Von Dreele, 1989). No significant plane 
warping or breakdown was observed, and this level of beam intensity 
was therefore assumed to be on or below the threshold for significant 
damage to kaolinite in the microscope. 

For STEM-EELS measurements, a monochromator energy spread of 
ca. 0.4 eV was used in order to achieve satisfactory energy resolution at 
the Al K-edge. Spectra were acquired by continuously scanning a mon
ochromated, ~350 pA focussed probe (of 0.14 nm diameter) across in
dividual mineral plates imaged at <180 kX with an electron energy loss 
collection semi-angle of 29 mrad and a convergence semi-angle of 10 
mrad (as detailed previously in Freeman et al. (2019). Any orientation 
dependence at the Al K-edge was minimised by consistently acquiring 
spectra at a large collection angle (i.e., > 10 times the characteristic 
scattering angle for inelastic scattering at 1560 eV energy loss) from 
kaolinite/meta-kaolinite plates lying flat on the carbon support film, as 

Table 1 
Chemical oxide composition of the two clays in wt%.   

SiO2 Al2O3 Fe2O3 K2O TiO2 MgO CaO P2O5 Na2O MnO Cr2O3 Others (<0.1 wt%) LOI 

Low-Fe clay 49.05 34.80 1.12 3.25 – 0.32 0.05 0.10 0.21 – – 0.18 10.92 
Fe-rich clay 29.48 25.89 24.36 0.06 3.14 0.65 0.49 0.24 – 0.16 0.14 0.30 14.89  

Table 2 
Quadrupolar coupling constant values (MHz) used in previous 27Al MAS NMR 
studies for the main resonances in kaolinite and meta-kaolinite.  

Kaolinite Meta-kaolinite Reference 

6-fold 
site 1 

6-fold 
site 2 

6-fold 5-fold / mid- 
range 

4-fold 

3.4 3.0 – – – (Paris, 2014) 

3.4 – – – – 
(Newman et al., 
1994) 

3.36 2.88 – – – 
(Hayashi et al., 
1992) 

– – – 5.0 5.4 (Rocha, 1999) 

– – 3.0–4.6 5.0 5.0–5.4 (Sankar et al., 
2019) 

– – 3.5–4.6 4.0–5.0 3.4–5.0 
(Izadifar et al., 
2020)  
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these tend to have the c-axis normal to the film. The dwell time of the 
electron probe was limited to ~1 μs, in order to ensure minimal damage 
per dwell point. Spectra were collected for 30 s continuous scanning and 

then background subtracted (power law) in ‘Gatan Microscopy Suite’ 
software (v 3.0.1). In order to reduce spectral noise, a 40 point moving 
average was applied to all spectra before displaying the final results and 
the ‘typical’ spectrum of at least three representative spectra presented. 

STEM-EDX spectroscopy and elemental mapping was carried out 
using the FEI Super-X detector and Velox software, under the same 
probe and acquisition conditions as for STEM-EELS. EDX spectra were 
used in-situ to distinguish kaolinite particles from impurity minerals on 
the basis of their chemical composition, a similar approach to that used 
in previous studies (Day-Stirrat et al., 2017; Woodward et al., 2018). For 
example, muscovite in the low-Fe clay was distinguished by its potas
sium content, and gibbsite in the Fe-rich clay by its lack of silicon. Thus, 
EELS measurements were made solely on kaolinite or meta-kaolinite 
particles. 

3. Results and discussion 

3.1. Characterisation of low-Fe clays 

Powder XRD patterns of the low-Fe kaolinitic clay show the disap
pearance of kaolinite (powder diffraction file (PDF) # 01–079-1570) 
reflections after calcination (Fig. 2a). The kaolinite 001 reflection at 
12.3◦2θ corresponds to a basal spacing of 7.2 Å. In contrast, the re
flections of quartz (PDF# 00–046-1045), muscovite (PDF # 01–084- 
1304) and K-feldspar (PDF# 00–019-0932) are still clearly visible. In the 
thermogravimetric (TG) curves (Fig. 2b), the mass loss associated with 
the dehydroxylation of kaolinite is clearly visible for the as-received clay 
in the range of 400–700 ◦C. The kaolinite content of the low-Fe clay was 
confirmed to be ~70 wt%, by comparing the mass loss over the tem
perature range characteristic of dehydroxylation against the ideal mass 
loss of dehydroxylation for pure kaolinite (14 wt%) (Mackenzie and 
Caillère, 1975) (Eq. 1). After calcination, negligible mass loss was 
observed over this temperature range, indicating that dehydroxylation 
was complete or near-complete when calcined for 1 h at 750 ◦C. 

Equation 1: Estimation of kaolinite content in a material by ther
mogravimetry (Snellings et al., 2022). 

Kaolinite content =
100 ×

(
Masspre− dehydroxylation − Masspost− dehydroxylation

)

Massdry × 14
(1) 

In the 27Al MAS NMR spectrum for the as-received low-Fe clay, the 
main resonance exhibited an observed chemical shift centred at δobs =

Fig. 1. 0.7 nm lattice fringe spacing for a stack of kaolinite in the as-received 
low-Fe clay. Arrows indicate an individual kaolinite platelet, viewed perpen
dicular to the c-axis. 

Fig. 2. a) XRD patterns and b) TG curves of the low-Fe clay before (black) and after (red) calcination. Kaol = kaolinite; Kfs = K-feldspar; Ms. = muscovite; Qz =
quartz. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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0.5 ppm (Fig. 3), independently of the magnetic field used. The majority 
of Al sites were therefore in 6-fold co-ordination, attributed to octahe
dral Al sites in kaolinite (Kinsey et al., 1985; Massiot et al., 1995) and a 
minor contribution from octahedral Al sites in the muscovite impurity 
(Kinsey et al., 1985; Lippmaa et al., 1986). 

A shoulder at δobs = 16.0 ppm was observed in the spectrum acquired 
at B0 = 9.4 T, but not in the spectrum acquired at B0 = 11.7 T. The same 
phenomenon was observed by Zhou et al. (2009), who attributed this 
difference to the stronger influence of second-order quadrupolar in
teractions in the lineshape at lower field strengths. A weak resonance at 
δobs = 69.0 ppm was attributed to 4-fold Al in the muscovite impurity 
(Kinsey et al., 1985; Lippmaa et al., 1986). Another weak resonance at 
δobs = 55.5 ppm was attributed to 4-fold Al in the K-feldspar impurity 
(Xiao et al., 1995), although some contribution may also arise from Al 
substitutions in the tetrahedral sheet in kaolinite (Mantovani et al., 
2009). 

After calcination, the lineshape of the spectrum was much broader, 
consistent with the significant degree of structural disorder in meta- 
kaolinite. Multiple overlapping resonances in the spectrum acquired at 
B0 = 9.4 T (Fig. 3a) were observed at δobs = 55.5 ppm attributed to 4-fold 
Al, δobs = 24.0 ppm attributed to the mid-range Al resonance and the 
shoulder at δobs = 9.0 ppm attributed to 6-fold Al (Massiot et al., 1995). 
Minor contributions from the muscovite and K-feldspar impurities to the 
measured spectrum were expected to be similar to these minerals’ res
onances in the as-received clay’s spectrum – from previous studies on 
heating muscovite (Mackenzie et al., 1987) and K-feldspar (Xiao et al., 
1995), no significant changes to their Al coordination are considered 
likely after heating for 1 h at 750 ◦C. The three observed resonances 
were sharper and more clearly resolved in the spectrum acquired at B0 =

11.7 T as compared to the spectrum acquired at B0 = 9.4 T, particularly 
for the mid-range and 4-fold Al resonances. Given the distorted nature of 
Al environments in meta-kaolinite, higher field strengths and spinning 
speeds typically give better resolution of the constituent resonances 
(Rocha, 1999; Sankar et al., 2019). 

The quantitative results of the deconvolution of the 27Al MAS NMR 
spectra showed (Fig. 4) that in the low-Fe clay, the vast majority (>93%) 
of Al was in 6-fold coordination. Fittings and fitting parameters are 
shown in Fig. S1 and Table S2 respectively in the Supplementary In
formation. Good agreement was obtained between the values obtained 
from the spectra of both field strengths. 

In the calcined low-Fe clay, Al was present in approximately equal 

proportions of 4-fold coordination (37.7%) and in the mid-range reso
nance (39.7%), with a smaller amount also present in 6-fold coordina
tion (22.6%). These percentages correspond to average values from the 
two field strengths’ datasets in Fig. 4, and the values lie within the range 
reported by previous studies (Table 3) (Lambert et al., 1989; Rocha and 
Klinowski, 1990b; Massiot et al., 1995; Sankar et al., 2019; Izadifar 
et al., 2020). Differences between sets of reported values can arise from a 
combination of several factors: 27Al MAS NMR measurement parame
ters; the somewhat subjective nature of peak-fitting; and, most notably, 
differences in starting clays and calcination conditions (Massiot et al., 
1995). Lambert et al. (1989) estimated the uncertainty in measuring the 
proportions of Al in different coordination states to be approximately 
10%. The range of values reported by Sankar et al. (2019) for five 
industrially sourced metakaolin clays (Table 3) show that, even when 
multi-operator variation is eliminated, there is inherent variation be
tween clays. 

Dimensional changes induced by dehydroxylation are known to 
cause buckling of individual kaolinite layers (Gualtieri and Bellotto, 
1998; White et al., 2010). Whilst these changes are substantial at the 

Fig. 3. 27Al MAS NMR spectra for the low-Fe clay before and after calcination. Annotated numbers show corresponding Al coordination state(s), with “mid” denoting 
the mid-range Al resonance. The two figures present data collected on a (A) 9.4 T spectrometer, and a (B) 11.7 T spectrometer. * symbols indicate the location of 
spinning side-bands. 
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low-Fe clay
9.4 T

low-Fe clay
11.7 T

low-Fe clay - calcined
9.4 T

low-Fe clay - calcined
11.7 T

Fig. 4. Quantitative estimates of different Al coordination sites in the as- 
received low-Fe clay and the calcined low-Fe clay respectively. Deconvolu
tions were carried out on 27Al MAS NMR spectra collected at 9.4 T and 11.7 T 
field strengths; the uncertainty in quantification within each spectrum, as 
shown in the error bars, was estimated from the signal to noise ratio of each 
measured spectrum. 
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scale of the crystallographic unit cell, the visible changes in particle 
stacking in TEM images are relatively modest (Fig. 5). Whilst there does 
seem to be some evidence of subtle disruption in stacking, there was no 
dramatic change in particle morphology. These observations align with 
previous studies of kaolinite calcination via TEM (Bergaya et al., 1996) 
and optical microscopy (Romero and Garg, 2022), which show that 
dehydroxylation induces a minor reduction in layer thickness and 

stacking faults, but does not cause extensive delamination. 
Al K-edge EEL spectra of the low-Fe clays have the expected shape or 

profile of kaolinite (Hansen et al., 1994)); spectra were normalised to 
the main K-edge peak of kaolinite (at 1575 eV at the as-acquired energy 
calibration) in order to more clearly observe the differences in Al K-edge 
profile between samples (Fig. 6). In the previous sections, the term “mid- 
range” resonance was used to describe the central resonance in the 27Al 
MAS-NMR spectra, given uncertainty over its assignment to either 5-fold 
Al or 4-fold Al in a highly disordered environment. For the EEL spectra, 
4-fold and 5-fold Al will be referred to specifically, as the previously 
mentioned debate does not readily translate to EEL spectra. The calcined 
low-Fe clay’s spectrum showed a clear increase in relative intensity in 
the onset region of the edge profile (~1566 eV onwards) in comparison 
to the as-received low-Fe clay. This earlier edge onset coupled with an 
increase in intensity in this region and a drop in intensity of the first 
major feature relative to the high energy tail of the edge is due to a shift 
to Al in tetrahedral rather than octahedral co-ordination (Hansen et al., 
1994). The change in edge profile can be attributed to a decrease in size 
of the Al co-ordination shell and loss of inversion symmetry leading to a 
wider variety of possible final electron states accessible for Al in tetra
hedral rather than octahedral co-ordination. Such a ‘fingerprint’ for an 
increase in intensity at the Al K-edge onset upon the transition from 6 to 
4-fold Al co-ordination has also been demonstrated by Al K-edge X-ray 
Absorption Spectroscopy (XAS) for a range of aluminosilicate minerals 
including kaolinite (Li et al., 1995; Ildefonse et al., 1998). The change of 
Al co-ordination after calcination was consistent with the observations 
from the 27Al MAS NMR spectra (Fig. 3). However, whilst the measured 
EELS Al K-edges can easily distinguish between 6-fold and 4/5-fold Al 
co-ordination, they do not readily distinguish 4-fold from 5-fold Al co- 
ordination (this parallels Liao et al. (2020) who were unable to 

Table 3 
Proportions of Al coordination states in metakaolins reported in previous 
studies. The values stated for this study are the average from the data obtained at 
B0 = 9.4 T and the data obtained at B0 = 11.7 T. *The calcination temperatures 
for the range of calcined clays used by Sankar et al. (2019) are unknown, as these 
were all industrially sourced.  

Study Calcination 
temperature 
(◦C) 

Field 
strength, 
B0 (T) 

4-fold 
Al (%) 

5-fold Al / 
mid-range 
resonance 
(%) 

6-fold 
Al 
(%) 

Lambert 
et al. 
(1989) 

600–850 11.7 32 52 10 

Rocha and 
Klinowski, 
1990b 

750 Not stated 40 40 20 

Massiot et al. 
(1995) 

850 8.4 60 30 10 

Izadifar et al. 
(2020) 700 9.4 10 50 40 

Sankar et al. 
(2019) Unknown* 7.05, 17.6 23–48 32–70 5–58 

This study 750 9.4, 11.7 
37.7 
± 2.8 

39.7 ± 0.4 
22.6 
± 3.1  

Fig. 5. TEM images showing kaolinite particles in a, b) the as-received low-Fe clay, and c, d) the calcined low-Fe clay.  
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uniquely identify 5-fold Al co-ordination in aluminosilicate glasses using 
STEM-EELS at the Al L-edge). 

3.2. Characterisation of Fe-rich clays 

The as-received Fe-rich clay exhibited more complex mineralogy 
compared to the as-received low-Fe clay. Alongside kaolinite (PDF# 
01–079-1570), a substantial proportion of goethite (FeO(OH)) (PDF# 
01–073-63,522), was present, along with minor amounts of quartz 
(PDF# 00–046-1045), hematite (Fe2O3) (PDF #00–033-0664), magne
tite (Fe3O4) (PDF 00–019-0629), gibbsite (Al(OH3)) (PDF# 01–070- 
2038) and anatase (TiO2) (PDF# 00–021-1271) (Fig. 7a). Using the 
approach described in Eq. 1, the kaolinite content was confirmed to be 
~55 wt%. The kaolinite 001 reflection at 12.3◦2θ (corresponding to a 
basal spacing of 7.2 Å) in the Fe-rich clay was broader compared to that 
in the low-Fe clay (Fig. 2a), suggestive of a smaller particle size and/or 
more disordered crystal structure (Brindley and Brown, 1980), as was 

previously observed for kaolinitic clays of lateritic origin (Kaze et al., 
2017). The presence of some halloysite-(7 Å) cannot be ruled out, as its 
diffraction pattern is similar to that of a disordered kaolinite and has 
reported to be present in the lithomarge layer of the Interbasaltic For
mation at some depths (Hill et al., 2000). Halloysite-(7 Å) refers to the 
dehydrated form of halloysite (Al2Si2O5) in line with AIPEA recom
mended nomenclature (Guggenheim et al., 2006). However, given the 
structural and chemical similarities between disordered kaolinite and 
halloysite-(7 Å), they are very difficult to distinguish (Joussein et al., 
2005). The basal spacing (7.2 Å) of the 001 reflection in the low-Fe and 
Fe-rich clays indicates that the majority of the clay mineral content in 
the Fe-rich clay is likely to be kaolinite, as halloysite-(7 Å) typically has a 
slightly higher basal spacing in the range of 7.2–7.6 Å (Joussein et al., 
2005). Another factor likely contributing to the broader reflections and 
higher signal-to-noise ratio of the Fe-rich clays’ diffraction patterns 
(compared to the low-Fe clays’ patterns) was Fe–K fluorescence arising 
from the substantial quantity of Fe (hydr)oxides and/or oxides present 
in the Fe-rich clays (Brown and Wood, 1985). After calcination, the 
kaolinite 001 reflection in the Fe-rich clay XRD pattern was no longer 
detectable. A small, broad reflection at 20.4◦2θ was observed in the 
pattern of the calcined Fe-rich clay. Amongst the associated minerals, 
goethite and magnetite underwent a thermal decomposition to form 
hematite. The TG curve for the as-received Fe-rich clay (Fig. 7b) showed 
the dehydroxylation of kaolinite in the temperature range of 
300–600 ◦C, and the thermal decomposition of goethite in the temper
ature range of 200–350 ◦C (Földvári, 2011). The TG curve of the Fe-rich 
clay has a similar profile to the TG curves of other lateritic clays con
taining kaolinite and goethite, with the lower dehydroxylation tem
perature of the Fe-rich clay (relative to the low-Fe clay) attributed to the 
greater extent of structural disorder of kaolinite in the Fe-rich clay (Kaze 
et al., 2017). For the calcined Fe-rich clay, negligible mass loss was 
observed over 300–600 ◦C, indicating that dehydroxylation was com
plete after calcination at 750 ◦C (consistent with the low Fe clays). 

The TEM images of the un-calcined Fe-rich clay (Fig. 8a) showed a 
noticeably smaller size of individual particles (but not agglomerates) 
compared to the low-Fe clay (Fig. 5a). These fine-scale observations are 
in agreement with bulk measurements of specific surface area: the Fe- 
rich clay had a much higher specific surface area (59.8 m2g− 1) than 
the low-Fe clay (6.7 m2g− 1), despite the Fe-rich clay having a slightly 
lower kaolinite content (see Table S1 in Supplementary Information). 
These pieces of evidence support the interpretation of the greater width 
of the 001 kaolinite reflection in the XRD pattern of the Fe-rich clay, 
relative to the low-Fe clay, being partly due to the Fe-rich clay’s fine 

Fig. 6. EEL spectra, normalised to the kaolinite peak intensity at 1575 eV, for 
the low-Fe clay in both as-received and calcined states. Annotated numbers 
show corresponding Al coordination state(s). 

Fig. 7. a) XRD patterns and b) TG curves of the Fe-rich clay, before (black) and after (red) calcination. Ant = anatase; Gbs = gibbsite; Gth = goethite; Hem =
hematite; Kaol = kaolinite; Mag = magnetite; Qz = quartz. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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kaolinite particle size (Fig. 2b). The plate-like morphology of the stacked 
particles is indicative of disordered kaolinite; however, the presence of 
some particles of halloysite-(7 Å) with a plate-like or elongated tubular 

morphology cannot be excluded. Similar to the low-Fe clays, calcination 
had a modest disruptive effect on stacking of kaolinite particles in the 
calcined Fe-rich clay (Fig. 8d) compared to the raw Fe-rich clay 

Fig. 8. TEM images showing kaolinite particles in a, b) the as-received Fe-rich clay, and c, d) the calcined Fe-rich clay.  

Fig. 9. For the non-calcined Fe-rich clay: a) STEM-HAADF image; b) Al EDX map; c) Fe EDX map. For the calcined Fe-rich clay: d) STEM-HAADF image; e) Al EDX 
map; f) Fe EDX map. Images show very fine particles of Fe-based mineral adhered to platy kaolinite or meta-kaolinite particles. 
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(Fig. 8b). 
STEM-EDX maps showed that the Fe-based mineral particles (pre

dominantly goethite, as identified by XRD in Fig. 7a) were present as 
very fine particles. The fine goethite particles were adhered to the sur
face of kaolinite particles, which are themselves distinguished by their 
high Al content by EDX spectroscopy and platy morphology (Fig. 9a-c). 
Fe-based minerals can exist in a variety of sizes depending on formation 
and weathering processes, including as very fine particles which can be 
adhered to the surfaces of clay mineral particles (Jefferson et al., 1975; 
Fritsch et al., 2002). Substitution of Fe for octahedral Al in kaolinite can 
occur depending on its weathering route (Herbillon et al., 1976), but the 
extent of substitution is limited to a minor percentage, estimated as <4% 
(Herbillon et al., 1976). Within this range, lateritic kaolinites have a 
relatively high proportion of Fe substitution in comparison to kaolinites 
formed via other routes (Mendelovici et al., 1979). Therefore, whilst 
octahedral Fe in kaolinite may have accounted for the weak Fe signal 
observed in the areas corresponding to kaolinite platelets (Fig. 9c), the 
particles which exhibited a strong Fe signal were confidently identified 
as Fe-based minerals. In the calcined Fe-rich clay, Fe-based minerals 
(predominantly hematite, as identified via XRD in Fig. 7a) were still 
present as very fine particles after the thermal decomposition of goethite 
to hematite (Fig. 9f). 

EEL spectra of the Fe-rich clays were normalised to the main Al K- 
edge peak of kaolinite as described previously in Section 3.1 (Fig. 10). 
The kaolinite in the Fe-rich clay contained a greater proportion of 4/5- 
fold Al than the kaolinite in the low-Fe clay, on the basis of the higher 
intensity at the edge onset (1572 eV) of the Fe-rich clay’s spectrum 
(Fig. 6 vs Fig. 10). A higher proportion of 4/5-fold Al is consistent with 
the lateritic origins of the Fe-rich clay being more conducive to struc
tural disorder in kaolinite (Fritsch et al., 2002; Balan et al., 2007), in 
comparison to the more ordered kaolinite expected from the mixed re
sidual and hydrothermal origins of the low-Fe clay (Murray, 2006). In 
the calcined clay’s spectrum, there was an increase in relative intensity 
at the onset of the Al K-edge profile, associated with an increase in 4- and 
5-fold Al (relative to the as-received clay’s spectrum). A greater change 
in Al K-edge profile upon calcination was observed for the low-Fe clay 
than the calcined Fe-rich clay. A lower 4/5-fold Al content of the 
calcined Fe-rich clay compared to the calcined low-Fe clay is plausible, 
given the known variation in Al distribution between different meta
kaolins (Sankar et al., 2019). Halloysite-(7 Å), which could be present to 
some extent in the Fe-rich clay, exhibits very similar Al coordination to 
kaolinite both before and after calcination (Smith et al., 1993; Zhang 
et al., 2022), and so would not be expected to significantly change the 
EEL spectra if present. 

Whilst the line profile of the Al K-edge can distinguish between 6- 
fold and 4/5-fold Al, a limitation is that it cannot readily distinguish 
between 4-fold and 5-fold Al. Nonetheless, there is still uncertainty 
about whether 5-fold Al truly exists in meta-kaolinite, therefore a 
combined measured of 4/5-fold Al is still informative. However, EELS 
could be used to more quantitatively determine 6:4/5-fold Al ratios by 
fitting of reference spectra acquired by additional 27Al MAS NMR and 
EELS measurement of pure kaolinite and meta kaolinite standards. 

Future research should also explore the influence of Al coordination 
state on the chemical reactivity of calcined Fe-rich clays, alongside other 
determining factors such as total meta-kaolinite content and particle 
size. There is potential to use in-situ diffraction techniques in the STEM 
to understand the changes in layer structure and local ordering that 
occur upon calcination in Fe-rich clays. STEM-EELS can also investigate 
novel processing routes of Fe-rich clays, such as mechano-chemical 
activation or microwave-based calcination. This can improve our un
derstanding of the structure-processing-properties relationships around 
using Fe-rich clays in cementitious systems. 

4. Conclusions 

This study shows that Al K-edge EELS can be used to identify changes 

in Al co-ordination of kaolinite upon calcination and transformation to 
meta-kaolinite. This has been demonstrated for an Fe-rich clay whose Fe 
content is too high to yield meaningful data using 27Al MAS NMR. This 
capability gives EELS clear value in the study of Fe-rich clays. EELS also 
revealed differences in octahedral and tetrahedral substitutions between 
the low-Fe clay and the Fe-rich clay, consistent with their different 
geological formation routes. 
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