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Abstract-Fe-rich kaolinites were synthesized at 225°C in distilled water from gels with different Fe/AI 
ratios (0.15, 0.25, 0.35) and with Si/(Al + Fe) = 2. X-ray diffraction patterns of the reaction products 
showed that kaolinite was the only long-range crystalline phase synthesized. Analytical electron 
microscopy analyses of individual particles and Fourier transform infrared spectra indicated that Fe3+ was 
isomorphously incorporated into the kaolinite octahedral sheet and that tetrahedral substitution did not 
occur. The Fe content hosted in the synthetic kaolinites was similar to that incorporated into its 
corresponding starting gel. The highest Fe content in the particles reached 30 mol. % of the octahedral 
occupancy. Increases in the b parameter are proportional to increases in Fe for Al substitution. The extent 
of isomorphic substitution of Al by Fe is the highest ever reported for both natural and synthetic samples. 
At the nano-scale, there is no evidence of discontinuity in the solid-solution between the Si2Al20 7 and 
Si2Al1.4Feo.607 end-members, such as short-range disorder or clustering of Fe and Al in domains. 
Key Words-Fe3+ substitution, Kaolinite, Solid-solution, Synthesis. 

INTRODUCTION 

Kaolinite is a dioctahedral 1: 1 layer silicate 
(AI2SizOs(OH)4) and was long considered to display 
no isomorphous substitution (Brindley et al., 1986). 
From the 1960s onwards, however, more precise 
analytical techniques began to reveal that ionic substitu
tions are possible in both natural and synthetic samples 
(e.g. Meads and Malden, 1975; Angel et al., 1975). 
Minor quantities of transition elements such as Fe, Ti, V, 
Cr and Mn may in fact be hosted in the structure of 
kaolinite. Magnesium is also found in natural samples 
and Cu kaolinite has been obtained by hydrothermal 
synthesis (Petit et ai., 1995). Among these elements, Fe 
is the most relevant, since in all natural kaolinites it is 
the most abundant impurity (i.e. Fe3+) (Mestdagh et al., 
1980). 

Numerous studies have dealt with the distribution of 
structural Fe within the kaolinite structure (Brindley et 
al., 1986; Stone and Torres Sanchez, 1988; Delineau et 
al., 1994; Gaite et ai., 1997). The most widely used tools 
of analysis have been the spectroscopic techniques. In 
the case of infrared (IR) spectroscopy, the Fe3+ within 
the octahedral sheets results in two absorption bands, 
one between 865 and 875 cm-l, the other in the vicinity 
of 3600 cm-I. These bands have been attributed to 
oFe3+ AlOH and vAlFe3+0H vibrations, respectively 
(Mendelovici et ai., 1979; Delineau et al., 1994). Their 
existence has also been confirmed in hydrothermally 
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synthesized Fe3+ kaolinite (Petit and Decarreau, 1990), 
and in studies of the formation of the same mineral via 
hydrothermal alteration of nontronite (Delvaux et ai., 
1989). 

Other spectroscopic techniques, such as electron 
paramagnetic resonance (EPR) (Meads and Malden, 
1975; Muller and Calas, 1993; Gaite et al., 1993; 
Delineau et al., 1994; Balan et al., 2000), lH proton 
magnetic resonance (Stone and Torres-Sanchez, 1988) 
and 29Si, 27 Al magic angle spinning nuclear magnetic 
resonance (Schroeder and Pruett, 1996) have also been 
applied to further our understanding of VIFe distribution 
in the kaolinite structure. No tetrahedral IVFe has been 
proven by such techniques. On the other hand, trivalent 
Fe can be associated with kaolinite in nanocrystalline Fe 
oxide or oxy-hydroxide phases located on the surface. 

The presence and distribution of Fe in natural 
kaolinite from diverse environments (hydrothermal, 
weathering and sedimentary) have been the subject of 
research for decades (see review in Muller et al., 1995). 
Despite the significant amount of investigation done on 
kaolinite crystalchemistry, the upper limit of structural 
octahedral Fe3+ for Al substitution has yet to be 
determined. Natural kaolinites may contain up to 3% 
Fe203, which corresponds to -0.1 VIFe per half unit-cell. 
Greater quantities of Fe substitution (7% Fe203, i.e. 
-12% of octahedral occupancy) were detected in 
synthetic samples by Petit and Decarreau (1990), who 
suggested that the octahedral Fe3+ could be even higher. 
However, to date, the Fe contents hosted in existing 
samples cannot be considered sufficient to define a 
putative kaolinitelFe kaolinite solid-solution. It is pos
sible that greater degrees of isomorphic substitution 
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would make such a definition possible. To determine the 
continuityldiscontinuity of a solid-solution at the nano
scale the following three conditions should be fulfilled: 
(1) a linear correlation should exist between a cell 
parameter and the degree of isomorphic substitution; 
(2) an homogeneous distribution must be observed, thus 
implying that the Fe and Al atoms are located evenly 
throughout the octahedral sheet and do not form Al 
kaolinite/Fe kaolinite mixed-layer clays (i.e. interstrati
fied clays); and (3) a chemical-composition gradient 
must exist between the two end-members of the solid
solution at nano-scale. 

The purpose of this paper is to present the results 
obtained from a set of samples synthesized for a broader 
study regarding the mineralogical evolution of Si4-Alx-Fey 
amorphous materials under varying hydrothermal envir
onments (Iriarte, 2003). Using these samples we attempt 
to clarify whether the progressive incorporation of Fe into 
the structure makes it possible to define the Al kaolinite 
to (AlxFe2_x) kaolinite transition as a solid-solution. We 
also attempt to show that the maximum Fe content 
reported to date does not represent a structural limit. 

MATERIALS AND METHODS 

The gels used as starting materials were prepared 
following a slightly modified version of the method 
described by Decarreau et al. (1987). A coprecipitate of 
amorphous Si, Al and Fe3+ was obtained from a 
suspension by mixing two different solutions: one of 
Na metasilicate (Si02Na20·5H20), the other of Al and 
Fe (III) chlorides (AICI3·6H20 and FeCI3·6H20). 
Coprecipitation proceeds according to this overall 
reaction: 

4Si02Na20 + (2-x)(AICI3) + x(FeCI3 ) + 2HCl -+ 

(Alt_xFe~+)Si4011 + 8NaCI + H20 (1) 

The first solution was prepared by dissolving Merck 
Na metasilicate (Si02Na20·5H20) into distilled water up 
to a concentration of 0.2 mol L -1. The second solution 
consists of Al and Fe (III) chlorides (AICI3·6H20 and 
FeCh·6H20), 0.2 mol L -1, and the quantity of hydro
chloric acid which is necessary to satisfy equation 1. 

The chloride solution was added to the metasilicate 
solution while the latter was being stirred with a 
magnetic bar. The pH was then fixed at -6 with 
hydrochloric acid. The addition of the chloride solution 

takes only a few minutes and the formation of the 
coprecipitate proceeds rapidly. However, in order to 
ensure the completion of the coprecipitation process, the 
suspension was stirred for 24 h. The final volume of 
suspension was 2 L. 

The precipitate was recovered from the solution by 
centrifugation after 24 h. The solid was then washed 
repeatedly with distilled water and centrifuged to 
remove NaCl. The gel was dried at 40DC in an oven 
and ground gently in an agate mortar. 

Three gels were prepared using different proportions of 
AI and Fe3+ (Table 1). Chemical analyses were performed 
on pressed pellets by X-ray fluorescence spectrometry 
(XRF; Philips PWI404). Loss on ignition (LOI) was 
determined after solids were heated for 2 h at 1000DC. 

Subsequently, 250 mg of dry gel were aged hydro
thermally in distilled water (30 mL) in teflon-lined 
reactors by heating at 225DC for 60 days. Pressure inside 
the reactors was that of the corresponding water vapor 
(24.3 atm). After the ageing process, reactors were 
quickly cooled to prevent the precipitation of excess 
Si. Solids were washed repeatedly with distilled water by 
centrifugation, saturated overnight in CaCl2 (1 mol L -1) 
and again washed with distilled water. 

The presence of alkali metals (Na) in the hydro
thermal system may compensate minor layer-charge 
imbalances located in the 1: 1 layers of kaolinite. 
However, the resolution of the analytical electron 
microscopy (AEM) is better for Ca than for Na, and 
thus the CaCl2 solution was used to replace Na+ with 
Ca2+ ions. The absence of Ca in the AEM spectrum of a 
Ca-exchanged sample indicates that no structural charge 
exists in the clay particle. 

Solids were oven dried at 40DC and then disaggre
gated and homogenized in an agate mortar. The final pH 
of the hydrothermal solution was measured at room 
temperature in the supernatant liquid recovered follow
ing the first centrifuging (Table 1). 

In order to dissolve amorphous Fe oxy-hydroxides 
selectively, the sample obtained from the gel containing 
the highest Fe content (KAF54) was sequentially treated 
with acid oxalate and citrate-bicarbonate-dithionite 
(CBD) solutions (Dahlgren, 1994). To ensure complete 
dissolution, the extraction with acid-oxalate solution was 
carried out six times, and with CBD five times. The Fe, 
Si and Al concentrations in the extracts were determined 
by atomic absorption spectrometry (AAS). 

Table 1. Chemical composition (wt.%), Si/AIlFe atomic ratio of the gels used as starting materials, corresponding sample and 
initial and final pH of the hydrothermal solution. 

Gel Si02 Al20 3 Fe203 Na20 LOI Sum SilAIlFe Sample pHinitiai (±0.05) pHfinal (±0.05) 

GAF28 55.00 20.87 5.10 3.97 15.09 100.08 4/1. 79/0.28 KAF28 6.69 5.09 
GAF42 54.38 18.62 7.55 4.77 15.50 100.88 4/1.61/0.42 KAF42 6.73 4.97 
GAF54 54.28 17.41 9.81 4.04 14.42 100.05 4/1.51/0.54 KAF54 6.74 5.02 

K20, P20 S , Ti02 and MnO were <0.01%. LOI: loss on ignition at 1000°C. 
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Gels and samples were examined by X-ray diffraction 
(XRD) using a Siemens D50l diffractometer (CuKcx 
radiation, 40 kV, 30 mA) equipped with an XRF 
detector (Si-Li diode). X-ray powder diffraction patterns 
of bulk samples were recorded using random orientation 
mounts, accurate peak positions being obtained by 
adding a LiF internal standard. The 220 reflection of 
LiF was used to calibrate the 060 reflection of clay 
minerals. Oriented clay mineral aggregates were pre
pared by dispersing the sample with an ultrasonic probe 
and pipetting the suspension onto a glass slide. The 
possible occurrence of swelling phases was tested by 
comparing samples under air-dried (AD) conditions with 
subsequent ethylene glycol (EG) solvation. 

Clay-particle morphology was observed using scan
ning electron microscopy (SEM) and transmission 
electron microscopy (TEM). The SEM observations 
were carried out using two microscopes: a W-filament 
microscope and a field emission apparatus (FE-SEM). 
The conventional SEM was a Cambridge Stereoscan 
S360 working at 20 kV, 100-500 pA and equipped with 
an energy dispersive X-ray spectrometer (Oxford Link 
with a Ge detector). The FE-SEM was a LEO 1530 
operating at 1-2 kV, an aperture of 30 lim and a 
working distance of 5-6 mm. The LEO 1530 was 
coupled with a LINK 400 EDS. Samples were dispersed 
in water by a weak ultrasonic treatment and a drop of 
suspension was left to dry on a carbon stub. The samples 
were carbon coated. 

The TEM observations were performed using a Jeol 
2000 FX microscope working at 200 kV and equipped 
with a Tracor TN-5502 energy dispersive X-ray spectro
meter. Samples were suspended in water and a drop of 
the suspension was left to dry on a carbon-coated Cu 
microgrid. Analytical electron microscopy was operated 
in the fixed-electron-beam mode with the objective 
aperture removed. Beam diameter was 200-400 A and 
beam current was 1.2 nA. Counting time was 100 s. 

5 10 15 2 12 

Quantitative calibration was carried out using layer 
silicate standards and the method described by Cliff and 
Lorimer (1975). 

Differential thermal analysis (DTA) and thermogra
vimetry (TG) were carried out using a Netzsch STA 
409EP simultaneous thermal analyzer, under the follow
ing conditions: 15 mg of sample; Ah03 as reference 
material; temperature range from 25 to lO20°C; heating 
rate of lOoC/min; and air atmosphere. Temperature 
limits for each reaction were established using the 
DTA, TG and the first derivative of the TG (DTG) 
curves. 

Fourier transform infrared (FTIR) spectra were 
recorded in transmission mode in the 4000-400 cm- I 

range using a Nicolet 510 FTIR spectrometer with a 
resolution of 4 cm- I . Samples were prepared in KBr 
pressed pellets by diluting 1 mg of sample in 150 mg of 
dried KBr. The pellets were heated overnight at 120°C 
before analysis. 

RESULTS 

X-ray diffraction 

The starting gels exhibited no X-ray crystalline 
phases (data not shown). Powder XRD patterns of the 
synthesis products revealed that kaolinite is the only 
crystalline phase present (Figure 1). The amount ofFe3+ 
in the synthetic sample did not modify the reflection 
positions but contributed to reducing their relative 
intensities. As kaolinite Fe content rises, the intensities 
and resolutions of the 11 0 -II 0 and II 1-1 II peaks, as 
well as the Hinckley crystallinity index (Hinckley, 1963) 
decrease (Table 2). The average coherent scattering 
domain (ACSD) along the b* and c* axes, calculated 
using the Scherrer equation (Guinier, 1956) with the 060 
and 001 reflections, respectively, showed that crystal 
sizes average -190 A along the c* axis and 310 A along 
the b* axis. This is slightly higher than those reported 

22 32 42 52 62 
"29 (CuKa) 

Figure 1. XRD patterns of synthetic kaolinites. KAF54ext corresponds to sample KAF54 after extraction treatment with acid oxalate 
and citrate-bicarbonate-dithionite solutions. AD: air dried; EG: solvated with ethylene glycol. 
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Table 2. Crystallographic XRD parameters of synthetic 
kaolinites. 

Sample b (A) Hinckley ACSD1 (A) 
(±0.003) Index (Number of unit-cells) 

001 060 

KAF28 8.960 0.75 196 (28) 304 (34) 
KAF42 8.976 0.70 187 (27) 312 (35) 
KAF54 8.984 0.54 179 (26) 324 (36) 

Natura12 8.946 
Synthetic 0.91 260 (37) 236 (26) 
Al kaolinite3 

1 ACSD: Average coherent scattering domain; number of 
unit-cells between brackets. 2 Bailey (1980). 3 Synthetic Al 
kaolinite to 220°C, initial pH = 6.5, fmal pH = 6.0 (Fialips et 
al., 2000) 

for synthetic Al kaolinite obtained under similar 
experimental conditions (Fialips et al., 2000). As the 
Fe content increases, a slight trend was observed for 
stacked layers to decrease and for crystal sizes to 
become larger in the b direction (Table 2). 

The 131 and 131 reflections are not resolved, thus 
revealing the monoclinic character of these kaolinites 
(Planr;:on and Tchoubar, 1977; Brindley and Porter, 
1978). The 060 reflection of the three samples fits well 
with a unimodal Gaussian curve, indicating that there 
was no demixing between the Al kaolinite and Fe 
kaolinite scattering domains. The b dimensions are 
0.014-0.038 A larger than those of pure Al kaolinite 
(Bailey, 1980). Furthermore, these values increase with 
the Fe content of the starting gel (Table 2), in agreement 
with the progressive incorporation of Fe into the 
kaolinite structure and the difference in ionic radius of 
Fe (0.64 A.) vs. Al (0.51 A.) in octahedral coordination. 

Kaolinite shows a band at -l.5 A., often labeled as 
060, which is a convolution of three reflections: 060 (d = 

l.490l A., intensity 10.0), 331 (d = l.4899 A., intensity 
10.3) and 331 (d = l.4868 A., intensity lO.3) (Collins and 
Catlow, 1991). No preferred orientation can separate one 

o 200 400 

diffraction peak from the others. Rieder et al. (1992) 
argued that a systematic error is introduced by using the 
d spacing of the 1.5 A. band to estimate the b parameter 
in muscovites. However, due to the very small difference 
in d spacing, no serious error is introduced if the 
measure of the composite peak is converted to b. 
Furthermore, this line of reasoning does not invalidate 
the correlation between d spacing of the l.5 A. band and 
the (Fe+Mg) content in muscovites. Assuming that this 
argument can also be applied to kaolinites, we will use 
this estimation of the b parameter to correlate cell 
dimensions and Fe content. A true b parameter should be 
calculated by unit-cell refinement. 

Differential thermal analysis and thermogravimetry 
(DTA-TG) 

The DTA-TG curves of the samples exhibited three 
endothermic events and one exothermic one (Figure 2). 
The first endothermic event (-83°C) corresponds to the 
loss of adsorbed water. The second weak peak occurred 
at 291°C and, as shown later, may be associated with 
water molecules strongly adsorbed to kaolinite, hydro
xyls of residual gel, or FeOOH and AlOOH nano
crystals. The third peak occurs in the range 497-5l2°C 
and is attributed to the dehydroxylation of kaolinite 
(Mackenzie, 1970). The presence of structural Fe3+ in 
the kaolinite lowers the dehydroxylation and exothermic 
event temperatures. Similar decreases in these tempera
tures were reported for synthetic Cu kaolinites (Petit et 
al., 1995). The dehydroxylation peak area and the weight 
loss associated with this event were used to estimate the 
quantity of kaolinite formed; the amount decreased with 
increase in the Fe content of the starting material 
(Table 3). 

The chemistry of the starting gels has excess silica of 
-30% compared to the chemistry of kaolinite with a 
structural formula (AI2_xFex)Si20s(OHk The kaolinite 
yield could reach a maximum of 70%. However, 
kaolinite content after the hydrothermal treatment, 
calculated by TG analysis, was -50% (Table 3). The 
remaining 50% of solid corresponds to gel or other X-ray 

600 800 1000 

Temperature (OC) 

Figure 2. DTA curves of synthetic kaolinites. 

https://doi.org/10.1346/CCMN.2005.0530101 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2005.0530101


Vol. 53, No.1, 2005 Synthesis of Fe-rich kaolinite 

Table 3. Summary of data from DTA and TG curves for the studied samples. 

Sample Weight loss (%) Kaolinite %1 Area2 

25-130°C 400-550°C 25-1020°C 

KAF28 3.36 6.72 11.76 48 
KAF42 2.47 6.41 11.55 45 
KAF54 3.69 6.31 11.83 41 

1 Estimated on exothermic event of dehydroxylation and assuming 14% (wt.%) OH- in 
kaolinite 
2 Area of the DTA dehydroxylation peak (arbitrary units) 

664 
592 
559 

5 

amorphous material such as AIOOH or FeOOH, which 
break down at -290°C. 

frequently exhibit hexagonal or pseudohexagonal out
lines and SAED patterns of (hkl) planes. However, many 

Electron microscopy 

Samples examined with a conventional SEM (W 
filament) had grains ranging from several to tens of /lm 
in size. Grains generally displayed a porous and spongy 
texture. When the samples were examined using a FE
SEM apparatus, they exhibited different morphological 
features from those described for natural kaolinite. 
Sample KAF28 , synthesized from the gel with the 
lowest Fe content, showed kaolinite particles arranged 
in a honeycomb-like structure with high porosity 
(Figure 3a). Most of the particles form aggregates of 
flat particles with needle terminations and connected by 
thin 'membranes' producing a flake-like appearance. 
Lath or elongated crystals are also present. Sample 
KAF42 (from the gel with intermediate Fe content; 
Figure 3b) contained a larger amount of lath-shape 
particles than the previous one. These lath-like particles 
are isolated or form aggregates. The isolated laths are 
mainly observed on the unreacted gel grains and on 
grains under transformation. Gel grains exhibit a texture 
resembling stacks of layers. The aggregates are more 
compact than those that appear in sample KAF28. Very 
small particles are frequently observed on the grain 
surface of these samples. Sample KAF54, the richest in 
Fe, displays a highly compact structure, formed by small 
curved or bent layers that give rise to large surfaces with 
honeycomb structures (Figure 3c). This texture bears a 
striking resemblance to that of smectites. However, EDS 
chemical data of the plates arranged in the honeycomb 
structures always correspond to Fe kaolinite, and not to 
2: 1 clays. Grain surfaces are completely free of fine 
matter and no isolated particles are observed. 

Individual particles were also studied by TEM-AEM. 
Three main morphologies were observed: laths, plates 
and thin and curly hair-like particles. The hair-like 
particles (Figure 4a) consist of thin crystals, 
100-300 nm long and 5-10 nm thick. Selected area 
electron diffraction (SAED) could not be obtained 
because of instability under the beam. The SAED 
imaging revealed that some of these particles consist 
of kaolinite crystals which are curved on the ab plane. 
Platy morphologies (Figure 4b) are grouped in small 
aggregates of crystals (50-100 nm in diameter). They 

Figure 3. FE-SEM images of synthetic Fe kaolinites: (a) KAF28; 
(b) KAF42; and (c) KAF54. 
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hexagonal particles do not produce electron diffraction 
patterns, probably because there are very few stacked 
kaolinite layers and/or the particle becomes amorphous 
under the electron beam. Lath-like crystals, in some 
cases with hexagonal termination, form aggregates 
together with residual gel or kaolinite plates 

.1: --
, .. "':" 

.. "," 

.. -.• 

b 

100nm 

Figure 4. TEM images of synthetic Fe kaolinite particles: 
(a) hair-like kaolinite (arrows) crystals (KAF54) and SAED 
pattern; (b) particles with platy morphology and hexagonal 
outline (arrow) of KAF28 and their SAED pattern; and 
(c) aggregates of lath-like crystals and amorphous material 
(KAF54). 

(Figure 4c). They correspond to the longest particles, 
which are -50 nm wide and 300 nm long. These thin 
elongated particles become amorphous under the elec
tron beam. No other euhedral phases were observed and 
spherical kaolinite habits were not detected. 

The AEM chemical analyses were performed on 
isolated particles (Table 4). Quantitative analyses of 
laths and plates show several important features: 
(1) neither Ca nor Na was detected in kaolinite particles, 
indicating no charge compensation and thus no smectite 
and no heterovalent substitutions; (2) kaolinite crystals 
containing only Al or only Fe in the octahedral sheet 
were never detected; and (3) the average AIlFe ratio in 
the analyzed particles is similar to that in the starting 
gel. These data indicate that the gels were transformed 
into kaolinites with the same Fe/AI stoichiometry. 

Fe extraction 

Iron extraction procedures were performed only on 
the sample which was richest in Fe (KAF54). The aim of 
this treatment was to determine the possible existence of 
Fe phases not detected by XRD or TEM. The acid
oxalate solutions dissolve mainly AI, whereas the CBD 
extracts mainly Fe and Si. In both cases, the extraction 

Table 4. Al and Fe content in the octahedral sheet of 
kaolinite particles analyzed by AEM. There is no tetrahedral 
substitution and thus Si = 2 (see text). 

Sample 

KAF54 

Average 
St. dev. 

KAF42 

Average 
St. dev. 

KAF28 

Average 
St. dev. 

VIAl 

1.41 
1.38 
1.42 
1.52 
1.57 
1.62 
1.50 
1.50 
1.49 
0.08 

1.61 
1.55 
1.59 
1.63 
1.57 
1.60 
1.57 
1.59 
0.03 

1.75 
1.72 
1.68 
1.71 
1.64 
1.63 
1.61 
1.68 
0.05 

VIFe 

0.59 
0.62 
0.58 
0.48 
0.43 
0.38 
0.50 
0.50 
0.51 
0.08 

1.39 
0.45 
0.41 
0.37 
0.43 
0.40 
0.43 
0.41 
0.03 

0.25 
0.28 
0.32 
0.29 
0.36 
0.37 
0.39 
0.32 
0.05 

https://doi.org/10.1346/CCMN.2005.0530101 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2005.0530101


Vol. 53, No.1, 2005 Synthesis of Fe-rich kaolinite 7 

occurred principally during the first step and the total 
amount of solid dissolved is negligible, corresponding to 
<0.2%, 0.03% and om % of total Fe, Al and Si, 
respectively (Table 5). The ratio of the extracted cations 
did not match the stoichiometry of the synthetic Fe 
kaolinite, suggesting that dissolved Al and Fe do not 
only come from kaolinite. 

The XRD powder pattern recorded after extraction 
(Figure 1) shows a notable improvement in the resolu
tion of hki reflections. The average coherent scattering 
domain also increases, as indicated by a narrower 001 
reflection. The monoclinic character of kaolinite is 
preserved after the treatments. It can be concluded that 
the treatments dissolved a small quantity of the gel and 
poorly ordered kaolinites, thus inducing an increase in 
crystallinity both along the h* (376 A.) and c* (280 A.) 
dimensions. 

Infrared spectroscopy 

In the OH-stretching region (Figure 5a), a first group 
of four bands (3692, 3669, 3654 and 3620 cm-1, 

labelled VI. V2, V3 and V4, respectively (Brindley et al., 
1986)) corresponding to vA120H vibrations is character
istic of kaolinite. The three higher-frequency bands are 
due to surface OHs, whereas the V4 band originates from 
the inner OH (Farmer, 1974). 

Another absorption band is observed at 3598 cm-1 in 
the Fe kaolinites and has been reported in natural and 
synthetic Fe-substituted kaolinites, being assigned to 
vAlFe3+0H (Mendelovici et ai., 1979; Petit and 
Decarreau, 1990). A small band also occurs at 

3598 a 

KAF54ext 

Table 5. Concentration of Si, AI and Fe in the solution after 
sequential extraction with acid oxalate solution (T 1-T 6) and 
CBD solution (T7-Tl1)' 

Stage Si Al Fe 
(mmol L -I) (mmol L -I) (mmol L -I) 

Acid-oxalate TI 0.04 0.19 0.01 
T2 0.04 0.03 b.d.1. 
T3 0.04 0.01 b.d.1. 
T4 0.03 b.d.1. b.d.1. 
Ts 0.04 b.d.!. b.d.1. 
T6 0.04 b.d.1. b.d.1. 

Total (T1-T6) 0.23 0.23 0.01 

CBD T7 0.19 0.28 2.29 
Ts 0.13 0.19 0.59 
T9 0.16 0.15 0.18 
TIO 0.14 0.10 0.04 
Tl1 0.13 0.10 0.01 

Total (T7-Tl1) 0.75 0.82 3.11 

b.d.!.: below detection limit 

3430 cm-1 which has been observed in natural dis
ordered kaolinite (Delineau et al., 1994; Tomura et ai., 
1985) and in synthetic kaolinites (De Kimpe et al., 1981; 
Martin et al., 1998). This band still appears after 
extraction of amorphous phases and after pellet disks 
have been heated at 100, 200 and 250°C. In contrast, it is 
no longer present following heating of the pellet disks at 
300°C. As is also suggested by the endothermic event 
recorded at 291°C in the DTA curves, this band may be 
accounted for by the presence of strongly adsorbed 

3750 3650 3550 3450 3350 1200 1000 800 600 400 

Wavenumber (cm·1) Wavenumber (cm-1) 

Figure 5. FTIR spectra in: (a) the OR-stretching region and (b) the OR-bending region of the Fe3+ -substituted kaolinites under study. 
KBrpellets were dried at 120°C overnight before recording the spectra. Spectra of the sample KAF54 after extraction treatment are 
also shown (KAF54ext). 
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water. Furthermore, this band might also correspond to 
gibbsite-like or goethite-like nano-crystalline phases. 

In the 1200-400 cm-1 region (Figure 5b), all of the 
bands observed are due to kaolinite, except that at 
1105 cm-1 which corresponds to silica (database FDM 
FTIR spectra ©2000) derived from its release during the 
transformation of the gel into kaolinite; its intensity 
increases with the Fe content of the sample. 

The band at 917 cm-1 corresponds to oA120H 
vibrations, whereas the weak band, centered at 
881 cm-I, is attributed to oFeAlOH (Mendelovici et 
ai., 1979; Petit and Decarreau, 1990). Figure 6 shows an 
enlarged view of the OH-bending vibrations region in 
which the spectra have been normalized with the 
OA120H band. It can be observed that the intensity of 
the oFeAlOH band increases with the Fe content of the 
samples. 

No significant change is exhibited by the FTIR 
spectrum of the sample after extraction treatment 
(Figure 5a,b). The characteristic bands of AlFeOH 
vibrations are still present, which clearly shows that Fe 
is a component of the kaolinite structure and that the 
samples are authentic Fe-substituted kaolinites. 

DISCUSSION AND CONCLUSIONS 

Si-rich starting materials can be used to improve 
crystallinity and yield in kaolinite synthesis (Rodrique et 
ai., 1972; De Kimpe et al., 1981; Huertas et al., 1999). 
Previous research regarding the hydrothermal synthesis 
of Fe3+ kaolinite has produced Fe-substituted kaolinite 
with smaller amounts of Fe than those of the starting 
material (Calvert, 1981). In contrast, the present work 
shows, using Si-rich starting materials, that the kaolinite 
particle Fe content is close to that in the starting gel. The 
resulting kaolinite crystals are homogeneous in compo
sition and no other minerals were detected. Nevertheless, 
an increase in the crystalline disorder is observed as the 
Fe content increases. We suggest that this is due to the 
presence of small quantities of X-ray amorphous 

'I:W 'liiO ~8(1 86(1 
Wan;nUmhl..'T ((nt'l) 

Figure 6. Spectral window between 1000 and 800 cm-1 using 
the IlAI20H band to normalize the spectra. 

materials, as is supported by the observation that the 
Fe extraction process produces an increase in both 
crystallinity and crystal size (Figure 1). 

The increase of the do6o spacing is also consistent with 
the progressive incorporation of Fe into the octahedral 
sheet. The b parameter displays a linear dependence with 
the Fe substitution (Figure 7) following: 

b = 8.946 + 0.074x (2) 

where x is the number ofFe3+ atoms that substitute those 
of Al per half unit-cell. The slope is similar to the 
0.075 A value measured by Russell and Clark (1978) for 
Fe3+ in octahedral sites of nontronites. Assuming that 
this linear relationship could be extended to a pure Fe 
end-member, a value of 9.09 A would be expected for 
the b parameter of a pure Fe kaolinite with no 
tetrahedral substitution (x = 2). This value is similar to 
that measured for dioctahedral 2: 1 Fe end-members, 
nontronite (9.11-9.14 A, WWW-Mincryst database, 
2003) and ferripyrophyllite (9.10 A, Gaines et al., 
1997), while it is smaller than that measured for 
trioctahedral 1:1 phyllosilicates (i.e. chrysotile, 9.25 A) 
(Bailey, 1980). 

Iron substitution of Al in kaolinite is supported by the 
occurrence of vAlFeOH and oAlFeOH bands in IR 
spectra. In the bending region, the absorbance of the 
oAlOHFe band increases relative to the absorbance of 
the oA120H bands (Figure 6) in accordance with the 
chemical compositions of the particles. On the other 
hand, as the Fe content of samples increases, no clear 
increase in the vAlFeOH band is observed in the 
stretching region and Fe20H bands do not appear 
(Figure 5a). Only one vAlFeOH band has been reported 
to occur at 3598 cm-1 (see above). However, it is 
conceivable that at least two vAlFeOH bands exist 
corresponding to vibrations of the internal OH and 

8.99 

8.98 

... 
.; 8.97 

E 
I! 8.96 
~ 

.Q 
8.95 

8.94 
o 

• Present study 

• Petit and Decarreau (1990) 

o Natural 

0.1 0.2 0.4 0.5 0.6 

Figure 7. Relationships between VIFe substitution per half unit
cell and b parameter (A) calculated from 060 reflection in XRD 
patterns. Natural kaolinite (Bailey, 1980) and data from Petit 
and Decarreau (1990) are also included. 
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Figure 8. Composition of the octahedral sheet of isolated 
kaolinite particles by AEM. Dark area on the left corresponds to 
natural kaolinites. Data from Petit and Decarreau (1990) are also 
included (open symbol). 

surface OH. One hypothesis is that several vAIFeOH 
bands exist and that only one of them is clearly observed 
at 3598 cm-I, while the other(s) may be overlapped by 
the nAl20H bands. This may explain why the resolution 
of Vb V2, V3 and V4 varies with the Fe content and why 
the absorbance of the vAIOHFe does not display the 
same variation as the 8AIOHFe band. Further spectro
scopic studies of Fe kaolinite will be required to confirm 
this hypothesis. 

Particle chemical compositions were homogeneous, 
without exsolution into enriched or pure Al and Fe end
members. The 060 reflection fits well with a unimodal 
Gaussian curve, indicating that the samples do not 
consist of particles, layers or coherent domains of pure 
Al kaolinite and Fe kaolinite. 

The absence of Ca in the TEM-AEM analyses of Ca
saturated individual particles shows that tetrahedral 
substitution does not occur in kaolinite and that all the 
Fe quantified is therefore incorporated into the octahe
dral sheet. Relative octahedral compositions per half 
unit-cell of natural and synthesized kaolinite particles 
are shown in Figure 8. In natural samples, x ranges from 
o to 0.04. In synthetic particles, Petit and Decarreau 
(1990) measured x = 0.2. In this study, the nano-scale 
measurements make it possible for the first time to 
characterize Fe-substituted kaolinites whose VIFe values 
are in the range 0.25 < x < 0.60. 

In summary, a linear correlation is observed between 
the b parameter and the Fe substitution, the Fe and Al 
coexist in the same octahedral sheet and a chemical
composition gradient exists between AlzSi20 7 and 
Al1.4Feo.6Si207' Consequently, the Al kaolinite-Fe 
kaolinite series behaves as a solid-solution within the 
compositional range explored and no evidence exists to 
date that the maximum value obtained (x = 0.6) 
represents a structural limit. It is possible that the 
application of other spectroscopic techniques (e.g. i H, 
27 Al and 29Si nuclear magnetic resonance, and electron 
paramagnetic resonance) would improve the character
ization of Fe kaolinites. Further investigation will thus 
be required in order to deepen our understanding of the 
extension of the AI-Fe kaolinite solid-solution. 
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