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I(auiinites with various degrees of structural order and iron 
content were heated and subsequently analyzed via electron 
paramagnetic resonance. Iron was present in two different 
states in the heated materials, either as dilute structural Fe3+ 
ions or  in 'Concentrated Fe3+ phases. During nietakaoliniza- 
tion, the environment of dilute Fe3+ ions changed, following 
modifications of the Al3+ coordination, and the Fe3+ concen- 
tration increased. With the breakdown of metakaolinite, the 
diffusion of Fe3+ ions induced their exsolution in superpara- 
magnetic iron-rich domains (Fe3+ clusters in y-AI,03 and/or 
Fe" oxide nanophases), which produced a decrease in the 
dilute Fe3+ concentration. The subsequent breakdown of 
y-il1203 and the formation of mullite made the dilute Fe3+ 
concentration increase again, because of the incorporation of 
Fe3+ ions in the mullite structure. 

I. Introduction 

ANY studies have been conducted that involve the transfor- -Mm ation of kaolinite on heating. '-* At -5OO"C, kaolinites 
ddiydroxylate and transform to a pseudoamorphous phase called 
ixtakaolinite. "Si and "Al magic-angle spinning nuclear mag- 
netic resonance (MAS NMR) studies' have indicated that this 
dehydroxylation is accompanied by changes in the Al3+ coordi- 
nation (i.e., from local disturbances of the aluminosilicate frame- 
work). Metakaolinite decomposes, at -98O"C, to mullite? poorly 
crystalline y-alumina (y-Al,O,), and amorphous silica ( S ~ O J . ~ , ~  
However, both the occurrence and identity of the intermediate 
phases between metakaolinite and mullite remain the subject of 
much research and c o n t r ~ v e r s y . ~ * ~ . ~ ~ ~ ~  A drastic change in the 
material structure at -1200°C leads to the formation of a mixture 
of mullite and cri~tobalite.~-' ' 

However, most of the previous studies have focused on the 
phase transitions that occur in the major mineralogical components 
of the material, and few of the studies have addressed the behavior 
of impurities during the thermal transformation of kaolinites. Most 
natural kaolinites commonly contain chemical and mineralogical 
imp~rities,".'~ which likely influence the thermal behavior of 
kaolinites when they are calcined.'" In particular, changes in the 
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chemical status of iron and titanium, which would have undesir- 
able effects on the optical properties of heated  kaolinite^,'^ are 
poorly known. Previous spectroscopic studies reported changes in 
the symmetry around paramagnetic Fe3+ ions on heating. 16.17 

hlodifications in the nature and concentration of the Fe-ion species 
in iron oxides were also analyzed by color changesls and Möss- 
bauer spectroscopy." However, neither relational nor quantitative 
interpretations were established between the various iron forms 
(i.e., dilute Fe3' ions and concentrated iron phases) on calcination. 

The purpose of this paper is to present a detailed study of the 
structural changes that are experienced by Fe ions in the alumino- 
silicate matrix, as a function of the firing temperature. This study 
mainly focuses on the electron paramagnetic resonance (EPR) 
analysis of the iron status: as a function of the structural changes 
in the aluminosilicate framework, determined by X-ray diffrac- 
tometry (XRD). 

Because of the high sensitivity of EPR analysis, EPR allows the 
detection of very small amounts of various impurities that are 
trapped within kaolinite par tic le^.^'-^^ Moreover, EPR allows the 
quantification'" and location25 of the dilute Fe3* ions by making 
a clear distinction between isolated Fe3* ions and more- 
concentrated domains where the Fe-Fe distances are <6 A. 

II. Experimental Procedure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(1) 

In this investigation, two contrasted reference kaolinite samples 
of fine particle size ( 5 2  km) were used: highly ordered (Kea-I)  
and poorly ordered (Kea-2) kaolinite. The KGa-1 and Kea-2 
sedimentary kaolinites originate from late Cretaceous and early 
Tertiary Georgia deposits, respectively. Both samples have been 
extensively described elsewhere26 and were selected because of 
their representations of natural kaolinites. The structural order in 
kaolinites, as measured using XRD or EPR, is related to the iron 
content in the sample (see Table I). Minor quantities of anatase, 
goethite, and quartz are present as crystalline imp~rities.'~.'~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Characteristics of the Samples before Heating 

(2) Calcination Experiments 
For isothermal-heating experiments, samples were loosely 

packed in alumina crucibles (0.3 cm3) that were inserted in an 
electrically heated furnace, under an air atmosphere. A P e t - R h  
thermocouple that was inserted in the specimen was used to 
determine and maintain the temperature (AT - 52°C). A heating 
rate of S"C/min was used to reach the set temperature. Samples 
were heated isothermally at the following temperatures: 200", 
300", 500", 700", goo", 950", zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl OOO" ,  1050", 1 loo", 1 lSO", 1200", 
and 1300°C. For each temperature, 3 h of heating were required to 
attain equilibrium They were cooled at a rate of 5"C/min in air, 
and then each sample was ground to a powder in an agate mortar. 
The heated samples will be referenced using the following format: 
S(T) ,  where S is the sample label and T i s  the heating temperature 

1 

P O 10025298 
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Table I. Description of Kaolinites Used 
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Material' 

Structural order 

Impurities present' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHIq EII"K1 

KGa-1 Anatase, quartz, 0.21% Fe203, 1.39% Tio, 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. O7 6 X lo-: 
KGa-2 Anatase, goethite, 1.13% Fe,O,, 2.08% Tio, 0.21 1.5 X 10- 

+Source: Provenance, Warren County, USA. 'Impurity content includes forei n oxides and a chemical analysis Of 
denotes E measured at 140 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK, the Fe,O, and Tioz content." $HI denotes the Hinckley index. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor XRD index. 

where E = UD (L is the linewidth at half height, calculated on the X-band," and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB(32)  - B(1Y)). 

(e.g., KGa-2(200) represents a KGa-2 sample that was heated at 
200°C). 

(3) Characterization Metltods 
(A)  Electron Paramagnetic Resonance: EPR spectroscopy 

has been described in several reviews.29 Weighted samples were 
filled in calibrated silica tubes (Suprasil grade, 4 mm in diameter) 
at a constant height. All the EPR spectra were recorded on powder 
samples in a magnetic field of 0-800 mT for the X-band 
frequency and collected using an EPR spectrometer (Model ESP 
300E, Bruker Spectrospin SA, Wissembourg, France) that was 
operated at an X-band frequency (u = 9.42 GHz). Calibration of 
the magnetic field was performed with a DPPH standard (g = 
2.0037 k 0.0002). Frequency calibration was precisely achieved 
using a frequency meter (Model HP 5352 B, Hewlett-Packard, 
Palo Alto, CA). All the experimental parameters except the gain 
were kept constant for the measurements, including a modulation 
frequency of 100 kHz, an amplitude of 0.32 mT for the field 
modulation, and a time constant of 40.96 ms. A microwave power 
of 40 mW was chosen, because of the absence of EPR signal 
saturation. Low-temperature (T = 140 K) recording allowed strong 
enhancement of the paramagnetic Fe3+ signal, with respect to the 
baseline that was due to superparamagnetic iron oxides. EPR 
spectra were also recorded at room temperature, to study the 
superparamagnetic signal as a function of calcination temperature. 

To gain further information about the site symmetry around the 
Fe3+ ion, Q-band EPR spectra (v = 34 GHz) were also recorded. 
These spectra were obtained in magnetic fields in the range of 
0-1600 mT at T = 140 K for the KGa-2, KGa-2(900), and KGa- 
2(1300) samples. 

(B)  X-ray Diffractornetp: Powder XRD patterns were re- 
corded with, an X-ray diffractometer (Model D500, Siemens, 
Karlsruhe, Germany), using CuKa radiation and a graphite mono- 
chromator. The goniometer was configured to scan over a range of 
10"-70"20 at a rate of 0.04'28 every 20 s. 

(C) Tliennal Analysis: A thermoanalyzer (Type STA 409 C, 
Netzsch, Gerätebau Gmbh, SelbBavaria, Germany) was used to 

obtain differential thermal analysis (DTA) data in air up to 
1280°C. The scan rate was 10"Chin. 

III. Results 

(I) Phase Transforinations 
(A) Aluininosilicates: The phase transformations of the alu- 

minosilicate were similar for both starting samples KGa-1 and 
KGa-2. XRD patterns of unfired and heated (goo", IOOO", 1200'. 
and 1300°C) KGa-2 samples at various temperatures are reporte(! 
in Fig. 1. Between 500°C and 700"C, the intensity of the kaolinite 
(001) reflection decreases and the peaks in the 18"-26"20 range 
coalesce to produce a single, almost-featureless band, typical of a 
disordered phase, which is the major component that was observed 
for the KGa-2(900), KGa-2( lOOO), and KGa-2( 1100) samples. 
This disordered phase persists up to 1200°C. The dehydroxylation 
of kaolinite, and its transformation to metaka~linite,~ was observed 
on DTA curves as an endothermic peak at 545°C. Up to -950°C. 
the pattern exhibits no significant change. In the XRD patterns for 
the KGa-2(1000) and KGa-2(1100) samples, (440), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(400). and 
(311) reflections of y-Al,O, can be observed at 66O.50. 45".7CI 
and 37O.60 20, together with faint reflections at 16O.40 and 26'20: 
these reflections are due to the presence of mullite. At 980°C. 
breakdown of the metakaolinite is evidenced by an exothermic 
peak on the DTA curves. In the XRD pattem for the KGa-2( 1200) 
sample, strong mullite reflections are observed and broad y-Al,O, 
reflections disappear. Finally, cristobalite (101) and (200) reflec- 
rions can be observed in the KGa-2( 1300) XRD pattem. at 2 1 O.98 
and 36'20, and the amorphous hump is strongly reduced. The 
observed transformations were consistent with earlier observa- 
tions.'-" 

(B)  Foreign Osides: In addition to kaolinite reflections, tuo 
ueak peaks are observed in Fig. 1, at 25'26 and 48O.10 70, and 
correspond to the (101) and (200) reflections of anatase. They are 
present as obvious resolved peaks up to 1200°C. From 900°C up 
to higher temperatures, a weak peak is observed at 27O.10 20; this 
peak is attributed to the (110) reflection of rutile-and probably 
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Fig. 1. XRD patterns of the original and heated kaolinite KGa-2 sample. 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL Phase Transformations of Kaolinites upoii Calcination zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

Heating temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( OC)  
nerected :hasesi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBART* 200 300 500 701) 900 950 1000 1050 1100 1150 1200 1300 

- 
Alu,~1iiio~ilicates 

Kaolinite X X X X 
blcbaksdinite X X X X 
,i.l11oi-phous roll X X X X X X X X X 
+ 1203 X X X X X X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
y! u l l i  te X X X X X X X 
Cristobalite X 

Anatase X X X X X X X X X X X X X 
Rutile X X X X X X X 

~ i t a ~ ~ i u i i i  osides 

c~rom SRD data. *RT denotes room temperature. 

re\lij i \  frmi the partial transfdrmation of anatase. No iron oxide or 
oxyhydraxide phases were detected via XRD. However, by anal- 
ogy to earlier in~est igat ions,3~~~'  it is inferred that if ferric 
oxides/os!hydroxides particles are present in the KGa-2 sample, 
t}ieir dimensions are too small to coherently scatter X-rays," their 
concentration is below the detection limit, or both. A summary of 
XRD data for phase transformations in kaolinites is presented in 
Table II. 

(2) Esohition of Structural lroii 
1.4 ) Drscriyriori of X-bniid Elecriori Paraiiingiieric Resorimice 

Sp.{ r i u :  X-band EPR spectra of the original and heated samples 
are presented in Figs. 2 and 3. Up to 300°C, the X-band EPR 
spectra show most of the resonances that have been described for 
natural  kaolinite^."^^^^'^ A complex EPR signal due to isolated 
Fe'+ ions is observed at low magnetic field (geff = 4.27; B = 160 
mT). According to earlier  investigation^,'^*^^ this signal results 
from the isomorphous replacement of paramagnetic Fe3+ ions for 

[ Fe3'] 
Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

k 
i -%.--, 100 200 300 400 , .  500 

Magnetic field (mT) 
I 

Al3' ions at the octahedral Al sites of the kaolinite structure, and 
its shape is directly related to the proportion of stacking faults 
within the kaolinite structure. The resonances observed at high 
magnetic field (geff = 2; B = 330 mT) represent an overlay of (i) 
a broad resonance due to superparamagnetic Fe-concentrated 
phases and (ii) a sharp, strong signal due to positive holes that are 
trapped on O atoms (these latter features have been demonstrated 
to be radiation-induced defects (RIDs)).~' 

The,EPR spectra of all the heated products within the thermal 
stability field of metakaolinite (500"- 900"C) show resonances at 
low and high magnetic fields, which corresponds to isolated Fe3- 
ions and superparamagnetic Fe3+-concentrated phases, respec- 
tively. The low-field signal is reduced to an almost-isotropic 
signal, which is evidence that significant changes in the site 
symmetry around isolated Fe3+ ions occur during the transforma- 
tion from'kaolinite to metakaolinite. At the same time, the 
high-field signal that is due to RIDs is strongly reduced. 

KGa-1 

n 'L 
--%---- 
"I/ , I  I 1 1 1 3 1 , 1 ,  (b: 
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Fig. 2. 
\I hrreas a double asterisk (*e) denotes radiation-induced defects (RIDs).) 

EPR spectra of original and heated kaolinites ((a) KGa-2 and (b) KGa-1). Spectra obtained at 140 K. (A single asterisk (*) indicates XRD data, 
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Fig. 3. EPR spectra of heated kaolinites ((a) KGa-?. and (b) KGa-1). Spectra obtained at room temperature. 

At 950" and 11OO"C, a broad superparamagnetic signal is 
observed at geff = 2 on the spectra that were recorded at low 
temperature (see Fig. 2). Simultaneously, the intensity of the 
low-field signal is strongly reduced in the spectra of both samples. 
Spectra that have been recorded at room temperature (see Fig. 3) 
exhibit a strong enhancement of this broad signal, which confirms 
its superparamagnetic nature. 

At temperatures of > 1 100°C for both kaolinite samples, the 
low-field signal again undergoes a drastic change in shape and its 
intensity increases. Resonances that are observed at high magnetic 
field and are due to superparamagnetic iron oxides weaken but do 
not cancel. 

(B)  Clmuacterimtion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Fest Cenreus: The observed varia- 
tion in the shape of the low-field signal between samples heated at 
various temperatures results from changes in the symmetry of the 
Fe"-coordination polyhedra. In a first approximation, the EPR 
spectra can be modeled in the spin Hamiltonian formalism, using 
the second-order fine-structure parameters B: and B5.3' A previ- 
ously developed least-squares fitting method2' allows the EPR 
spectra of paramagnetic ions in a disordered matrix, where the 
distributions of fine-structure parameters must be considered. to be 
modeled. Following this approach. the X- and Q-band spectra of 
the KGa-2, KGa-2(900), and KGa-2( 1300) samples were analyzed 
to extract the corresponding distribution of fine-structure param- 
eters that reflect the local symmetry around the Fe3+ ions. In 
Fig. 4, the fitted X-band EPR spectra can be compared with the 
experimental spectra. To obtain a satisfactory fit for both the X- 
and Q-bands, and to consider the superparamagnetic signal at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
g,, = 2, a baseline was subtracted from the spectra. At low 
magnetic field (gefr = 4.3), the nonzero baseline value probably 
results from Fe3+-concentrated domains, which presents an im- 
portant dipolar broadening. The corresponding distribution of 
fine-structure parameters for the two heated samples considered 
here are presented in Fig. 5. 

For the unfired KGa-2 sample. the values of the fine-structure 
parameters primarily are concentrated in a narrow area: O. 10 cm-' 

5 Bi  S 0.13 cni-l, and 0.06 cm-' 5 B; 5 0.11 cm-l. These 
values correspond to the parameters determined for the Fe" sites 
in kaolinite." 

For the KGa-2(900) sample, which is composed primarily of 
metakaolinite, the variation observed in the X-band EPR spectra 
corresponds to an increase in site rhombicity (i.e., B i  becomes 
almost equal to Bi,  and the value of BP is 0.05- 0.15 cm-'). 
However, the values of the fine-structure parameters remaiti 
concentrated primarily in a single region of the distribution map. 

In contrast. the distribution map of the KGa-2( 1300) sample. 
which is composed primarily of mullite and cristobalite, exhibits 
several well-defined modes that correspond to various sites that are 
structurally distinct. The fine-structure parameters of each mode 
are reported in Table III. According to the low levek.of Fe3+ 
incorporation36 in  cristobalite (see Fig. 6) and the similarity of the 
X-band spectrum of the KGa-2(1300) sample with that of Fe3+ 
centers in mullite reported by earlier investigations," it can be 
inferred that the identified sites correspdnd to various sites in t h L ,  

mullite structure. However, direct correlation of a set of fine- 
structure parameters (as determined from powder EPR spectra) to 
a crystallographical site is difficult. Thus, a comparison of the 
parameters obtained on mullite to parameters that have been 
reported for a \~ell-crystallized mineral of similar structure (such 
as sillimanite") may be useful (see Table IV). EPR study on the 
Fe3+ centers in sillimanite3' indicated two distinct sites: the 
low-B:-value csnter is assigned to Fe3" ions in a tetrahedral site. 
whereas the high-Bi-value center is assigned to the octahedral site 
(see Fig. 5). As a consequence, low-Bi-value centers in mullitt. 
(0.05 cm-' < E! < 0.25 cm-') may be related to the tetrahedrd 
sites T and T*''.J" whereas high-@-value centers (0.25 cm-' < 
B i  < 0.4 em-') may be related to octahedral sites. Note that this 
attribute prevents the determination of the Fe3+ coordination in 
metakaolinite from EPR data, because the fine-structure parame- 
ters of the octahedral Fe3' sites in kaolinite and tetrahedral Fe3' 
sites in mullits seem to be similar. 
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Fig. 4. 
Legend is as follows: (O) experimental data, (-) calculated spectra. and (- - -) baseline. 

Experimental and calculated X-band EPR spectra for heated kaolinite KGa-2 samples (heated'at (a) 900"  and (b) 1300°C). Spectra taken at 140 K. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I CI bzteizsity of the Purainagrzetic Fe3+ Sigiial: Following 

the earlier pro ce dure^:^ the paramagnetic Fe3+ content in the 
investigated samples can be determined, because the spectra were 
recorded under the same experimental conditions. For that pur- 
pose. the Fe3+ EPR signal, which is the derivative of absorbance, 
was integrated twice in the range of 70-270 mT for all samples. 
This integration includes the broad signal at geff = 4, which 
probably results from a dipolar broadened Fe3+ signal. The 
variations of the integrated EPR absorbance in Fig. 7 are reported 
as a function of the heating temperature. 

To relate the integrated absorbances of the Fe3+ EPR signal to 
absolute concentrations, the theoretical absorbances were calcu- 
lated for the various fine-structure parameters that were deter- 
mined. For the mullite and metakaolinite sites, the absorbance was 
<IO% higher than that for the kaolinite sites. 

As observed in Fig. 7, the variations in the Fe3' absorbance 
observed between kaolinite and other phases, as a function of the 
firing temperature, exceeds the variations that are expected from 
changes in the fine-structure parameters (5 10%). Thus, the ob- 
berved variation corresponds to an actual change in the concentra- 
tion of diluted Fe3' ions during the firing process. An increase in 
the concentration of paramagnetic Fe3' ions is observed from the 

original sample to the sample that was heated at 900°C,  followed 
by a strong decrease; a minimum is attained at 950°C. Despite their 
contrasted iron content, the minimum value is similar for both 
samples. After a temperature of 1 lOO"C, the concentration of 
paramagnetic Fe3+ ions again increases and exceeds its initial 
value. 

IV. Discussion 

In the starting materials, iron impurities are present in two 
different chemical forms, which are distinguished by specific 
signals in EPR and diffuse-reflectance spectra: (i) structural Fe3+ 
ions that are substituted for Al3' ions within the dioctahedral layer 
of kaolinite, and (ii) particles of Fe3' oxyhydroxide (i.e., goe- 
thite).23 In addition, literature datalg have reported the presence of 
Fe2+ ions. 

During the calcination of both kaolinite samples, iron signatures 
in the EPR spectra undergo important modifications. In the 
following section, these modifications are discussed in regard to 
the aluminosilicate phase transformations, corresponding to the 
three thermal stability fields: (i) metakaolinite, (ii) y-Alzo3 + 
mullite + SiO,, and (iii) mullite -I- cristobalite. 

b . -  Ad 
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(A) Destnbilizntion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Metakaolinite: The strong decrease in 

the Fe3" absorbance that has been observed for both kaolinit- 
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Fig. 5. Distribution map zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the fine-structure parameters B$'and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB i  (in 
units of cm-') for heated kaolinite KGa-2 samples (heated at (a) 900"  and 
('ni 1300°C); the parameters of Fe3' ions in octahedral (O) and tetrahedral 
(TJ sites of sillimanite are reported in Fig. 5(b) ((@I O and (m) T). 

Table III. Mean Fine-Structure Parameters of Fe3+ 
Centers in KGa-2 Kaolinite Heated at Different 

Temperatures 
~ ~ 

EPR site E: (cm-') BI (cm-I) x7 

I 0.11 0.1 1 1, 

I 0.08 0.07 0.8s 
II 0.17 0.04 0.2.: 
III 0.17 0.16 0.91 
IV  0.2 1 0.11 0.Y 
V 0.29 0.08 0.27 

900°C 

1300°C 

(1) 
For both poorly and highly ordered kaolinite samples, the 

nusformation from kaolinite to metakaolinite generates drastic 
modifications in the local environment of Fe3' ions, as evidenced 
via EPR spectroscopy. This finding is consistent with results from 
XIijssbauer data," which presents higher quadrupole splittings 
after breakdown of the kaolinite. 

In addition to changes in the symmetry of the local environment 
zround the Fe3+ ions, variations are observed in the integrated 
absorbance of the paramagnetic Fe3+ signal. For both samples th31 

Transforination froin Kaolinite to Metakaolinite 

Magnetic field (mT) 

Fig. 6.  Comparative EPR spectra of the reference sample and heat?, 
kaolinites ((*) data supplied by KPCL (Limoges, France) and ( .  

kaolinites heated up to 1300°C). Spectra obtained at room temperature. 

Table IV. Mean Fine-Structure Parameters of Fe3+ Centers 
in Sillimanitet 

E; value (cm-') 

Structural bi t?  EPR site Calculated Experiment 

I 0.11 0.06 T 
V -0.22 0.37 O 

'Sillimanite data taken from Angel er a/."'  

were heated at 700"-900"C, the Fe3+ concentration was N O C C  
higher than that in the original samples. Because of the relatively 
low temperature of the kaolinite-to-metakaolinite transformation. 
iron diffusion cannot be invoked to explain such drastic changes in 
the diluted Fe'- concentration. Mössbauer spectroscopy data that 
have been acquired on the KGa-1 samplelg have shovm the 
important contribution of Fe'+ ionsg therefore, the increase ir 
dilute Fe3+ ions might be explained by oxidation of the Fe' 
content of the starting kaolinites during the collapse of the 
kaolinite structure to form metakaolinite. 
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Fig. 7. Paramagnetic Fe3”-ion distribution over phases in the kaolinite- 
mullite transformation sequence. Asterisk (*) denotes XRD data. 

of superparamagnetic concentrated-iron domains. However, the 
nature of these iron-rich domains is unclear: they could be Fe3+ 
clusters within the y-Al,03 structure or Fe3+ oxide nanophases 
’:\ ith a different structure. 

(B) Mullite and Cristobalite Forinarion: Finally, the break- 
down of the y-Alzo3 and its transformation to crystalline mullite 
is correlated with an increase in the paramagnetic Fe3- concen- 
tration, which may be interpreted as a new diffusion of Fe3’ ions 
within the aluminosilicate framework, leading to the incorporation 
of iron into the mullite structure. The final paramagnetic Fe3’ 
concentration exceeds the initial concentration, which indicates 
that the greatest portion of Fe3+ ions is diluted in the mullite 
structure. However, the possibility that residual Fe3+ clusters or 
Fe3+ oxide nanophases still exist in the mullitekristobalite mix- 
ture is not excluded. Spectroscopic data on the incorporation of 
iron in mullite are consistent with X-ray results, in regard to the 
temperature dependence of Fe3+ solubility in m ~ l l i t e . ~ ’ - ~ ~  

V. Conclusion 

Fe3+ ions undergo drastic changes in environment and concen- 
tration in heated kaolinites. These changes show important mod- 
ifications that are related to phase transformations of the alumino- 
silicate matrix. 

Iron occurs in two different states in the heated materials, either 
as dilute structural Fe3+ ions or in iron-rich domains. 

Quantitative interpretation of the dilute Fe3+ concentration 
allows one to consider the process. in regard to the changes in the 
environment and concentration on heating, in terms of the Fe3+ 
diffusion process over phases in the kaolinite-mullire transforma- 
tion seguence. 

During metakaolinization, in iddition to an incresse i n  the site 
rhombicity of the local environment around Fe3’ ions, the con- 
centration of dilute structural Fe”* ions increases. The increase in 
the concentration of dilute Fe”+ ions may be related to the 
oxidation of Fe2+ ions during the collapse of the kaolinite structure 
to form metakaolinite. 

With the breakdown of metakaolinite, the diffusion of Fe3+ ions 
induces their exsolution into superparamagnetic iron-rich domains, 
likely either as Fe3+ clusters within a y-Alz03 structure or Fe3+ 
oxide nanophases with a different structure, which leads to a 
decrease in the dilute Fe3+ concentration. 

The subsequent breakdown of y-Al,O, and ths simultaneous 
formation of mullite make the concentration of dilute Fe3’ ions 
increase again, because of the incorporation of Fe‘- ions in the 
mullite. The values of the fine-structure parameters of the Fe3’ ion 
correspond primarily to the octahedral and tetrahedral sites in the 
structure. 
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