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Highlights 
 Kaolinite structural order indices from each experimental technique are determined 
 Different structure scales were covered: crystallographic, superficial, and local 
 Experimental outputs were compared with signals based on a DFT theoretical 

structure 
 EXAFS Debye-Waller factor is well suited for describing structural order 

 

Abtract 

This work presents a study of the structural properties on four representative kaolinite samples. 

Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Thermochemical Analyses 

(DTA/TGA), and X-ray Near Edge Structure (XANES) and Extended X-ray Absorption Fine 

Structure (EXAFS) spectroscopy measurements were carried out, and different empirical indices that 

quantify the structural order were assessed. Also, XRD patterns and EXAFS signals were compared to 

those corresponding to idealized defect-free structures calculated theoretically, to analyze the effects 

related to the structural disorder on real samples. The structural order at different scales 

(crystallographic, superficial, and local) was comprehensively examined for the four samples, and 

correlations between the order indices were performed and discussed, including the Debye-Waller 

factor obtained from Si K-edge EXAFS measurements. The proposed methodology shows that 
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EXAFS is a suitable complementary technique that can provide valuable information about the Si 

local environments in natural kaolinites. 

 

Keywords: kaolinite structure, EXAFS, XRD, DFT, order indices, DW factor. 

 

 

1. Introduction 

 

Kaolinite is a natural clay material widely spread in Earth’s crust, which has been used for hundreds 

of years in a large variety of technological applications (Schroeder & Erickson, 2014; Dill, 2016). 

Nowadays, kaolinitic clays are used in the industry to produce ceramics, cement, refractories, 

pharmaceuticals, paper, plastics, etc. In many cases prior thermal treatments are needed to reach such 

industrial applications (Rashad, 2013; Tironi et al., 2014). 

The structure of kaolinite has been studied during almost eighty years, starting with the work of 

Brindley and Robinson (1945). Since then, different approaches have emerged in order to get a deeper 

understanding of it. In the last years, experimental, theoretical and combined strategies have been 

proposed to analyze different aspects of the kaolinite structure and its modifications induced by 

heating (White et al., 2010; Tunega et al, 2012; White et al., 2013; Paris, 2014; Weck et al., 2015; 

Andrini et al., 2016; Drits et al., 2019; Kloprogge, 2019; Richard & Rendtorff, 2019). Knowledge of 

the structural variations is used to understand natural systems (Balan et al., 2007), and also needed for 

industrial applications, because of their correlation with plasticity, brightness and viscosity (Aparicio 

& Galán, 1999). 

From the experimental point of view, different approaches and models have been proposed to gain 

insights about the differences between kaolinite samples. Among them, X-ray diffraction (XRD) is a 

very useful technique for a crystallographic characterization, because kaolinites occur as fine particles 

(Sakharov et al., 2016, Leonardi & Bish, 2020). The mathematical modeling of XRD patterns can 

improve the description of various structural defects and polytypes in kaolinites (Plançon et al., 1988; 

Sakharov et al., 2016). Nevertheless, the complex disordered nature of the samples makes such 

refinement tools difficult to implement in routine studies of kaolins. Then, global crystallinity indices 
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calculated from XRD patterns are very common in the literature, because they are based in simple and 

expeditious procedures that allow a quantification of the sample ‘crystallinity’ (Guggenheim et al., 

2002). During the last decades, many empirical indices based on XRD peak intensity ratios have 

emerged to quantitatively measure the state of order-disorder in kaolinites (Aparicio & Galán, 1999; 

Aparicio et al., 2006). On the other hand, clay processing usually leads to structure amorphization, 

then, to reach a comprehensive understanding of the sample structure, XRD should be complemented 

by other experimental techniques that are not affected by the loss of crystallinity and allow the 

measurement of structural ordering at short distances. In this way, techniques that focus on the local 

atomic environments emerge as good alternatives to follow the structural transformations during clay 

processing. Among them are found X-ray Absorption Spectroscopies (XAS) such as X-ray 

Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) 

spectroscopies, and also other techniques such as infrared and Raman spectroscopies, Nuclear 

Magnetic Resonance (NMR), Electron Paramagnetic Resonance (EPR), and Mössbauer spectroscopy 

(Barreto Maia et al., 2014; Paris, 2014; Andrini et al., 2016; Danner et al., 2018; Kloprogge, 2019). 

Currently, the relation between crystallographic, the nano- and micro- structural order and the clay 

performance for different technological applications is still a matter of study (Johnston, 2010; 

Gadikota et al., 2017; Li et al., 2019). 

XAS techniques are among the best options to characterize the electronic and structural properties of 

materials. One of the main advantages of XAS techniques is that they are chemically selective, 

enabling the study of each atomic element present in the sample to be analyzed individually, being 

able to obtain information of the oxidation state of the atoms, average coordination number, 

interatomic distances and degree of disorder from the atomic environment to the absorbing atom 

(Bunker, 2010). Unlike XRD, XAS spectroscopies do not need a system with long-range order, so 

non-crystalline phases present in the samples could be studied. Furthermore, performing XAS 

measurements in the transmission geometry, the information obtained is representative of the whole 

volume of the particles and not just of the surface. For all these reasons, XAS is one of the most 

versatile techniques for the electronic and structural characterization of this kind of systems (Rivard et 

al., 2013; Dumas et al., 2015; Pietzsch et al., 2015; Andrini et al., 2019). 
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This work presents a comparison of the structural order using direct and indirect parameters on four 

representative kaolinite samples. For a standard characterization of raw materials, Scanning Electron 

Microscopy (SEM), XRD and thermochemical analyses, which include Differential Thermal Analysis 

(DTA) and Thermal Gravimetric Analysis (TGA), were used. In addition, EXAFS at the Si K-edge 

measurements were performed and analyzed. 

The aim of this study is to assess the sensitivity of each experimental technique to quantify the 

structural order-disorder on kaolinites through the determination of different empirical indices. The 

final motivation is to find the best experimental techniques adapted for the study of natural samples, 

which are more complex than reference standards and idealized structures, and are actually the ones 

commonly used in industry. To this purpose, standard and commercial kaolinites were considered in 

this study. Firstly, XRD and DTA typical prompt empirical indices were determined for the different 

samples. Then, the XRD patterns and also the EXAFS signals were compared to those corresponding 

to a defect-free and totally crystalline kaolinite structure, which was theoretically determined by first-

principles calculations based on Density Functional Theory (DFT). This procedure is quite 

straightforward using current available computational codes, and allows accessing to hypothetical 

experimental results if a totally crystalline kaolinite were measured. Therefore, the combination of 

experiments with theoretical predictions allows a deeper understanding of the samples, because from 

the observed differences between experiments and predictions it can be inferred how the degree of 

structural disorder in real samples affects the results provided by the techniques. Finally, correlations 

between the order indices were analyzed, including the Debye-Waller factor obtained from EXAFS 

measurements. This procedure provides links between the different structural scales these indices 

cover (crystallographic, superficial, and local), and also serves to assess each index performance to 

distinguish among samples according to the kind of structural order it measures. 

 

 

2. Materials and methods 

 

2.1. Kaolinite structure and raw materials 
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Structurally, kaolinite is a hydrous aluminum silicate with the ideal formula Al2Si2O5(OH)4, classified 

as a 1:1 dioctahedral phyllosilicate. It consists of alumina octahedral sheets and silica tetrahedral 

sheets alternately arranged in an almost perfect 1:1 layer structure (Brigatti et al., 2006). According to 

the experimental data, kaolinite belongs to the triclinic system and the space group of symmetry is C1 

(Bish, 1993; Neder et al., 1999). The theoretical arrangement of atoms and the unit cell in the 

kaolinite phase is shown in Fig. 1. The Si atoms are tetrahedrally coordinated by oxygen atoms, and 

the Al atoms are octahedrally coordinated by oxygen atoms and hydroxyl groups, giving a theoretical 

composition of 46.54 wt. % SiO2, 39.50 wt. % Al2O3 and 13.96 wt. % H2O. Nevertheless, the crystal 

structure of real kaolinite samples is highly complex due to a variety of structural defects and stacking 

faults that may appear during its formation (Brigatti et al., 2006; Sakharov et al., 2016). 

 

 

Figure 1. Structure of kaolinite and unit cell. 

 

In this work, four kaolinite samples were considered: the reference standard samples KGa-1 and KGa-

2 from the Source Clays Repository of The Clay Mineral Society (Mermut & Cano, 2001; Sakharov et 

al., 2016), a commercial sample of Fisher Scientific, and a local washed kaolinitic clay C80 of Piedra 

Grande S.A. The KGa-1 standard (Washington County, GA, USA) is often referred as a well 

crystallized kaolinite, while the KGa-2 sample (Warren County, GA, USA) has a more disordered 

structure (Sakharov et al., 2016). Previous studies have reported a high kaolinite content (> 95%) for 

KGa-1 and KGa-2 samples (Chipera & Bish, 2001; Heide & Földvari, 2006). According to previous 

investigations the sample from Fisher (Georgia, USA) is also an almost pure kaolinite (~ 98%) 

Jo
ur

na
l P

re
-p

ro
of



6 

(Andrini et al., 2016). On the other hand, the mineralogical composition of the C80 sample (Chubut, 

Argentina) consists of kaolinite (> 40%), and the rest is quartz and feldspar (Moreno Erazo 2014; 

Andrini et al., 2016). This sample selection allows studying the different order indices in hard and soft 

reference kaolinites (KGa-1 and KGa-2, respectively), as well as a commercial kaolinite and a 

kaolinitic clay used in local industry (Fisher and C80, respectively). 

 

2.2. General description of the methodology 

2.2.1. Microstructural characterization. Considering that it is known that typical kaolinites are 

comprised of grains with sizes in the range 0.1-10 µm (Uwins et al., 1993; Sei et al., 2006; Johnston, 

2010), a first approach to the structures of the four samples was done by performing a microstructural 

characterization by SEM (Fei Quanta 200). To this purpose, gold coated kaolinite powders over 

carbon tape were analyzed in ultra-high vacuum and 20 kV conditions, using an Everhart-Thornley 

detector in backscattered electron mode. 

 

2.2.2. Powder XRD analysis. The kaolinite samples were also characterized by XRD (Philips 3020, 

Cu-Kα radiation, Ni filter, 40 kV-20 mA) in the 5°-70° 2θ range. The order degree was analyzed from 

diffraction patterns by considering two well-established kaolinite ‘crystallinity’ indices: the Hinckley 

Index (HI) (Hinckley, 1963; Plançon et al., 1988), and the R2 index after Lietard (Lietard, 1977; 

Aparicio et al., 2006). 

 

 

Figure 2. Method for the determination of order indices based on XRD: (a) HI and (b) R2. 
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HI is the ratio of the sum of the heights of the peaks 11̄0  and 111̄  measured from the local 

background of the pattern, and the height of the 11̄0  peak measured from the general background 

(see Fig. 2a). This index allows a measurement of the kaolinite ‘crystallinity’ because it combines the 

resolution of these neighbor peaks, which depends on crystallinity due to random shifts between 

adjacent layers over b-axis, and the height of the 11̄0  peak, which depends on the frequency of 

defects. So, the algebraic procedure involved in the construction of the HI yields a dimensionless 

number that, depending on the considered sample, normally varies between 0.2 and 1.5, in a way that 

the larger the value of HI, the greater the ‘crystallinity’ (La Iglesia, 1993; Uwins et al., 1993; Aparicio 

& Galán, 1999; Vieira-Coelho et al., 2000; Valášková et al., 2011; Tironi et al., 2014; Sakharov et al., 

2016). In the hypothetical case of a perfect kaolinite structure, where the XRD pattern has no 

background, HI ~ 2. Alternatively, if the sample is treated as a mixture of a low- and high- defect 

phase, the HI is related to the relative proportions of these two kinds of kaolinites (Plançon et al., 

1988; Sakharov et al., 2016).  

On the other hand, the R2 index is sensitive to random defects only and involves the heights of the 

diffraction peaks 131 , and 13̄1 , and the height of the inter-peak valley measured from the 

background (see Fig. 2b). In this case, larger values of R2 reflect a minor density of random defects 

into the kaolinite structure, in a way that R2 ~ 1.2 for a well-ordered kaolinite sample (Aparicio & 

Galán, 1999; Vieira-Coelho et al, 2000; Tironi et al., 2014), and  R2=1.5 for the XRD pattern of the 

perfect kaolinite structure. 

 

2.2.3. DTA/TGA measurements. A characterization of the samples was performed by analyzing the 

effect of heat treatment on them. To this purpose, differential thermal (DTA) and thermogravimetric 

(TGA) analyses were simultaneously carried out on a Netzsch 409C equipment, with a 10 °C/min 

heating rate in Pt crucibles in air atmosphere. The TGA technique allows inferring the kaolinite 

purity, considering that dehydroxylation of pure kaolinite (produced between 500 and 600 °C) results 

in a theoretical mass loss of 13.9 wt. % of the initial amount (Steudel et al., 2013). On the other hand, 

the DTA technique is based on energy changes, so it is especially suited to follow structural 

transformations during kaolinite heating. Many DTA studies have related the kaolinite crystallinity 

Jo
ur

na
l P

re
-p

ro
of



8 

with the position of the characteristic endothermic peak corresponding to the kaolinite-metakaolinite 

transition, showing that for poorly crystallized type of kaolins this endothermic reaction moves to 

lower temperatures (Chakraborty, 2014). Furthermore, in addition to the peak position, kaolinite 

surface defects can be quantified from the shape of this endothermic peak (Fig. 3a). In this sense, the 

Slope Ratio (SR) index is commonly used to characterize the amount of surface defects (Lietard, 

1977; Bich et al., 2009). SR index is defined as the ratio between the slope of the right branch and the 

slope of the left branch of the peak, after subtracting a background straight line for that region of 

temperatures (see Fig. 3b). For the ideal kaolinite, with a defect free surface, a symmetric endothermic 

peak is expected, which means SR=1. Otherwise, if surface defects are present, SR > 1 (La Iglesia, 

1993; Sei et al., 2006; Tironi et al., 2012, 2014). 

 

 

Figure 3. Method for the determination of the SR index based on DTA endothermic peak. (a) DTA 

curve and local background to be subtracted, and (b) corrected curve after background subtraction. 

The quantities A and B are defined positive. 

 

2.2.4. XAS analysis. XAS experiments were performed at the SXS beamline from the Laboratorio 

Nacional de Luz Sincrotron (LNLS), Campinas, Brazil. Measurements at the Si (1839 eV) K-edge 

were carried out using a double-crystal monochromator equipped with InSb (111) crystals. The 

vertical slit opening was 1 mm for Si K-edge. Experiments were performed at room temperature in a 

vacuum of 10-9 mbar. The incident beam intensity (I0) was measured using a thin foil of Au located 

before the main chamber. Kaolinite powder samples were attached on carbon tape to be measured in 

Total Electron Yield (TEY) mode, collecting the emitted current for each incident photon-energy with 
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an electrometer connected to the sample. The photon energies were calibrated using a Si0 reference 

sample and setting the first inflection point to the theoretical energy of Si K-edge (at 1840 eV). The 

XANES spectra were normalized using standard procedures with the ATHENA software (Newville, 

2001; Ravel & Newville, 2005). The baseline correction was made by subtracting a linear function 

from the pre-edge region at −30 to −10 eV relative to E0 from the spectra, where E0 is defined as the 

maximum in the first derivative, and the absorption coefficient µ(E) normalization was determined 

with a polynomial function across the post-edge region between 30 and 80 eV relative to E0. 

EXAFS experiments at the Si K-edge were performed between 1800 and 2460 eV. The EXAFS 

oscillation was extracted from the spectra, and the Fourier Transform was calculated using the 

Hanning filtering function using the ATHENA software, and EXAFS modeling was carried out with 

ARTEMIS software, which are part of the IFFEFIT package (Ravel & Newville, 2005). The k2 

weighted χ(k) data, to enhance the oscillations at higher k, were Fourier transformed in the k range 

from 1.7 to 10.3 Å-1. The bond lengths and Debye-Waller (DW) factor were obtained by a nonlinear 

least-squares fit of the theoretical EXAFS signal to the data in R-space by Fourier transformation of 

the experimental data in the range from 0.8 to 2.0 Å (without phase correction). Theoretical scattering 

path amplitudes and phase shifts for all paths used in the fits were calculated using the FEFF9 code 

(Rehr et al., 2010). The passive reduction factor S0
2 was fixed to the value of 0.86. This value was 

obtained fitting the EXAFS signal of SiO2 reference, constraining the coordination number of the first 

coordination shell to 4. The effects of structural and vibrational disorder on the EXAFS signals are 

parameterized in terms of the DW factor. The amplitude and phase of the EXAFS signal are 

influenced by local disorder of thermal and static origin. EXAFS is generally more sensitive to 

disorder than XRD because of the higher values of momentum transfer. The effect of disorder on the 

amplitude of the EXAFS signal is generally accounted in the EXAFS equation for a factor exp(-

2k2σ2), where σ2 is the mean-square relative displacement (MSRD) of absorber and backscatterer 

atoms (Lee et al., 1981). The peculiar sensitivity of the MSRD to the correlation of vibrational motion 

in crystals was recognized some decades ago (Beni & Platzman, 1976; Sevillano et al., 1979), 

suggesting the use of EXAFS for checking the phase relationships between eigenvectors of the 

dynamical matrix obtained from ab initio or model calculations. In cases where coordination shells 

are not resolved, the distance found in the simulation for the combination of these unresolved shells 
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will be an average distance. The increased disorder in a shell, that is composed of nonresolved 

contributions (static disorder), is noted as a more rapid decline of the EXAFS amplitude at higher 

energy and a broadening of the peak in the Fourier transform; in the signal fit, this is reflected in a 

larger value for the DW factor. 

 

2.3. Computational methods 

The experimental results for the XRD patterns and the EXAFS signals were compared to a kaolinite 

structure determined from first-principles theoretical calculations in the work of Richard & Rendtorff 

(2019). This DFT structure is independent of any experiment and has the advantage of being 

exempted from the common limitations that an unique empirical technique may have. In particular, it 

was shown that it gathers those structural features that can be reached experimentally considering 

together the main strengths of neutron powder diffraction, single crystal XRD and nuclear magnetic 

resonance spectroscopy (Richard & Rendtorff, 2019). Then, in this work we extend the use of this 

DFT-based model to describe the structure at the crystallographic scale (through the simulation of the 

XRD pattern), and the kaolinite local properties at Si sites (by simulating the EXAFS signal). This 

procedure gives an additional framework to compare experiments and model. To simulate diffraction 

patterns from a known structure, the VESTA software was used (Momma & Izumi,  2011). On the 

other hand, EXAFS modeling was carried out using the FEFF9 code (Rher et al., 2010). 

 

 

3. Results 

 

3.1. Microstructural characterization 

Figure 4 shows representative SEM images of the studied clays. Typical clay agglomerates with clear 

platelet morphology were found in the four samples after scanning several random particles in each of 

them. In general, aggregates of hexagonal kaolinite plates can be described, but the edges show some 

breakage. Agglomerates size is about 5 µm, with predominant face to face and edge to edge contacts.  
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Figure 4. SEM images of the studied clays (a) KGa-1, (b) KGa-2, (c) Fisher, and (d) C80. 

 

For KGa-1, C80 and Fisher particles, a sub-micronic sized internal structure of piled up layers can be 

identified. The KGa-1 micrograph (Fig. 4a) presents these layers with well-defined straight edges, as 

also observed for the Fisher sample (Fig. 4c). For KGa-1, those layers are arranged in a near straight 

stacking, while Fisher and C80 samples present a sided stacking, also known as the accordion 

morphology. In these three cases, lamina side and thickness are about 2-3 µm and 100 nm, 

respectively. Particularly, lamina thickness follows the sequence KGa-1>Fisher>C80. On the other 

hand, the KGa-2 clay also presents the platelet morphology, but arranged in bigger agglomerates with 

a different microstructure. The lamina sizes are about ten times smaller than those observed for the 

other kaolinites, and the stacking is not observed. These facts reflect the disorder or poorly 

crystallized character of the KGa-2 compared to the other three samples (Valášková e t al., 2011; 

Barreto Maia et al., 2014). From this analysis it can be said, at this microscopical scale, that the grade 

of kaolinite structural definition follows the general sequence KGa-1>Fischer>C80>KGa-2. 

 

3.2. Powder XRD 

The XRD patterns corresponding to the studied samples are presented in Fig. 5a. For comparison 

purposes the patterns cover 2θ angles in the range 18°-43° and are normalized in a way so that the 020 

peak intensities at 2θ= 20° are equal to each other. Figure 5a also shows in gray the simulated XRD 

pattern corresponding to the defect-free kaolinite structure determined from first-principles 
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calculations (Richard & Rendtorff, 2019), as aid to analyze how the presence of secondary phases or 

structure defects in real samples affects the ideal kaolinite XRD pattern. It must be noted that ab initio 

approaches slightly underestimate the experimental unit cell volumes, so minor shifts to higher 2θ 

values may be observed in the position of the predicted peaks compared to the experimental ones. In 

addition, the most prominent XRD lines corresponding to quartz (Kroll & Milko, 2003), anatase 

(Weirich et al., 2000), and feldspar (Organova et al., 1999) are also indicated in the top of the figure, 

because they are usual additional phases in kaolinite samples (Schoeder & Erickson, 2014; Andrini et 

al., 2016). 

 

 

Figure 5. XRD patterns for the different samples. (a) Complete XRD patterns.  The gray pattern in the 

bottom stands for the simulated pattern from the first-principles calculated structure of kaolinite 

(Richard & Rendtorff, 2019), while peaks of usual additional phases are indicated in the top. (b) 

Detail of the region corresponding to HI peaks and (c) R2 peaks. 

 

From the comparison of measured and simulated XRD patterns, it can be seen that the samples 

present most of the peaks expected for the kaolinite structure, modified by the instrumental resolution 

(which increases the peak widths), and the presence of the XRD background related to the different 

structural disorders previously mentioned. In addition, a minor contribution of the anatase phase can 

be observed (see the shoulder in the peak at about 2θ= 25°). For the case of the C80 sample, 

prominent additional peaks corresponding to quartz are also present (at 2θ= 26.5° and 20.8°), which 
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are expected due to the substantial amount of quartz in this sample. Also, a minor contribution of the 

feldspar phase is present. 

Figures 5b and 5c show a detail of the regions of the XRD pattern corresponding to HI and R2 indices 

(as sketched in Fig. 2). Samples KGa-1 and Fisher have better resolved peaks in the region 20-22°, in 

comparison to KGa-2 and C80 (see Fig. 5b). Nevertheless, a well defined value of HI can be 

determined in each case, with a relatively low error bar estimated from the graphical analises 

presented above (see error values in parentheses in Table 1). Both XRD-based indices, HI and R2 

(Table 1), suggest an increasing crystallinity in the order KGa-2, C80, Fisher, and KGa-1. 

Nevertheless, this order should be taken with care when considering the values corresponding to the 

C80 sample, due to the significant presence of quartz (Aparicio & Galán, 1999). In this sense, in 

addition to the peak at 20.8° that can affect the determination of the HI value, quartz introduces a peak 

at about 39.5° that may interfere with the determination of the R2 index overestimating its value (see 

Fig. 5c). 

 

 XRD DTA/TGA EXAFS 

Sample HI R2 TTGA  

(°C) 

TDTA  

(°C) 

SR RSi-O (Å) DWSi-O 

(x10-3 Å2) 

KGa-1 0.999(9) 0.97(1) 571 580 1.6(2) 1.62(1) 3.6(1) 

KGa-2 0.30(2) 0.63(2) 556 571 2.2(5) 1.61(1) 9.4(2) 

Fisher 0.86(2) 0.80(2) 598 612 1.2(4) 1.62(1) 5.8(2) 

C80 0.45(4) 0.81(2) 547 565 2.0(3) 1.61* 

1.62(1) 

2.0* 

8.6(2) 

Table 1. Results for the different samples by XRD, DTA/TGA, and EXAFS: Hinckley Index (HI),  R2 

index after Lietard, kaolinite-metakaolinite transition temperatures from TGA (TTGA) and DTA (TDTA), 

Slope Ratio index (SR), Si-O interatomic distance (RSi-O) and the Debye-Waller factor (DWSi-O). For 

each value, the number in parentheses is the error in the last digit.  *These parameters were kept fixed 

in the fit and correspond to the quartz phase. 
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3.3. DTA/TGA measurements 

Thermogravimetric measurements in Fig. 6a show that for KGa-1, KGa-2, and Fisher samples most of 

the mass loss occurs between 500 and 600 °C, during the transition kaolinite-metakaolinite, and is 

about 14 wt. % of the initial amount, while for the C80 sample the loss at these temperatures is near 6 

wt. % of the initial mass. Considering that theoretically the dehydroxylation of pure kaolinite results 

in a mass loss of 13.9 wt. % (Steudel et al., 2013), for the clays KGa-1, KGa-2 and Fisher is inferred a 

kaolinite content near 100%, while for the C80 sample such amount is about 45%, in good agreement 

with the XRD measurements and other previous studies (Chipera & Bish, 2001; Heide & Földvari, 

2006; Moreno Erazo, 2014; Andrini et al., 2016). 

On the other hand, the DTA curves (Fig. 7) show the characteristic peaks for kaolinites (Chakraborty, 

2014). Between 500 and 650 °C the samples display the endothermic process corresponding to the 

kaolinite dehydroxylation, as shown also by the drastic mass loss from TGA curves. Near 1000 °C, 

DTA curves show an exothermic peak, due to the transformation of the metakaolinite into a spinel 

type aluminosilicate. In the case of the C80 sample, an additional endothermic peak is observed at 

about 100 °C, which is attributed to surface water loss, as is expected for a washed clay (Serra et al., 

2013; Conconi et al., 2014; Bukalo et al., 2018; Conconi et al. 2019). This effect was also reflected 

by the TGA curve of Fig. 6a for this clay. 

 

 

Figure 6. (a) TGA curves and (b) TGA derivatives (weight loss rate) in the kaolinite-metakaolinite 

transition region. 
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Figure 7. (a) DTA curves and (b) detail of the endothermic peaks corresponding to the kaolinite-

metakaolinite transition. 

 

A further study of the TGA and DTA curves reveals that the kaolinite-metakaolinite transition for 

these samples starts at different temperatures depending on the sample. The detail of TGA derivatives 

in the transition temperature region in Fig. 6b shows that, among the four samples, the C80 has the 

TGA derivative peak at the lowest temperature, and the Fisher one at the highest. In Table 1, the value 

of the TGA derivative peak temperature, TTGA, obtained after fitting Gaussian curves to the derivative 

experimental data, is reported for each sample. The obtained results show that the temperature TTGA 

increases in the order C80, KGa-2, KGa-1, and Fisher. This behavior is observed again when 

analyzing the endothermic peak position in the DTA signal (see Fig. 7b), as stated above. In Table 1, 

the corresponding peak temperatures during the dehydration process, TDTA, are also summarized. On 

the other hand, the asymmetry of the DTA peaks of Fig. 7b were analyzed with the SR index. The 

corresponding values are given in Table 1. As can be seen, the SR results show that surface 

crystallinity increases in the order KGa-2, C80, KGa-1, and Fisher. Considering the error bars in SR, 

this order is in agreement with the order found for the TTGA and TDTA temperatures and suggests a 

correlation between such quantities. 

 

3.4. EXAFS 

Figure 8a shows the XAS spectra at the K edge of Si for the different samples, and Figure 8b the 

region near the absorption edge (Si K XANES). As can be seen, all the spectra have the same 

absorption edge energy (first inflection point of the curve), which corresponds to Si(IV), as expected 
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(Chaboy et al., 2007). In addition, all the post-edge resonances present are similar to those reported by 

other authors for this type of clays (Ildefonse et al., 1995; Rivard et al., 2013; Andrini et al., 2016). In 

all cases an intense white line (≈ 1846 eV, feature A in Fig. 8b) is observed due to the allowed 

transition of Si 1s electrons to the antibonding 3p-like state (Li et al., 1995) and related to tetrahedral 

coordination (White et al., 2011). Furthermore, the spectrum corresponding to the KGa-2 sample 

shows a decrease of the order of 20 % in the intensity of the white line, suggesting fewer accessible 

3p holes due to Si-O hybridizations. A small unresolved shoulder (≈ 1843 eV, feature B in Fig. 8b) is 

observed for all spectra, which corresponds to distortions in the Si environment. This shoulder is 

attributed to transition of Si 1s electrons to the antibonding 3s-like state (Ildefonse et al., 1995; Li et 

al., 1995). The resonance present at ≈ 1851 eV (feature C) is attributed to structural conformations 

equivalent to quartz according to the multiple scattering interpretation (Li et al., 1995), and 

resonances in the region of energies between 1856 eV and 1869 eV (between features D and E) can be 

described as a result of multiple scattering processes within the (SiO4)-tetrahedron (Li et al., 1995). 

As in the case of the white line, here some slight differences are observed for the KGa-2 sample and 

the spectra of the other three samples are equal to each other in this region. This can be explained 

because both the white line and this region are associated with the formation of SiO4
4--clusters that are 

affecting both hybridizations and the multiple scattering processes (Li et al.; 1994; Li et al., 1995).   

Figure 8c presents the different Fourier transforms of the EXAFS oscillations for the studied samples, 

measured at the Si K-edge, together with the simulated spectrum from the structure determined from 

ab initio calculations (Richard & Rendtorff, 2019). The simulated spectrum possesses most of the 

characteristics found in the experimental measurements, which shows that the calculated structure is 

consistent with the X-ray absorption technique. As can be seen, the peaks of the simulated spectrum 

are always narrower than those obtained in the experimental samples; this could be explained by the 

presence of thermal vibrations in the lattice of the real samples, which are absent in the simulated one. 
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Figure 8. (a) Si K-edge absorption spectra, (b) XANES region of the absorption spectra, and (c) k2-

weighted Fourier transform of the extracted EXAFS oscillations. The dashed red lines in (c) stand for 

the fits, and the dashed black line corresponds to the simulated spectrum from the structure 

determined from ab initio calculations. 

 

All experimental spectra have the same main contributions, which indicate that the atomic 

environment of Si atoms is very similar in all samples. A variation in the amplitude of the peak 

located at 1.2 Å (without phase correction) exists, which may be associated with the different degree 

of disorder present in the first coordination sphere of Si atoms. To check this hypothesis, nonlinear 

least-squares fits to the EXAFS signal for the clay samples were performed (dashed red lines in Fig. 

8c). The fitting procedure was carried out with the coordination number fixed at 4, and the interatomic 

distance (RSi-O) and the Debye-Waller factor (DWSi-O) were obtained. Their values are included in 

Table 1.  

For the case of C80 sample, where there is a significant amount of quartz, the fit was made by 

proposing two Si-O coordination spheres corresponding to the two main Si-containing phases present 

in the sample. The first one with fixed Rsi-O and DW factor corresponding to those reported for quartz 

(Li et al., 1994), and using a coordination number fixed according to the presence of this phase in 

55%. For the second one, a fixed coordination number according to the 45% proportion is used, and 

Rsi-O and the DW factor were left free in the fit. Table 1 shows both contributions parameters 

separately. 
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As can be seen, the basic structure of Si tetrahedral sites is practically the same in the four samples, 

but the local disorder described by the DW factor is different for each clay. According to the obtained 

values for DW factor, the local crystallinity increases following the order KGa-2, C80, Fisher, and 

KGa-1. It can be noted that DW factor values for KGa-1 and KGa-2 show a significant difference 

(3.6(1) x 10-3 Å2 and 9.4(2) x 10-3 Å2, respectively), which guarantees the sensitivity of the EXAFS 

technique for detecting the local disorder in this kind of material. 

 

3.5. Discussion 

In previous sections results from different experimental techniques were introduced and analyzed 

separately. First, the SEM images showed distinctive structural features for kaolinites at a micrometer 

scale, in agreement with micrographs for other clays reported in the literature (Frost et al., 2002; 

Pietzsch et al., 2015; Andrini el al., 2016; Dill, 2016; Bukalo et al., 2018). Then, a further extensive 

characterization was performed to the four kaolinites, spanning down to the Si local environments 

through the EXAFS technique. On the other hand, the comparison of the experimental XRD patterns 

and the EXAFS signals with the theoretical ones, obtained from an idealized defect-free kaolinites 

coming from first-principles calculations, gave additional references against which to compare the 

experimental data.  

XRD, DTA/TGA, and EXAFS measurements allowed a wide structural characterization of the 

samples, which included the determination of the different order indices in each case. In this respect, 

the XRD-based indices, HI and R2, are quite direct methods to measure the sample order with very 

good accuracy when a high amount of kaolinite in the sample can be confirmed. In this sense, the 

applicability of such methods in the case of the C80 clay may be questionable due to the presence of 

quartz in the sample, and the consequent additional diffraction peaks in the XRD pattern in the region 

of interest.  

The obtained results for the HI and R2 indices in KGa-1 and KGa-2 samples are in the range of those 

previously reported by other authors. As these kaolinites are well-established reference standards, it 

exist a good experimental background for their XRD-based indices. For HI, values ranges from 0.99 

to 1.25 in KGa-1, and from 0.16 to 0.56 in KGa-2 (Uwins et al., 1993; Bellotto, 1994; Aparicio & 

Galán, 1999; Vieira-Coelho et al., 2000; Valášková et al., 2011; Sakharov et al., 2016). Also, for R2 
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index have been reported values in the range 0.97 to 1.01 in the case KGa-1, and in the range 0.63 to 

0.76 in the case of KGa-2 (Aparicio & Galán, 1999; Vieira-Coelho et al., 2000). 

In this study, DTA/TGA measurements complemented the XRD results by considering the sample 

behavior under heating. In particular, the SR index showed a distinction between KGa-2 and C80 

(both with the highest content of surface defects) and KGa-1 and Fisher samples (both with a SR 

value below 2). Furthermore, the analysis of TTGA and TDTA values, show the known correlation 

between kaolinite surface order and the dehydration reaction. Therefore, further analysis by 

examining a larger selection of samples, would be useful to better understand the relation between 

order/disorder and characteristic temperatures from this process, which may lead a new and better 

order index using these techniques. 

On the other hand, this work presented for the first time a detailed study of EXAFS Si K-edge signals 

for different kaolinites, including measurements and theoretical predictions based on the structures 

calculated by first-principles methods. It was shown that EXAFS is a very sensitive technique for 

quantifying the structural order in kaolinite samples. In particular, the DW factor clearly distinguishes 

among the different samples. For example, in the case of KGa-1 and KGa-2, the DW values indicate 

that, from the point of view of the Si atoms, the local environments are more disordered in KGa-2 

compared to KGa-1. 

At this point, considering all the presented results, the general trend that summarizes a global 

comparison between samples is that KGa-1 and Fisher are the most ordered ones, C80 are more 

poorly ordered, and KGa-2 is the most disordered one. However, this classification must be taken 

with caution because, as stated above, each experimental technique helps to sense a different feature 

of the structural order, i. e., while HI and R2 refer to the long-range order, SR serves to sense the 

surface order, and DW the local order. Even so, if the purpose is to find correlations between indices 

and samples, a closer look to the values reported in Table 1 can be done. In that sense, a detailed 

comparison between indices must take into account the sensitivity of each technique, and that the 

error bars for each index play a key role. In this respect, the relative errors are below 10% for HI, R2, 

and DW, and between 10 and 35% for SR. Furthermore, each index covers a different range of values 

to distinguish between order and disorder, so the relative weight of such error bars is different for 

each method.  
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Considering all these issues, and as an auxiliary parameter to compare the accuracy of the indices, it 

can be analyzed the relative deviation Δ for each index i from its value i0 in a reference sample, Δ=|i-

i0|/i0 (i stands for HI, R2, SR or DW). This alternative approach assesses the capability of each index 

to distinguish between samples, using the structural ordering as the measuring instrument. In Fig. 9 

the results for the Δ values are presented, where for each technique i0 was chosen to be the value 

corresponding to the KGa-1 sample, because is the most ordered sample for all the considered indices 

(for the SR index both the Fisher and the KGa-1 samples are the most ordered if the error bar of this 

index is taken into account).  

 

 

Figure 9. Relative deviation Δ (in percent) for the different indices, measured from the value 

corresponding to the KGa-1 sample (considered as the most ordered sample by all indices). 

 

As can be seen in Fig. 9, the size of deviations Δ is different depending on the considered series. For 

example, R2 is characterized by a low relative error, but is not as sensitive as other indexes to a 

change from one kaolinite to another: it changes in about 40% from KGa-1 to KGa-2. A similar 

limitation can be found in the response of the SR index, with the inconvenience of having the highest 

relative error. On the contrary, the series corresponding to HI has a good balance between the size of 

Δ deviations and the index relative error, whereas DW presents the highest Δ deviations maintaining a 

low relative error. Based on the correlation between Δ values for HI and DW series, and the 

accessibility of X-ray diffractometer compared to a synchrotron beamline, this correlation could be 

used to infer kaolinite order globally (i.e., from crystallographic to local) using the HI index. 
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Nevertheless, the performance of the DW index shown in this general comparison demonstrates that 

the Si K-edge EXAFS is still more effective for quantifying the structural order in kaolinite samples. 

The wide range of Δ obtained with DW indicates that, through this order index, EXAFS is able to 

discern the different kaolinite samples, which include intermediate cases between the standards KGa-

1 and KGa-2 whose structural order can not be distinguished by other indices. So, EXAFS should be 

taken into account as a complementary one to XRD when the situation requires precision beyond 

XRD capabilities. This may occur with natural kaolinites and commercial clays that are typically 

involved in industrial processes. 

 

4. Conclusions 

 

Four kaolinite samples have been characterized by different experimental techniques. Their structural 

order at different scales (crystallographic/long-range, superficial, and local) was comprehensively 

analyzed. Among these samples, a local industrial kaolinitic clay was included to assess the reliability 

of each index on a sample of massive use. Additionally, XRD patterns and EXAFS signals 

corresponding to a theoretical defect-free kaolinite were considered as reference to compare with the 

experimental results, which gave a better understanding of the role of defects and additional phases in 

the samples. 

It was shown that thermal analyses can provide insights to relate the structural order in kaolinites with 

characteristic temperatures observed in the DTA/TGA signals during the transition to metakaolinite. 

In general, the SR index from DTA has very large error bars, which make difficult to distinguish a 

highly ordered kaolinite from a disordered one. Further investigations on this respect may allow 

defining a new index based on the thermochemical analyses, better than SR, as well as a more 

comprehensive understanding of the kaolinite structure order-disorder upon heating. 

The XRD-based R2 index has a similar performance as SR, being both the least sensitive and 

therefore, least recommended to use. On the contrary, the XRD-based HI index and the DW factor 

from EXAFS clearly distinguish between ordered and disordered samples. The first of them has the 

advantage of its easy access and simple measurement, although if the sample presents additional 

phases, such as quartz, it could lead to questionable results. In this sense, although the availability of 
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the EXAFS technique is more limited due to the experimental facilities it requires, this work showed 

that the DW parameter is the one with the best resolution, and is able to separate the contributions of 

possible additional Si phases. This point is very important when determining the degree of order on 

kaolins for industrial uses. So, in such cases complementary measurements to the well-established 

XRD are strongly recommended, and Si K-edge EXAFS emerges as a suitable technique in this 

respect. 
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Tables and Illustrations with captions 

 

 XRD DTA/TGA EXAFS 

Sample HI R2 TTGA  

(°C) 

TDTA  

(°C) 

SR RSi-O (Å) DWSi-O 

(x10-3 Å2) 

KGa-1 0.999(9) 0.97(1) 571 580 1.6(2) 1.62(1) 3.6(1) 

KGa-2 0.30(2) 0.63(2) 556 571 2.2(5) 1.61(1) 9.4(2) 

Fisher 0.86(2) 0.80(2) 598 612 1.2(4) 1.62(1) 5.8(2) 

C80 0.45(4) 0.81(2) 547 565 2.0(3) 1.61* 

1.62(1) 

2.0* 

8.6(2) 

Table 1. Results for the different samples by XRD, DTA/TGA, and EXAFS: Hinckley Index (HI),  R2 

index after Lietard, kaolinite-metakaolinite transition temperatures from TGA (TTGA) and DTA (TDTA), 

Slope Ratio index (SR), Si-O interatomic distance (RSi-O) and the Debye-Waller factor (DWSi-O). For 
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each value, the number in parentheses is the error in the last digit. *These parameters were kept fixed 

in the fit and correspond to the quartz phase. 

 

 

 

Figure 1. Structure of kaolinite and unit cell. 

 

 

 

Figure 2. Method for the determination of order indices based on XRD: (a) HI and (b) R2. 
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Figure 3. Method for the determination of the SR index based on DTA endothermic peak. (a) DTA 

curve and local background to be subtracted, and (b) corrected curve after background subtraction. 

The quantities A and B are defined positive. 

 

 

Figure 4. SEM images of the studied clays (a) KGa-1, (b) KGa-2, (c) Fisher, and (d) C80. 
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Figure 5. XRD patterns for the different samples. (a) Complete XRD patterns.  The gray pattern in the 

bottom stands for the simulated pattern from the first-principles calculated structure of kaolinite 

(Richard & Rendtorff, 2019), while peaks of usual additional phases are indicated in the top. (b) 

Detail of the region corresponding to HI peaks and (c) R2 peaks. 

 

 

Figure 6. (a) TGA curves and (b) TGA derivatives (weight loss rate) in the kaolinite-metakaolinite 

transition region. 
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Figure 7. (a) DTA curves and (b) detail of the endothermic peaks corresponding to the kaolinite-

metakaolinite transition. 

 

 

 

Figure 8. (a) Si K-edge absorption spectra, (b) XANES region of the absorption spectra, and (c) k2-

weighted Fourier transform of the extracted EXAFS oscillations. The dashed red lines in (c) stand for 

the fits, and the dashed black line corresponds to the simulated spectrum from the structure 

determined from ab initio calculations. 
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Figure 9. Relative deviation Δ (in percent) for the different indices, measured from the value 

corresponding to the KGa-1 sample (considered as the most ordered sample by all indices). 
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