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The thermal transformations processes of kaolinite (K) in kaolinitic clays is known to consist of a dehydroxylation
into metakaolin (MK) at≈600 °C, followed by the formation of a spinel type aluminosilicate (SAS) at≈980 °C,
and finally the development of mullite (M) at higher temperatures (1200–1300 °C).
The structural characterization of thesematerials is generally based onX-ray diffraction (XRD) studies, where the
XRD features of K and M are well defined due to their crystalline nature, but as consequence of the low crystal-
linity of MK and SAS, the precise characterization of these phases is not possible using this technique.
In this study the nature of aluminum atoms in the different materials obtained by thermal treatments of a kao-
linite is investigated using Al K-XANES and compared with other well-known aluminum containing materials.
XRD and SEM characterization were also carried out.
The results confirm the potentiality of this synchrotron based techniques for the characterization of natural ma-
terials and ceramics especially with low crystallinity. Particularly the mullite aluminums Al K-XANES spectra
were not reported before.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Kaolinite (K: Al2O3·2SiO2·4H2O) is classified as a 1:1 dioctahedral
phyllosilicate and it is the main component of the kaolin group of min-
erals. The importance of kaolinitic clays in the development of modern
ceramic science can best be appreciated by considering its widespread
influence on ceramic, material science, and mineralogy (Chakraborty,
2014). These clays have been widely used in different technological ap-
plications for thousands of years. The majority of the applications in-
clude a thermal treatment. The firing transformations of this family of
raw materials have been widely studied (Carty and Senapati, 1998;
Iqbal and Lee, 2000; Lee et al., 2008; Carbajal et al., 2007; Lisiane et al.,
2012).

In kaolinitic clays the principal clay crystalline phase is kaolinite, and
it is usually present with other phases like quartz, feldspars and titania.
(Serra et al., 2013). The kaolinite thermal transformations are affected
by heating treatments (rate, dwell and atmosphere) and presence of
impurities or additives and particle size (Chakraborty, 2014).

Kaolinitic clays are utilized in a large variety of industrial applica-
tions such as ceramics, refractories, cement, filling agent in paper, plas-
tics, rubber, cosmetics, etc. In order to reach the desired properties,
ndtorff).
thermal treatments are involved in the majority of these applications
(Liu et al., 2003; She and Ohji, 2003; Lee et al., 2008).

The classic papers of Brindley and Nakahira reported for the first
time a systematic study of phase transformations for the kaolinite–
mullite series (Blinder andNakahira, 1959a, b), andmeasured the trans-
formation temperature for a model material. The actual temperature
transformations can be evaluated by several thermal analysis tech-
niques, thermogravimetry, differential thermal analysis, calorimetry,
etc. (Chakraborty, 2014).

In fact, the particular properties, like chemical composition, particle
size, transformation temperature, etc., of each raw natural material de-
pend on the different geochemical constitutions of these materials in-
cluding impurities, in consequence, heating rates, for example, are
affected by geochemistry of each material (Chakraborty, 2014).

The kaolinite–mullite series was recently studied by means of pow-
der neutron diffraction (De Aza et al., 2014) and the MK formation was
studied by NMR (Wang et al., 2014). The mechanisms were proposed
and corroborated by the employed combined structural and thermal
techniques.

Kaolinite (K) dehydroxilation occurs, through a three dimensional
diffusion process, with the formation of an amorphous product identi-
fied as metakaolinite (MK: Al2Si2O5); this process is completed above
∼650 °C. The metakaolinite remains short-range order at least to
∼980 °C. The formation of nanometer size and randomly oriented
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needle-like mullite (∼980–992 °C), primary mullite (Mi), side by side
with a cubic phase, Si–Al spinel (SAS), and amorphous silica-rich at
around ∼983 °C (G) was confirmed. The Mi formation is incipient.
From ∼1136 °C growth of mullite (Mi) crystals occurs and at
T N ∼1200 °C crystallization of high temperature cristobalite (SiO2)
from a Si-rich amorphous phase takes place. Between 983 °C and
1136 °C is correct to assume that the amount of SAS will be higher
thanMi. Additionally, in the Si-rich amorphous phase formed at kaolin-
ite–muscovite interfaces occurs secondary mullite (Mii) crystallization
(∼1300 °C). The impurities in the starting kaolin can induce a liquid
phase during firing (De Aza et al., 2014). Bellotto et al. performed in
situ experiments using synchrotron radiation diffraction on kaolin spec-
imens (Bellotto et al., 1995a, b). They study the kinetics of mullite for-
mation in the 1300–1400 °C temperature range and the kinetics of
dehydroxylation of two kaolin specimens in the 500–700 °C tempera-
ture range.

The stoichiometry of the metakaolin corresponds with the kaolinite
one, secondly the SAS stoichiometry remains undefined, and finally
mullite varies in a small range (Schneider et al., 2008). The vitreous
phase (G) belongs to the alumina–silica system,with high silica concen-
tration, accompanied by the different impurities, principally alkali (K
and Na), earthen alkali (Ca and Mg), iron oxide or titania.

Within the temperature range (≤1350 °C) in which the kaolinitic
materials are of technological interest, several transformations occur
to kaolinite, which we intend to characterize in present study. This
can be represented by the following scheme.

K→MK
400–700ÅC

� � ð1Þ

MK→SAS þGð Þ
≈980ÅC

� � ð2Þ

MK→Mi þGð Þ
≈980ÅC

� � ð3Þ

SAS→Miþ G
1130–1300ÅC

� � ð4Þ

It is important to point out that the local crystalline nature ofMKand
SAS is different; MK presents a short range ordering, but no long-range
order and therefore no XRD Bragg peaks are present. On the other hand
SAS presents some short range order but the crystalline domains (crys-
tallites) are nanosized and therefore are difficult to evaluate this phase
using XRD analysis (Serra et al., 2013; Conconi et al., 2014).

In recent years, White et al. used the X-ray Absorption Near Edge
Structure (XANES) to study the local environment in metakaolin,
which became in a subject of significant debate, particularlywith regard
to the aluminum coordination environment determination (White
et al., 2011). XANES is a powerful and versatile technique for obtaining
information about the local atomic environment inmaterials and can be
used to investigate specific elements in solids, liquids, gases or plasma
(Koningsberger and Prins, 1998; Bunker, 2010).

The principal objective of the presentwork consists of the character-
ization of a series of complex aluminosilicates of technological interest,
in the kaolinite–mullite series, by means of X-ray based techniques
(XRD and Al K-XANES). This kaolinite–mullite series is obtained by con-
trolled calcination of industrial kaolinitic clay (C-80 caolin PG,
Argentina) accompanied by a microstructural observation by means of
scanning electron microscopy.

Taking into account the low crystalline nature of some intermediates
and products of the mentioned reactions, particularly MK, SAS and G;
synchrotron based Al K-XANES arise to be adequate technique for char-
acterizing these particular phases from the local point of view
complementing the XRD-Rietveld analyses that evaluates the long
distance order of those phases. A pure acid washed kaolinite and a
sintered crystalline mullite (pure) are also evaluated for comparison.

2. Experimental procedure

2.1. Studied kaolinitic clay and structural standards

Industrial kaolinitic clay (C-80 caolin PG, Argentina) was used as
model material and two high purity commercially available materials
(kaolinite and mullite) were employed as standards for both structural
characterizations XRD and Al K-XANES. The chemical composition is
shown in Table 1. The powder presented a mean particle size (D50) of
4.0 μm. The mineralogical composition consists of kaolinite (N70%),
quartz and feldspar.

An almost pure, acid washed, kaolinite (98% kaolinite) (Fischer,
Georgia, USA). A commercial Mullite powder was used as the second
standard. With Mullite 95 wt.%, glassy phase 5%, apparent density of
2.80 g/cm3, true density of 3.13 g/cm3, Al2O3 = 72%, SiO2 = 20%,
Fe2O3 = 0.2%, CaO–MgO = 0.3%, K2O–Na2O = 0.5%, mean diameter
(D50) of 2 μm (Synthetic Mullite M72, VAW, Veremigte, Werke AG,
Germany).

2.2. Thermogravimetric and microstructural SEM analysis

The effect of heat treatment was also evaluated by thermogravimet-
ric analysis and differential thermal analysis (DTA-TG) simultaneously
carried out on a Netzsch 409C equipment with 5 °C/min. as heating
rate in Pt crucibles in air atmosphere, posterior batch firing conditions
for the clay were obtained after this analysis (table 2).

The evolution of the particle size and morphology of the clay and its
fired products were examined by scanning electron microscopy SEM
(Fei Quanta 200). Gold coated powders over carbon tapewere analyzed
in ultra-high vacuum conditions and 20.0 kV. An ETD detector was
employed in back-scattered electron mode.

2.3. XRD procedure

Identification and quantification of crystalline phases in the clays
and fired materials were carried out by X-ray diffraction (XRD) (Philips
3020 with Cu-Kα radiation, Ni filter, at 40 kV–20 mA); with 0.04° and
2 s steps in the 3–70° range.

The XRD patterns were analyzed with the program FullProf (version
4.90, July 2010) which is a multipurpose profile-fitting program
(Rodríguez-Carvajal, 2001), including Rietveld refinement to perform
phase quantification (Rietveld, 1969).

Le Bail demonstrated that it is possible to include the silica glass in
the Rietveld refinement through a structural model with crystalline de-
fects (Le Bail, 1995). Lutterotti et al. applied Le Bail method for the silica
glass introducing defects from the crystal size for reproducing the peak
widening (Lutterotti et al., 1998). This method strictly quantifies the
glassy phase based in the actual XRD counts. In otherwords, the XRD in-
tensity (band area) is proportional to the amount of glassy but
diffracting silica phase. In the present work the amount of amorphous
phase was estimated by this method. The employed quantification
method was fully described in two previous works (Serra et al., 2013;
Conconi et al., 2014).

2.4. XANES procedure

Al K-XANES spectra of aluminosilicate minerals were collected in
Fluorescence mode on the Soft X-Rays Spectroscopy (SXS) beamline of
the Brazilian Synchrotron Light Laboratory (LNLS, Campinas, Brazil).
The beam focalizationwas performed using a Nimirror. Themonochro-
mator employed was YB66, with a resolution of about 2 eV for a slit ap-
erture of 2mm. The incident photon energywas in the range of theAl K-
edge for the experiments. The I0 photon flux intensity was measured



Table 1
Chemical composition of the studied clay.

Oxide SiO2 Al2O3 Fe2O3 MgO K2O TiO2 CaO LOI

% (wt.) 54.4 32.9 0.70 0.60 0.49 0.25 0.11 10.3
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using a mesh of Au located before the main chamber. The photon ener-
gies were calibrated in Fluorescence mode using an Al metallic foil and
setting thefirst inflection point to the energy of the K absorption edge of
Al0 (1559 eV). The spectra were acquired at room temperature and the
pressure chamber was about 10−4 Torr. The aluminosilicate minerals
were ground into fine powder (standard mesh # 200), and the powder
samples were pressed uniformly on electric carbon tape supported on a
stainless steel sample holder for XANESmeasurements. All spectrawere
normalized by If/I0, where If is the detected fluorescence intensity.

The pre-edge and the normalization background were realized by
XANES Dactyloscope program (Klementev, 2001). The pre-edge back-
ground was subtracted using a polynomial function aE−3 + b, where
E is the energy in eV, and a and b are two arbitrary parameters. The nor-
malization was realized via average post-edge using a polynomial
function.
3. Results and discussion

3.1. Thermal behavior (TG-DTG) and thermal treatments

Fig. 1 shows the TG and DTG analysis of the clay, the typical two
mass losses can be observed in the 0–1400 °C range, the first one
(≈2%), observed below 150 °C, corresponds to the surface water loss.
The second one (≈7%) mass loss can be observed at the kaolinite de-
composition (dehydroxylation) into MK (also a water loss). This analy-
sis permits to identify the transformation temperature. No other mass
loss (or gain) process occurs in this temperature range. Fig. 2 shows
the DTA curve, and both endothermic and exothermic processes can
be detected.

The surface water loss presents an endothermic process, centered at
150 °C. A broad endothermic band centered at 538 °C, due to clay dehy-
droxylation reaction that is overlappedwithα–β quartz transformation
with less energy involved, is the most important peak of the DTA anal-
ysis. The observed temperatures correspond to the TG ones and the pre-
viously reported ones (Chakraborty, 2014). An exothermic peak is
observed centered at 986 °C; this corresponds to the metakaolinite
transformation into a spinel type aluminosilicate (Eq. (2)). At higher
temperatures a small and wide exothermic peak was measured in the
Table 2
Firing conditions and principal aluminum containing phases.

Transformation
temperature (°C)
(DTA-TG)

Firing
temperature
(°C)

Principal aluminum
containing phase

Material
Kao-A 0 Kaolinite (K)
Kao-B 500 Kaolinite (K)
Kao-C 565 800 Metakaolinite (MK)
Kao-D 986 1100 Spinel type aluminosilicate

(SAS)
Kao-E 1223 1250 Mullite (M)

Standard
Fischer
kaolin

Kaolinite (K)

Sintered
mullite

Mullite (M)
1200–1300 °C range, this corresponds to the mullite formation. Again,
the detected temperatures correspond to the ones observed for similar
materials (MacKenzie et al., 1985; Okada et al., 1986; Sanz et al.,
1988). In fact, this wide peak consists in a couple of overlapped peaks
centered at 1230 °C and 1250 °C that may correspond to both
mullitization pathways (solid state transformations and crystallization)
described in Eqs. (1) to (4) (Schneider et al., 2008; De Aza et al., 2014).
In this preliminary study, these two phases were not differentiated.

Eqs. (1–4) illustrate these successive processes detected by TG-DTA.
The simultaneous thermal analysis permitted to determine the actual
temperature transformations, shown in Table 2. Based on TG-DTA infor-
mation four materials were obtained after four thermal treatments that
illustrate, together with the dried sample, the five steps of this process.
Table 2 shows the conditions of these four materials fired in an electric
kiln with 5 °C/min of heating rate and 15 min of dwelling.

3.2. XRD characterization

Fig. 3 shows the XRD patterns of the crystalline standards: pure ka-
olin and sintered mullite, (F) and (M72) respectively. The XRD-
Rietveld identification and quantification results are shown in Table 3.
F consists in pure acid washed kaolin, and the principal phase is kaolin-
ite, this is accompanied by some small amount titanium oxide (with a
mass fraction less than 2%). Besides the only crystalline phase in M72
is mullite, this is accompanied by 9% of amorphous phase. The amount
of aluminum atoms in this amorphous phase would be low; hence the
only important contribution to the XANES spectroscopy would be
from the mullite phase.

Fig. 4 shows the XRD patterns of the studiedmaterials. The principal
diffraction peaks have been labeled; the patterns have a vertical offset
for clarity. Table 3 summarizes the evaluated phases in each material
and standards. The crystalline degree is also pointed out for each phase.

The identified phases are: the starting commercial kaolin (Kao-A)
consisting in kaolinite unpurified by quartz and feldspars, the actual
proportion were evaluated by Rietveld refinement (Table 3). No impor-
tant changes were observed after thermal treatment at 500 °C (Kao-B).
The only XRDmanifestations observed in the material treated at 800 °C
(Kao-C) are Quartz and Feldspar, evidencing the absence of visible XRD
pattern of the product after thermal decomposition (dehydroxylation)
Fig. 1. Thermogravimetric analysis of the kaolinitic clay. Solid line corresponds to TG, and
scattered line corresponds to DTG.



Fig. 2. Differential thermal analysis of the kaolinitic clay. Peaks were identified with the
local minimum or maximums.

Fig. 3.XRD patterns of the employedmaterials as structural standards: acidwashed kaolin
(F) and sintered mullite (M72).
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of the kaolinite. This type ofmaterial, metakaolin (Blinder andNakahira,
1959a), presents low degree of crystallinity (MacKenzie et al., 1985; Lee
et al., 2003; White et al., 2011). As it was mentioned, the structure of
metakaolin has been studied by different experimental and theoretical
techniques (Mitra and Bhattacherjee, 1970; MacKenzie et al., 1985;
Lee et al., 2003; White et al., 2011; Chakraborty, 2014), and some con-
troversies are still open (White et al., 2011; Chakraborty, 2014). The
local characterization performed in this work by Al K-XANES is destined
to elucidate the presence of amorphous or low order structures during
temperature transformations.

The Le Bail glass quantification was employed to refine silica glass
amorphous structures by the XRD pattern of the Kao-D material
(treated at 1100 °C). On the other hand, this approach was not
employed for MK because this phase do not presents a vitreous struc-
ture (Le Bail, 1995; Chakraborty, 2014). The glass product of the MK
(strictly amorphous) is transformed into SAS and the feldspar fusion
can be pondered by this method; in fact, the amount of glassy phase
slightly overcomes the 50% for Kao-Dmaterial. The spinel type alumino-
silicate (SAS) previously described by other techniques (Brown et al.,
1985; Okada et al., 1986; Sainz et al., 2000) is also difficult to character-
ize by standard XRD analysis, and cannot be assumed as amorphous to
be pondered by the Le Bail method. The actual proportions of SAS are
also shown in Table 3.

Finally, Kao-E presents mullite and quarts as principal phases, being
cristobalite alsodetected. The amount of glass is lower than in Kao-D be-
cause of the crystallization of mullite. No low crystalline phases are ex-
pected because both MK and SAS phases should have react after the
thermal treatment (1250 °C). Considering the degree of crystallization,
the adequatechoose of X-ray technique for each phase is shown in
Table 3.

3.3. SEM characterization of the kaolinite and the calcined clay

Fig. 5 (A, B, C and D) shows the SEM images of the studied clays and
the fired clays. In the first one (A) the typical laminar structure can be
observed, this corresponds with the images reported in literature
(Frost et al., 2002), the sub-micronic size can be easily observed, partic-
ularly the lamina heights are around 100 nm and are piled up.

In Fig. 5B the Kao-C material image is shown, the stack distribution
was modified by heat the treatment (800 °C), besides the size and
shape of laminas remained unchanged, this fact was previously re-
ported as well (Ortega et al., 2010).

A disordered layers distribution can be observed in the SEM image
(Fig. 5C) corresponding to the Kao-D material. This shows the material
after the thermal treatment at 1100 °C, its microstructure is similar to
the one observed after 800 °C. The only difference is the appearance of
more rounded edges and rounded sub-micrometric particles. This
might correspond to the produced amorphous glass (SiO2) from the
metakaolin transformation at 980 °C and from the partial (superficial)
fusion of the quartz-feldspars impurities. It is important to point out
that the disordered laminar structure can be easily observed and con-
trasts to the stacked observed distribution in Kao-A in image A.

Finally, Fig. 5D shows the powder fired at higher temperatures. After
treatments at 1250 °C the mullitization is complete or almost complete
(Schneider et al., 2008). The sintered powderwasmilled before the SEM
characterization. No clay or clay-like (laminar) particles can be ob-
served in the images nor detected by XRD. Fragile fractured sintered
particles were observed, which corresponds to the high amorphous
phase detected by XRD. Mullite particles are imbibed in this glassy
phase. Important amount of sub-micrometric agglomerated particles
were obtained after milling treatment.

The performed characterizations give enough contexts for the Al K-
XANES analysis shown in the following section, the described thermal
processes present local and long distance order nature, XRD analysis
complemented with thermal analysis and microscopy permitted to en-
sure advance of the thermal processes.
3.4. Al K-XANES characterization of the kaolinite and the calcined clay

Fig. 6A shows the Al K-edge XANES spectra, obtained in fluorescence
mode, for crystalline standards: pure kaolin K(F) and sintered mullite
(M72). Kaolinite has a low symmetry with octahedrons linked by the
edge to form a layer where only 2/3 of octahedral sites are occupied
by Al (Ildefonse et al., 1998), and two Al sites in very distorted octahe-
dron with Al–O distances between 1.880 and 1.969 Å (Bish and Von
Dreele, 1989). The six distinguishable features marked in the Al K-
XANES spectra for Kaolinite reference compound are interpretable as
indicated by Li et al. (Li et al., 1995). In our case, thefirst feature (labeled
as 1) at 1565.8 eV is probably related to a pre-edge feature associated to
1 s → a1g (3 s-like) electronic transition. The second feature (labeled as
2) is located at 1568.0 eV and is associated with a 1 s → t1u (3p-like)
transition. Peak 3 is at 1570.4 eV and can be identified with a multiple
scattering resonance. Shoulder 4, at 1573.2 eV, is associated with
1 s → t2g (3d-like) transition. At higher energies, 5 and 6 resonances
occur at 1579.0 and 1589.5 eV, and they are identified with multiple
scattering resonances and 1 s → eg (3d-like) transitions respectively
(Li et al., 1995). All peak positions in present XANES spectra are in



Table 3
Phase quantification for each of the materials studied, and employed standards, crystalline grade and the corresponding suitable X-ray analysis.

Phase Crystalline grade Material Standards X-ray based technique

Kao-A Kao-B Kao-C Kao-D Kao-E Fischer Mullite XRD Spectroscopy (Al K edge) XANES

Kaolinite High 71.7 64.5 98.0 Yes Yes
Quartz High 21.2 26.5 76.9 43.3 23.4 Traces Traces Yes No
Cristobalite High 1.9 Traces Traces Yes No
Feldspar (ortoclase) High 7.1 9.0 23.1 0.3 Yes Yes
TiO2 (anatase) 2.0
Metakaolin Low Unknown No Yes
Spinel type aliminosilicate SAS Low Unknown No Yes
Mullite High 2.8 42.4 92 Yes Yes
Glass phase Null 51.2 23.4 8 (Indirect) Yes
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agreement with the reported ones in the literature (Li et al., 1995;
Gehlen et al., 2002).

In the case ofMullite, the peak assignment presentsmore difficulties
due to large number of phases belonging to the family of mullite-type
structures (Bellotto et al., 1995b; Schneider et al., 2008; Chakraborty,
2014). The crystal structure of mullite is characterized by AlO6 octahe-
dral chains parallel to crystallographic c-axis, and (Al–Si)O4 tetrahedral
chains parallel to a and b-axes (Schneider et al., 2008).

Fig. 6B shows the Al K-XANES spectra for the samples with different
thermal treatment (see Table 2). The Al K-XANES spectra showed in
curve 6 A for Kao-A (dot line) and Kao-B (solid line), shows the similar-
ity between both spectra and whit the XANES spectra of Kaolinite ana-
lytical compound K(F). The small difference in intensity at peak 3 can
be attributed to the disorder at the Al-neighboring (Bugaev et al., 1998).

MK Al K-XANES spectra (White et al., 2011), with the four main fea-
tures indicated as 1′, 2′, 3′ and 4′, is show in (Kao-C). In our case, there is
a small shoulder at 1563 eV (1′), the main peak (2′) at 1567 eV, peak 3′
is at 1571.5 eV and the fourth one is at 1585 eV. The origin of shoulder 1′
is due to the presence of a mixed nonbonding s, p, d orbitals, which are
empty due to the unsaturated nature of the III-Al coordination (van
Bokhoven et al., 2003). Peaks 2′ and 4′ are assigned as distinctive from
MK (White et al., 2011), where 2′ is associated to IV-Al, and 4′ is associ-
ated to multiple scattering effects in the first Al–O coordination shell
and can be interpreted as the concentration of V-Al (Neuville et al.,
2008; White et al., 2011). For example, Sanz et al. assigned the
30 ppm intensity peak in 27Al MAS-NMR to penta-coordinated atoms.
The authors propose a structure with two Al atoms sharing two oxy-
gens, corresponding to two OH-Groups. Each Al is coordinated to
three other tetrahedral oxygens (Sanz et al., 1988). The 3′-peak has a
controversial assignment: some authors suggest that represents a
Fig. 4. XRD patterns of the obtained materials after different thermal treatments.
reasonably high concentration of VI-Al -peak in metakaolin, which is
similar in energy position at 3-peak in K (Gehlen et al., 2002); others au-
thors showed that this peak can be assigned to V-Al (Neuville et al.,
2008). Several investigations strongly point towards this peak is due
to V-fold aluminum, although it cannot fully exclude the presence of
VI-Al (White et al., 2011). It is not our purpose to elucidate in detail
the Al-nature in MK with present experiments; however, we may
note their consistency with previous results in the Al coordination
changes occurred in the kaolinite dehydroxylation process. The thermal
delamination of the laminar structure, together with the border effect
might also explain de presence of the odd Al coordinations (III and V).

At about 980 °C (seeDTA in Fig. 2) there is a phase changeMK→ SAS.
In Fig. 6B (Kao-D) shows the Al K-XANES spectra for of a material with
SAS as principal Al containing phase. The problem regarding the compo-
sition of spinel phase still remains, and it is the proper characterization
of spinel phase whether it is simple γ-Al2O3 or Al–Si spinel
(Chakraborty, 2014). Considering XANES technique as “fingerprint
technique” and using reference spectra published in the literature
(Yoon et al., 2004; Tatsumi et al., 2008; Li et al., 2015) it can be seen
that there are characteristics of theAl K-XANES gamma-alumina spectra
present in the Kao-D spectra. This evidence favors the interpretation of
the formation of γ-Al2O3 spinel at the first exothermic peak (~980 °C).
To make an unambiguous determination Al K-XANES experiments are
needed, with pure γ-Al2O3 spinel as reference and Al K-XANES
simulations.

Fig. 6B (Kao-E) shows the Al K-XANES spectrumof thematerial with
Mi and Mii as principal aluminum containing phases. The SAS transfor-
mation intoMi (Eq. (3)) andMii crystallization (Eq. (4)) occurred below
1250 °C.

In general, XANES spectra of aluminum-containing oxides showed
three distinguishable peaks: one at 1566.0 eV, assignable to tetrahedral
AlO4, and two at 1568.0 eV and 1572.0 eV characteristic of octahedral
AlO6 (Kato et al., 2001). In the case of SAS, there are several features,
particularly there is a shoulder at 1566 eV and two peaks at 1567.8 eV
and 1571.4 eV. For Mi(+G), heat treatment at 1250 °C, the peak defini-
tion is more complicated due a left-shift of the second peak. The first
peak is at 1566.3 eV, the second at 1567.3 eV and the third one at
1571.3 eV. In agreement with the interpretation given by Kato et al.,
there are evidences to suggest the existence of IV-Al and VI-Al (Kato
et al., 2001).

In Table 4 the principal Al-coordination characteristics obtained by
Al K-XANES for the sites of the aluminum in these systems are summa-
rized. This characterization is complementary to that performed by
XRD.

No important changes were observed after the 500 °C thermal treat-
ment in Kao-B byXRD and Al K-XANES. By XRD itwas observed thatMK
presents a low degree of crystallinity, while XANES indicates the pres-
ence of characteristics corresponding to four different sites for alumi-
num. The spinel type aluminosilicate (SAS; Kao-D) is also difficult to
characterize by standard XRD analysis, but XANES characterization

Image of Fig. 4


Fig. 5. SEM images (A,B,C and D) of the clay and the fired clays (Kao-A, Kao-C, Kao-D and Kao-E, respectively).
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allows the determination and characterization of the two principal
characteristic sites for the local Al environment (IV and VI). Kao-E pre-
sents mullite and quartz as principal phases detected by XRD and also
observed by Al K-XANES.
Fig. 6. Al K-edge XANES spectra of (A) references compounds analytical Kaolinite K (F),
and Mullite M72. (B) sample Kao-A (dotted line) and its fired products (Kao-B, Kao-C,
Kao-D and Kao-E, curves a, b, c and d, respectively) corresponding to K-MK-SAS-M series.
4. Conclusions

Kaolinite thermal processes present local and long distance order
nature. The extended and local range order structure characterization
of kaolinitic clay and its calcination products was carried out by means
of two X-ray based techniques: XRD and XANES, respectively. In order
to give context to these characterizations thermal analysis (TG-DTA)
and electron scanning microscopy were carried out.
Table 4
Aluminum coordination for each of the studied material and the employed reference
compounds.

Coordination of Al obtained by XANES

III IV V VI

Material
Kao-A Yes
Kao-B Yes
Kao-C Yes Yes Yes Yes
Kao-D Yes Yes
Kao-E Yes Yes

Standard
Fischer kaolin Yes
Sintered mullite Yes Yes

Image of Fig. 6
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Both crystalline and low crystalline phases were described after
thermal transformations in kaolinitic clays: Kaolinite, metakaolinite,
the spinel type aluminosilicate andmullite. The XRD analysis permitted
to quantify the amount of strictly amorphous (non-crystalline) phases
produced during the thermal reactions of the starting powders, consis-
tently with TG-DTA and SEM analysis. Microstructure changes were de-
scribed by SEManalysis. This presented a clear behavior and allows us to
identify the proper thermal treatments in order to achieve the complete
transformation of the material.

Aluminum atoms in the different materials were locally described
and compared by Al K-XANES. Both coordination geometries and first
neighbors were established in each phase and consistently compared
with further studies on aluminum oxides and minerals. Al has octahe-
dral coordination in kaolinite, and III-Al, V-Al and VI-Al coordination
were identified for metakaolin. Finally, IV-Al and VI-Al were found in
the spinel type aluminosilicate and mullite.

The results confirm the potentiality of the synchrotron based tech-
niques for the characterization of natural materials especially with low
crystallinity. Thesemight complement the XRD traditional characteriza-
tion. This spectroscopymight present enough resolution for more slight
local structure changes like chemical substitutions, doping or structure
changes resulting from mechanochemical treatments.
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