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Abstract—The substitution of Fe** in the kaolinite structure is studied by EPR spectrometry and by
FTIR spectrometry on a large set of kaolins from different origins (sedimentary and primary ores, soil
kaolins). The IR bands at 3598 and 875 cm~!, observed in the literature only in the case of disordered
kaolins or in Fe-rich environments (synthetic, lateritic), are revealed by high-resolution IR analysis,
whatever the origin and the total Fe content of the samples. The EPR bands corresponding to Fe3*
substituted in sites II of the octahedral sheet increase when the IR absorbance near 3600 cm~! increases.
Two IR absorption bands near 4465 cm~! and 7025 cm~! are observed for the first time, both in
transmission and diffuse reflectance on all samples. These bands are assigned to the combination of the
3598 and 875 cm~! bands and to the first harmonic of the band at 3598 cm~?, respectively. The area of
the band at 4465 cm~! in diffuse reflectance is quantitatively correlated to the abundance of Fe?+ located
in centers II as measured by ESR. This directly confirms the assignment of the two IR bands at 3598
and 875 cm~! to OH stretching and deformation vibration bands in octahedral FE**+ environment in the
kaolinite structure, respectively. Effects due to the size of particles and to the main kaolins impurities on

the near infrared spectra, are also discussed.
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INTRODUCTION

Kaolinite, an ubiquitous clay mineral at the Earth’s
surface (Murray, 1988), is known to incorporate defects
of various types, either extended (e.g., stacking faults)
or localized (e.g., impurities), which are related to the
condition of genesis of this mineral (Cases et al., 1982;
Giese, 1988). Among the latter, structural trivalent Fe
is of special importance as it occurs as the main im-
purity in all natural kaolinites (Muller and Calas, 1993)
and influences several macroscopic properties, such as
the degree of disorder and the particle size (Meads and
Malden, 1975; Herbillon et al., 1976; Mestdagh et al.,
1980; Cases et al., 1982; Muller and Bocquier, 1987).

On account of its high sensitivity, electron para-
magnetic resonance (EPR) is probably the most con-
venient technique for studying both the distribution
and content of structural Fe in kaolinite (cf. reviews
by Hall, 1980; Pinnavaia, 1981; Muller and Calas 1993).
Infrared spectroscopy has also been used for the same
purpose. Nevertheless, some uncertainties remain con-
cerning the assignment of IR absorption features to the
presence of trivalent Fe in kaolinite structure. Accord-
ing to Mendelovici er al. (1979), Fe in the octahedral
sheet of lateritic kaolinites is characterized by two ab-
sorption bands, at 865-875 and 3607 cm~!, assigned
as 6 AI-OH-Fe and vOH, respectively. However, the
detection of the 865cm ! band required a special prep-
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aration: CsCl was used for pelletization. The pellets
were further heated to 270°C in order to delaminate
the clay through the formation of a kaolinite—CsCl-
H,O complex. The absorption band at 3607 cm~! was
detected only when K1 pellets were prepared. Further-
more, these absorption bands were not observed in the
Georgia kaolinite used as reference, although kaolinites
from the Georgia sedimentary deposits are known to
incorporate structural Fe—in lower quantities, how-
ever, than soil (lateritic) kaolinites (Muller and Calas,
1993). The absorption band near 3600 cm~—! was only
observed for the most disordered Fe-bearing sedimen-
tary kaolinites studied by Brindley et al. (1986). The
attribution of the 3598 and 875 cm~! bands to Al-
Fe?+OH vibrations seems to be confirmed by studies
of synthetic kaolinites formed by hydrothermal treat-
ment of nontronite (Delvaux et al., 1989) and by hy-
drothermal aging of Fe3+ doped gels (Petit and Decar-
reau, 1990). However, Petit and Decarreau (1990) did
not find these bands in the hydrothermal GB3 sample
used as reference, although it contains structural Fe as
shown by an EPR study (Angel and Vincent, 1978).
Furthermore, the most iron-rich synthetic kaolinites
exhibited a large band at 3535 cm~!, associated with
a shoulder at 820 cm~!, which (by analogy with Fe-
bearing micas) were assigned to Fe3*-OH-Fe3*
stretching and deformation vibrations, respectively
(Petit and Decarreau, 1990).
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Table 1. Sources, mineralogy and total Fe content (before and after DCB treatment) of kaolinite samples.
% Fe,0,?
Mineralogy’
Provenance Sample name (CDB samples) “raw” “DCB”
Charentes, France = WHOLE BASIN BCH3 Kt, 11, Qz 1.20 1.20
BCHS5 Kt, 1, Qz 1.02 0.99
BCH6 Kt, I, Qz 1.22 1.10
BDG3 Kt, I, Qz 2.56 1.45
BDG4 Kt, I, Qz 1.42 1.37
CHA2 Kt, II, Qz 0.72 0.70
CHAS Kt, Qz 0.73 0.74
FBT2 Kt, Qz, At 1.05 0.83
FBT4 Kt, Qz, At 1.45 1.22
LAPI1 Kt, Gb 0.70 0.66
LAP3 Kt, II, Qz 1.14 1.14
LSB3 Kt, II, Qz 2.31 2.11
LSB5 Kt, II, Qz 2.06 2.02
LTP3 Kt, I, Qz 2.40 1.64
LTPS Kt, I, Qz 1.54 1.48
LTP6 Kt, I, Qz 3.75 1.82
PDP1 Kt, Gb 0.53 0.43
PDP2 Kt, Gb 0.43 0.36
PDP3 Kt, Gb 0.27 0.23
SGN2 Kt, 11, Qz 1.09 1.04
SGN3 Kt, I, Qz 1.17 1.17
Charentes France = Local sampling on FBT2A-01 Kt, Qz, At 1.23 0.56
FBT open-pit (Fontbouillant) FBT2A-02 Kt, Qz, At 1.02 0.75
FBT2A-03 Kt, Qz, At 0.93 0.75
FBT3A-04 Kt, Qz, At 1.09 0.97
FBT4A-05 Kt, Qz, At 1.16 1.03
FBT5A-09 Kt, Qz, At 3.15 1.73
Charentes (Fontbouillant) FU7 Kt, Qz, At 0.98 0.79
Georgia, USA uUs2 Kt, Gb 0.23 0.22
UsS3 Kt, Qz, At 1.01 0.86
Cornwall, Great Britain GB3 Kt, Ms, Qz 0.79 0.68
Dinky A83 Kt, Ms, Qz 0.55 0.53
Britanny, France FCF Kt, Ms, Qz 0.40 0.33
Goyoum, Cameroun = SOILS KAQLINS KD Kt, Qz 6.53 1.32
JZ Kt, Ms, Qz 0.65 0.53
PO Kt, Ms, Qz 8.11 0.91
OB Kt, Ms, Qz 11.60 1.25
JU Kt, Ms, Qz 29.30 0.48
GM Kt, Ms, Qz 11.10 1.03
NI Kt, Qz, Gb, Ms 11.30 1.70
GC Kt, Ms, Ms 11.30 1.28
! Kt = kaolinite, I = illite, Ms = muscovite, Qz = quartz, Gb = gibbsite, At = anatase.
2 Fe content determined by chemical attack on raw and DCB-treated samples.
FTIR investigations of kaolinite have been carried EXPERIMENTAL METHODS

out in order to elucidate the relationships between
structural Fe and specific features on IR spectra. In
contrast with previous studies, the present paper 1)
deals with a wide range of kaolinites from different
environments and with varying particle size and de-
grees of disorder; 2) uses a Fourier-transform IR spec-
trometer that yields information in both the mid- (600-
4000 cm~!) and the near-infrared (4000-10,000 cm~1)
regions; and 3) combines IR and EPR data to validate
the assignment of IR bands related to the presence of
structural Fe. It, thus, allows a quantitative comparison
of Fe-content in kaolinites from various origins. A new
absorption band can be identified for use in studying
the variation of Fe-content in the structure of any natu-
ral kaolinite.
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Materials

Kaolinites from several origins were investigated:
sedimentary kaolinites from late Cretaceous and Ter-
tiary formations; soil kaolinites; and hydrothermal ka-
olinites. Table 1 lists the source, mineralogy, and total
Fe-content of the samples studied, determined before
and after the complexing dithionite-citrate-carbonate
(DCB) treatment. The sample abbreviations listed in
this table are used throughout the paper.

Sedimentary kaolinites. Most of the sedimentary ka-
olinites come from the Charentes sedimentary basin
(France). They were extracted from kaolins mined in
the western part of the Charentes kaolin district which
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Table 2. 1R and EPR (low temperature) area measurements
(values in arbitrary units), specific surface areas (BET) and
P2 cristallinity indices of kaolinites samples.

EFR @u) Area of Specific

M_ [Fe(I)] mz:: 1'6 i ;rug Index
Sample name (“peak ratio™} =9 IRband (m?/g) P2
BCH3 27.6 351 - 79.2 20.7 0.982
BCHS 29.5 352 - 82.1 249 0.933
BCH6 24 316 - 79.3 24.8 0961
BDG3 23.8 359 - 94.2 28.6 0.996
BDG4 28 420 — 106 21.7 0.995
CHA2 16.6 170 - 16 30.2 0.894
CHAS 13.9 234 1546 449 19 0.886
FBT2 36.2 167 114.9 4 61 0.876
FBT4 57.6 230 165.2 20 73.4 09
LAPI1 12.7 158 95.2 25 28.6 1.016
LAP3 22.7 320 — 593 16.1 0.998
LSB3 36.2 399 - 127.7 2.62 0.971
LSBS 343 390 — 146.4 233 0.974
LTP3 35.8 415 2325 123.2 235 0971
LTPS 29.8 386 — 125.2 23.4 0.985
LTP6 33.6 400 — 124 26 0.979
PDP1 6.4 98 — 13 20.1 0.959
PDP2 5.4 107 — 17 20.5 0.903
PDP3 39 43 28.9 113 21.5 1.061
SGN2 28 396 - 81.3 26.1 0.972
SGN3 24 390 - 86.5 20.3 0.995
FBT2A-01 27.8 127 84.4 4.1 353 0.873
FBT2A-02 493 215 136 4.6 539 0.87
FBT2A-03 51 240 148.4 4.7 61.7 0.86
FBT3A-04 61.2 243 176 8 69.8 0.868
FBT4A-05 72.6 283 193.3 114 75.2 0.864
FBT5A-09 90.2 365 186 72.8 549 0.861
FU7 42.7 208 124.7 8.5 523 0.87
Us2 5.5 64 41.5 149 125 0.973
US3 21.8 360 217.6 72 18.6 0.933
GB3 8 350 200 52 11.8 1.047
Dinky A83 12 170 - 31 13.6 1.083
FCF 8.1 161 93.1 26.7 185 1.073
KD 16.3 450 231.8 1346 139 1.113
JZ 129 158 73 153 2.6 0974
PO 8.9 306 1554 57 15.7 1.072
OB 16.1 477.6 255 83 20.8 1.042
JU 83 94 43.4 10.4 293 1.06
GM 20 469 242 66.9 10 1.047
NI 70.5 362 270 41.7 53 0.903
GC 50.7 297 221.6 36.6 41.5 0.916

belongs to a Tertiary paleo-deltaic network (Dubreuilh
et al., 1984). Postsedimentary evolution generated
gibbsite and ordered kaolinite in some parts of the
basin (Dubreuilh et al., 1984). Twenty-one samples
were selected from a study of the whole basin (Delineau
et al., 1992). Each sample is represented by three letters
indicating the name of the open-pit and a number in-
dicating its position. This general sampling was com-
plemented by a more restricted one (in the FBT open-
pit (Fontbouillant)), which allowed us to study in detail
very poorly crystallized kaolinites (FBT 2A to SA).
Data from chemical, thermal (gravimetric and dif-
ferential), X-ray diffraction, and microprobe analyses
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have been presented elsewhere (Yvon et al., 1982; De-
lineau ef al., 1992). They showed that the raw material
contains 80-95 wt. % of kaolinite, except the PDP2
sample, which contains only 50 wt. % of kaolinite only.
Major impurities are illite (less than 10 wt. %), quartz,
hematite and goethite, sulphides such as pyrite and
their weathering products, locally abundant gibbsite
(45 wt. % in sample PDP2), and traces of smectites
and interlayered clay minerals (Table 1). FBT Samples
are illite- and smectite-free and are characterized by
very disordered kaolinites with high specific surface
areas (35-75 m?/g). Only the fractions smaller than 40
um in diameter, obtained after sieving, were used for
this study.

Three other sedimentary reference kaolinites (Cases
et al., 1982) were also investigated: US2, US3 (Georgia
deposit, Huber Corporation), and FU7 (Charentes de-
posit, Argiles et Minéraux-AGS), sampled in the FBT
open-pit in 1973.

Soil kaolinites. Soil kaolinites were sampled in laterites
from Goyoum, East Cameroon. Weathering profiles
were developed on a gneissic basement under perma-
nently humid conditions and forest cover (Muller and
Bocquier, 1986, 1987; Muller, 1988; Muller and Calas,
1989; Braun et al., 1990). The selected samples rep-
resent a large range of degree of disorder (Muller and
Bocquier, 1987) and of Fe-content in different sites
(Muller and Calas, 1993). Apart from kaolinite, a 2M -
muscovite is the only other Fe-bearing phyllosilicate
found in these kaolins (Muller, 1988). The mineral-
ogical composition deduced from XRD diffractro-
grams on CDB treated samples, shows that PO, OB,
GM, JU, and JZ contain muscovite (25-30 wt. %),
kaolinite (50-55 wt. %) and quartz (20-25 wt. %),
whereas NI, GC and KD contain kaolinite (60-70 wt.
%), minor amounts of muscovite (<5 wt. %), and quartz
(20-30 wt. %). GC also contains small amounts of
gibbsite (<5 wt. %). NI and GC are poorly ordered
and exhibit high specific surface areas (Table 2).

Hydrothermal kaolinites. Three standard commercial
grade hydrothermal kaolins, were used in this study:
GB3 and Dinky A83 are well-ordered primary, granite-
hosted kaolinites from the Cornubian ore field of
southwest England (English China Clay, St. Austell,
Cornwall: Jackson et al., 1989). FCF is also granite-
hosted kaolinite; it comes from the Berrien ore of Brit-
tany (Société de la Cornouaille Francaise, Finistére,
France). Detailed mineralogical and chemical analyses
of these samples have been presented previously (Lié-
tard, 1977; Cases et al., 1982, 1986).

Fourier-transform infrared spectroscopy

IR spectra were obtained on a Bruker IFS 88 Fourier-
transform infrared (FTIR) spectrometer. Three differ-
ent detectors were used 10 optimize the spectrometer
in the spectral ranges 6004000 cm~! (mid-infrared,


https://doi.org/10.1346/CCMN.1994.0420309

Vol. 42, No. 3, 1994

MIR) and 4000-10,000 cm~! (near-infrared, NIR) in
both diffuse reflectance and transmission modes.

MIR-diffuse reflectance. The spectrometer was
equipped with a large band mercury-cadmium-tellu-
ride (MCT) detector cooled at 77 K. The diffuse re-
flectance attachment was manufactured by Harrick Sci-
entific Corporation. About 70 mg of air-dried sample
was mixed with 370 mg of ground KBr in order to
avoid signal saturation. The samples were packed
loosely into a sample cup (depth 3 mm, diameter 9
mm) to achieve a nearly random orientation. The sam-
ple area measured by the spectrometer was about 1 cm
by 0.5 mm. Two hundred scans at a resolution of 4 or
1 cm~! were averaged. The absorbance unit used cor-
responds to the decimal logarithm of the ratio:

reflectance of the pure finely powdered
KBr used as a reference

reflectance of the sample

The same unit was used for the NIR. The reference
spectrum of atmospheric water was always subtracted.
For comparison purposes, all spectra were normalized
by reference to the Si—O vibration band (1100 cm~!)
of kaolinite.

NIR-diffuse reflectance. The spectrometer was equipped
with a liquid nitrogen cooled Indium Antimony (InSb)
detector. Two hundred scans at a resolution of 4 cm—!
were signal averaged. Samples were analyzed without
any dilution in KBr. Most of the spectra were recorded
at room temperature, some under vaccum (10-2 Pa).
As absorption bands in the NIR region are Al or Fe
dependent, normalization of band intensities was im-
possible as far as Fe for Al substitution was concerned.
The intensity of the absorbance peaks was measured
from a tangentially drawn baseline.

Transmission spectroscopy. Because the Hinckley in-
dex does not estimate the types or abundances of var-
ious structural defects (the classical “crystallinity,”
Plangon et al., 1988), the structural order of the ka-
olinite samples was estimated from transmission spec-
troscopy data in the MIR domain. There is a quanti-
tative relation between the relative intensities of the
bands at 3669 and 3650 cm !, determined after base-
line correction, and the crystallographical order of ka-
olinite (Cases et al., 1982). A “disorder index” P, can
then be defined as the ratio of the apparent intensities
of these two bands which, according to previous ob-
servations on sedimentary kaolinites (Cases et al., 1982),
soil kaolinites (Muller and Bocquier, 1987), and hy-
drothermal kaolinites (Muller et al., 1990), increases
with increasing degree of order.

In the MIR domain, the spectrometer was equipped
with a deuterated triglycine sulphide (DTGS) detector,
and the spectral resolution was 1 cm~!. In the near
infrared (NIR), the InSb detector was used with a 4
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cm™~! spectral resolution. The pressed KBr pellet tech-
nique was used. A mixture of 2 or 20 mg of sample
(respectively, for MIR and NIR experiments) and 148
mg of KBr was gently stirred for about 1 min by a
pestle in a mortar without exerting any pressure that
could disorder the clay material. This mixture was
placed in a pellet die and pressed under vacuum at
15,000 kg total pressure. The resuylting pellet, 13 mm
in diameter and approximately 150 um in thickness,
was uniformly transparent to the eye. The values ob-
tained for the P, index, determined after DCB treat-
ment (see below), are reported in Table 2.

Electron paramagnetic resonance

EPR spectroscopy has been described in several re-
views (e.g., Calas, 1988). X-band (~9.2 GHz) EPR
spectra were registered using a CSE 109 Varian spec-
trometer. The experimental parameters were the fol-
lowing: 100 kHz modulation frequency, 3.2 G mod-
ulation amplitude, and a time constant of 0.125 s. A
40 mW microwave power was chosen because of the
absence of EPR signal saturation. EPR spectra were
recorded at room temperature and at 93 K using a
liquid nitrogen cooled cavity. The lower temperature
allowed a strong enhancement of the Fe** spectral in-
tensity with respect to the background spectra due to
residual superparamagnetic iron-oxides (Bonnin et a/.,
1982).

The observed EPR signals were labeled by their g
values, g.; being defined by the relation hy = g,8B,
where h is Planck’s constant; v is the resonance fre-
quency; g is the electronic “factor”, i.e., a tensor of
second rank with the eigenvalues g,,, g,,, g,,; B is the
field at which resonance occurs; and 3 is the Bohr mag-
neton. The g-values were calibrated by comparison
with a standard (DPPH: 1,1-diphenyl-2-picrylhydra-
zyl; gppen = 2.0037 £ 0.0002). The error in g-value
measurement was estimated to be +0.001. The accu-
racy on magnetic field values was AB = +1 G. A 4
mm diameter pure silica tube (Suprasil grade) was filled
at a constant height (15 mm) for each weighed sample
(about 40 mg). ‘

A strong perturbation arose from the presence of Fe
oxides, which are always associated with natural ka-
olinites. These oxides (occuring either as distinct phases
or coatings) are responsible for a broad resonance (AB
> 1000 G), which superimposes on the EPR signal of
structural Fe (Angel and Vincent, 1978, Bonnin et al.,
1982). Fe oxides have, thus, been eliminated using the
complexing DCB method (Mehra and Jackson, 1960)
carried out at 80°C. The total Fe contents measured
before and after the DCB treatment are listed in Table
1. It was verified, after Muller and Calas (1989), that
the DCB treatment does not influence the kaolinite
structure nor the shape and intensity of the spectra
corresponding to structural Fe. However, the Fe oxides
cannot be removed totally, particularly in soil samples
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Figure 1. Typical full range X-band EPR spectra (recorded

at room temperature, after deferrification treatment) of: a) a
poorly crystallized sedimentary kaolinite from Charentes,
France (FBT2A-02); and b) a well-crystallized hydrothermal
kaolinite from St Austell, England (GB3).

(Herbillon et al., 1976; Muller and Calas, 1989). Even
if its intensity is reduced at low temperature, a weak
broad isotropic resonance remains due to residual su-
perparamagnetic Fe oxide species (Muller and Calas,
1993). For most samples, spectroscopic analyses were
carried out before and after the deferration treatment.
EPR measurements listed on Table 2 refer to DCB
treated kaolins, except for reference kaolinites and lo-
cally sampled FBT kaolinites.

As the samples investigated had the same kind of
centers, EPR spectra presented a similar shape. There-
fore, the concentration of the paramagnetic centers
could be estimated by using a simplified procedure
(Calas, 1988). Since the experimental parameters are
held constant, the concentration of paramagnetic cen-
ters can be assumed to be proportional to S = AB?l/
ga-m, where AB is the linewidth peak-to-peak, I the
signal intensity, ga the gain, and m the sample weight.
This “peak ratio” procedure yielded an estimate, in
arbitrary units, of the relative concentration of ferric
iron in two distinct sites (Mestdagh ef al., 1980; Muller
et al., 1990; Muller and Calas, 1993).

Specific surface area measurements

The specific surface areas of the non deferrated sam-
ples were determined by the BET method using nitro-
gen as adsorbing gas. The data are reported in Table 2.

RESULTS AND DISCUSSION
EPR spectroscopy

Paramagnetic species encountered. Two overall X-band
EPR spectra of representative kaolin samples recorded
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at room temperature are presented in Figure 1. They
show most of the resonances that have been described
for natural kaolins (Jones er a/., 1974; Meads and Mal-
den, 1975; Hall, 1980; Muller and Calas, 1993).

A complex EPR signal arises, at low magnetic field
(g = 4 region) from Fe3+ in two distinct sites (Brindley
et al., 1986) referred to here as Fe(I) and Fe(Il) sites.
Although they both correspond to Fe?+ ions substituted
in the octahedral layer of kaolinite, they are distin-
guished by the type of site distortion: 1) Fe(I) sites
correspond to rhombically distorted sites and give rise
to a nearly isotropic signal centered at g = 4.3; and 2)
Fe(II) sites show a slight axial component and give rise
1o a superimposed anisotropic signal with g-values at
9, 4.9, 3.7, and 3.5. While the latter have been dem-
onstrated to arise from Fe3+* substituted for A3+ at the
two octahedral positions inside the XRD-coherent do-
mains (Gaite et al., 1993), the former are thought to
be located at the boundary of these domains (Muller
and Calas, 1993) and are connected with heterogene-
ities that destroy the regular pattern of the kaolinite
crystal (Mestdagh er al., 1980).

The resonances observed at high magnetic field (g =
2 region) represent an overlay of: 1) a broad resonance
(AB > 1000 G) due to superparamagnetic Fe oxyhy-
droxides (Fe(Ox) on Figure 1a); 2) a sharp, intense
signal due to positive holes trapped on oxygen atoms,
which have been demonstrated to be radiation-induced
defects (RID on Figure 1a) (Muller et a/.,, 1990), and
3) a weaker eight-line hyperfine structure that appears
for sedimentary kaolinites (Figure 1b) and that is due
to VO?2* ions trapped within kaolinite particles (Muller
and Calas, 1993).

The intensity of the different signals, thus the con-
centration of corresponding paramagnetic species, can
vary greatly from one sample to another. Particularly,
and as exemplified on Figure 1, the relative intensity
of signals due to structural Fe in Fe(I) and Fe(Il) sites
can exhibit a wide range of variation among the sam-
ples.

Variation of Fe** distribution in the kaolinite structure.
The concentrations of trivalent iron in Fe(I) and Fe(II)
sites, referred to here as [Fe(I)] and [Fe(II)], are listed
in Table 2. The relative error in area measurements
were evaluated to be 10% for [Fe(I)] and 10% to 20%
for {Fe(II)], depending on the resolution of the signal
of Fe(Il) (Allard et al., 1992). Figure 2 illustrates the
variations of [Fe(II)] as a function of [Fe(I)] for the
kaolinites from the three different environments. Fig-
ure 2a shows that [Fe(I)] and [Fe(II)] measured for
sedimentary kaolinites from the Charentes basin have
a similar ratio of [Fe(I)] to [Fe(IT)]. Samples are grouped
in two ways according to their origin: by structural
order and specific surface area. The ordered kaolinites
(high P, index) from the whole sedimentary basin with
a medium specific surface area (10 to 28 m?/g), present
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the highest amount of iron in Fe(II) sites. The highly
disordered kaolinites with high specific surface areas,
sampled mainly in the FBT site, are characterized by
the highest content of iron in Fe(l) sites (Table 2). The
observed relation between [Fe(I)] and [Fe(II)] confirms
the previous data of Allard et al. (1992). It suggests a
change in Fe partition during a post-sedimentation re-
crystallization process. By contrast, Figure 2b shows
that [Fe(I)] and [Fe(II)] for soil, hydrothermal, and oth-
er sedimentary kaolinites are almost independent.

Impurity effects on EPR spectra of structural iron.
Gibbsite, illite or muscovite, smectite, and chlorite,
i.e., the main Fe-bearing phyllosilicates present as im-
purities in the studied kaolinitic materials, can con-
tribute to the EPR spectra of structural Fe (Jones et
al., 1974; Kemp, 1973; Olivier et al., 1975; Hall, 1980).
This possibility was, therefore, evaluated. The gibbsite
contribution can be neglected because of the low con-
tent of gibbsite in most samples (<3 wt. %), or the
very low Fe content (lower than the detection limit) in
gibbsite from the most enriched samples (e.g., 45 wt.
% of gibbsite in PDP2), as shown by quantitative mi-
croprobe analysis (Delineau et a/., 1992). Illite or mus-
covite could contribute mainly to the Fe(I) signal and
secondarily to the Fe(II) signal. However, this contri-
bution is negligible for sedimentary and hydrothermal
kaolins because of their low content in 10 A-phases
(<10 wt. %). Furthermore, it has been shown that even
if the muscovite content can be as high as 20 to 30 wt.
% in lateritic soils, the presence of this impurity has a
weak influence on the EPR spectra of kaolinities (Mul-
ler, 1988). It only gives rise to a slight overestimation
of [Fe(IT)] determined by the peak ratio method. Since
smectite and chlorite abundances are near the limit of
detection by XRD, their influence on EPR spectra of
structural Fe can be considered as negligible.

The large resonance centered at g = 2, due to oc-
cluded superparamagnetic Fe oxyhydroxides that re-
sisted the deferration treatment, is partly superimposed
on the spectrum of structural Fe in kaolinite (Bonnin
et al., 1982). This resonance is largest for soil samples
(Muller and Calas, 1989). This could result in an un-
derevaluation of the area of the signal and, thus, of the
concentration in structural Fe (see Figure 1a: the signal
due to Fe-oxyhydroxides disminishes the absolute in-
tensity of the Fe(II) peak near 1900 Gauss). Further-
more, Fe(Il) content can be further underestimated,
particularly for the most disordered kaolinites (Muller
and Bocquier, 1987, and Figure 1b), because the in-
tensity of Fe(l) signal is greater than that of the Fe(Il)
signal. In order to evaluate the extent of possible un-
derestimation of the area of the Fe(Il) signal by the
peak ratio method, the previously mentioned S param-
eter was compared to the area of the only g = 9 com-
ponent, which is also related to [Fe(II)] (Meads and
Malden, 1975) but is weakly affected by the overlay of
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Figure 2. Plots of concentration, expressed in arbitrary units
(a. u.), of substituted-Fe*+ in Fe(I) and Fe(Il) sites: a) sedi-
mentary kaolinites from Charentes basin (full circles = from
the whole basin, excluding FBT local site; open circles and
open square = from the FBT local site); b) soil kaolinites
(open and full triangles) and standard hydrothermal and sed-
imentary kaolinites, except FU7 (full squares).

spectra from Fe(I) and residual oxyhydroxides. Figure
3 shows that these two areas are closely correlated (cor-
relation coefficient p = .992 for the purest samples:
sedimentary and hydrothermal kaolinites; and .986 for
soil kaolinites). This indicates that the error inherent
to the measurement of [Fe(II)] by the peak ratio meth-
od is low with respect to the total variation of the
content of structural Fe among the samples. Therefore,
this method can be considered as suitable for com-
paring the samples. For the samples GM, OB, PO, JZ,
and JU, the slight overestimation of [Fe(II)] measured
using the peak ratio method (Figure 3), in comparison
with sedimentary and reference kaolinites, is due, as
explained above, to the influence of muscovite. The
influence of overlay from Fe(I) and residual oxyhy-
droxides probably lead to an underestimation of [Fe(I)]
measured with peak ratio method for the samples GC
and NI. Figure 3 shows that the highest [Fe(II)] values
are obtained for soil samples KD, OB, and GM. The
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Figure 3. Plot of substituted Fe3* in Fe(Il) sites, expressed
in arbitrary units (a. u.), determined according to two pro-
cedures: 1) measurement according to the classical peak ratio
method (EPR signal in the g = 4 region: Muller ez al., 1990);
and 2) measurement of the area of the g = 9 resonance. Full
circles = sedimentary kaolinites from Charentes and reference
kaolinites. Open triangles = soil kaolinites. Concentration (in
arbitrary units) of occluded superparamagnetic oxyhydrox-
ides (Fe(Ox) on EPR signal) are indicated in brackets for the
soil samples.

relatively low amount of kaolinite in soil samples (in
comparison with sedimentary and hydrothermal ka-
olinites) indicates that the kaolinite of these samples
contains much more substituted Fe than kaolinites from
the two other environments.

Infrared reflectance spectroscopy

MIR spectra. Figure 4 presents the FTIR diffuse re-
flectance spectra, in the range 3400-3750 cm ™!, of rep-
resentative kaolinites containing variable amounts of
structural Fe (e.g., [Fe(I1)] increasing from 43 a. u. for
PDP3 to 456 a. u. for KD). Except for the Fe-poor
PDP3 kaolinite, an absorption band at 3598 cm ! is
systematically observed as a shoulder on the low wave-
number side of the OH-stretching vibration band. Fur-
thermore, expanded spectra (not shown) reveal that
this band broadens with increasing degrees of disorder
(i.e., P, index decreases, in Table 2). No band was
observed at 3535 cm~!, but some spectra (e.g., KD, in
Figure 4) exhibit a band at 3435 cm~! that was not
modified under vacuum at 10-2 Pa and disappeared
after heating at 300°C. This band was observed earlier
on synthetic kaolinites (Petit and Decarreau, 1990) and
natural disordered kaolinites (Kato et al,, 1977) but
has not been assigned.

Absorption bands in the 750-1200 cm~! region for
some of the kaolinites are presented in Figure 5. A
shoulder at 875 cm™! is systematically present. An-
other small shoulder at about 830 cm~! is also present
in the samples containing more than about 5 wt. % of
illite or muscovite impurities (samples GM and GB3
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Figure 4. Diffuse reflectance IR spectra in the 3400-3750
cm~! region for selected samples containing variable amounts

of substituted Fe?+ in Fe(Il) sites ([Fe(Il)], expressed in ar-
bitrary units (a. u.).

3400

in Figure 5). This band is likely due to the OH defor-
mation mode of the Mg~OH-Al bond in micas (Fripiat
and van Olphen, 1979).

It must be pointed out that most spectra obtained
in transmission also exhibit the two shoulders near
3600 and 875 cm~! present in diffuse reflectance spec-
tra. However, because of their lower intensity, they are
most apparent only for kaolinites containing the high-
est amount of structural Fe, i.¢., the soil kaolinities and
some sedimentary kaolinities. The higher sensitivity
of diffuse reflectance (associated with a high resolution
power: 1 cm~1) is clearly demonstrated by considering
the GB3 spectra. Although the band at 3598 cm~! was
not observed in spectra obtained in the transmission
mode (Petit and Decarreau, 1990), it is clearly present
in diffuse reflectance spectrum (Figure 4).

The presence of absorption bands at 3598 and 875
cm~! in each of the natural kaolinites studied (except
PDP3) and the parallel increase of their intensity with
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Figure 5. Diffuse reflectance IR spectra in the 700-1200
cm ™! region for selected samples containing variable amounts
of substituted Fe3+ in Fe(ll) sites. The band at 830 cm™! is
only observed for samples containing more than 5% of mus-
covite or illite impurity (25% in GM soil sample; 10% in
GB3).

the content of structural Fe in the Fe(Il) site seems to
confirm the assignment of these two bands to Al-
Fe**OH vibrations. However, because of their weak
intensity and their position, a quantitative appraisal
cannot be achieved.

NIR spectra. Major NIR spectral features of silicate
minerals are located in the 4000-5500 cm~! and 6500-
7500 cm~! domains (Hunt and Salisbury, 1970; Hunt,
1977). The observed signals correspond to the first
harmonic of OH stretching fundamental vibration
modes, to combinations of stretching and deformation
fundamental modes in X-OH groups (X = Al, Mg, or
Fe mainly), or to combinations of OH stretching fun-
damental modes with lattice vibrations.

Diffuse reflectance spectra of the selected kaolinites
in the 4000-5500 cm—! domain are presented on Figure
6. The major band at 4528 cm~! and the associated
one at 4620 cm~! can be assigned by reference to spec-
tra presented previously (Hunt and Salisbury, 1970;
Hunt, 1977). They correspond to the combination of
OH stretching and deformation modes of Al-OH-Al
groups. The weaker band near 4730 cm~' is likely due
to a combination of the internal OH elongation (3620
cm~!) with lattice vibration (Si—O stretching near 1110
cm™1!), The three little bands between 4100 and 4300
cm™! are probably combinations of OH stretching bands
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Figure 6. Diffuse reflectance NIR spectra in the 4000-5500
cm™! region of the samples presented in Figure 4.
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of kaolinite with lattice deformation vibrations. A di-
agnostic band of adsorbed water, close to 5263 cm™!
(Hunt, 1977), is only observed in spectra recorded at
ambient atmosphere, and it disappears under vacuum
(not shown).

An additional band at 4465 cm—! was systematically
observed for all the natural kaolinites. The intensity of
this band increases with that of the bands at 3598 and
875 cm~! (Figures 4 and 5, respectively). This band at
4465 cm~! has never been mentioned in the literature
and can logically be assigned to the combination of the
3598 and 875 cm~! bands observed in the medium-
infrared spectra. For the more ordered samples (US2,
PDP3, LAPI, DinkyA83, GB3, and JU), the absorp-
tion band at 4465 cm~! appears to be composed of
two bands near 4467 and 4458 cm~! (for example,
sample US2 on Figure 7e). By analogy with AFOH~
Al vibrations, this could be due to a distinction between
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Figure 7. Expanded version of the absorption band at 4465
cm- ' for selected samples: a) soil sample (OB) containing 25%
of muscovite; b) Georgia sedimentary kaolinite (US3) without
illite and gibbsite impurities; ¢) soil sample (PO) containing
25% of muscovite; d) Highly disordered Charentes sedimen-
tary kaolinite (without illite) (FU7); €) US2 kaolinite after
heating at 300°C for 2 h; and f) Low-iron and gibbsite-con-
taining (0.22 wt. % Fe,O,; 1.5 wt. % gibbsite) Georgia sedi-
mentary kaolinite (US2). ----- = baseline for sample e.

internal and external OH (Ledoux and White, 1962)
of the elementary sheet of kaolinite,

Diffuse reflectance spectra in the 6500 to 7500 cm~!
domain are presented on Figure 8. The major band at
7070 cm~' and the associated one with lower intensity
at 7172 cm~! can be also assigned by reference to spec-
tra presented by Hunt and Salisbury (1970) and Hunt
(1977). They correspond to the first harmonics of OH
elongation fundamental modes of AI-OH~AI groups.
Again, the only difference with spectra presented in the
literature is the presence of a weak band centered near
7025 ¢cm™!, which appears as a shoulder on the major
band at 7070 cm~!. This band, which does not dis-
appear under vacuum, likely corresponds to the first
harmonic of the 3598 cm~! band. Furthermore the
intensity increase of the band at 7025 cm~! also par-
allels that of the bands at 3598 and 875 cm~!, 1.e., it
is not observed for PDP3, while it is the most intense
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Figure 8. Diffuse reflectance NIR spectra in the 5500-7500

cm~! region of the samples presented in Figures 4 and 6.

for KD. This confirms the assignment of this band. As
observed for MIR spectra, the bands at 4465 cm~! and
7025 cm~! are also present in most of the spectra re-
corded through the transmission mode, but they are
markedly less intense.

Area of the band at 4465 cm~!

Four absorption bands in the diffuse refliectance spec-
tra, located at 875, 3598, 4465, and 7025 cm~}, seem
related to the presence of trivalent Fe within the ka-
olinite structure. The band at 4465 cm™! is best re-
solved in the FTIR spectra, is always the most intense,
and appears even for the Fe-poor kaolinites (e.g., PDP3,
in Table 2 and Figure 6). It, thus, seems to be the most
convenient for establishing a quantitative relationship
between FTIR measurements and Fe content of the
two substitution sites measured by EPR. As shown in
Figure 7, the area can be easily determined by planim-
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etry of expanded spectra, a straight line joining the
minima near 4445 and 4480 cm~! approximating the
baseline (example in Figure 7¢). However, it must be
pointed out that the 4528 cm~! major band slightly
overlaps the 4465 cm~! band on its high wavenumber
side (Figures 6 and 7a-7e). This overlapping increases
with 1) increasing structural Fe content (increase of the
intensity of the 4465 cm~! band relatively to that of
the 4528 cm~! band); and 2) with structural disorder
(broadening of the 4528 cm~! band; see sample FBT4
in Figure 6). This could result in an underestimation
of the area of the 4465 cm~! band. However, in the
present case, as significant variations of Fe substitution
are considered, this calculation method seems to be
precise enough. A possible underestimation of the area
due to the presence of impurities or to the small size
of the kaolinite particles must also be taken into ac-
count.

Impurity effects. The IR spectrum of gibbsite presents
a strong absorption band near 4400 cm~! due to the
combination of deformation and stretching OH bands.
It is noticeable even for gibbsite contents as low as 1—
2% (Figure 7f, gibbsite content in sample US2 = 1.5
wt. %). However, Figure 7¢ shows that the area of the
4465 cm™! band due to kaolinite can be determined
by heating the samples at 300°C for 2 h. This treatment
transforms gibbsite while kaolinite remains stable.
Therefore, all the gibbsite containing samples (LAP1,
PDP1, PDP2, PDP3, US2, and GC) were submitted
to this pretreatment before measuring the area of the
4465 cm~! band. The loss of mass occuring during this
calcination was measured for a better comparison with
EPR data. Except for the PDP2 sample, the mass loss
had no influence.

Another impurity effect could be due to muscovite
or illite, the IR spectrum of which is characterized by
a large and broad absorption band near 4540 cm™!
(Hunt, 1977). This could then provoke a broadening
of the 4528 cm~! band and then influence the 4465
cm~! band on its high wavenumber side. However, the
4465 cm~! band of the sample PO (25 wt. % muscovite)
does not appear to be perturbed by comparison with
samples US3 or US2 (no muscovite or illite) (Figures
7c, b, e, respectively). The influence of muscovite on
the 4465 cm~! band can then be neglected.

Particle size effect. The particle size of a sample sig-
nificantly affects its reflectance spectrum. Coarse sam-
ples commonly exhibit more pronounced absorption
bands than fine-grained ones (Crowley and Vergo,
1988). For low-absorbing monodisperse spherical par-
ticles, the empirical relation between the reflectance
(R) at a given wave number and the diameter of the
particles can be written as follows (Simmons, 1971);

R = exp(—2-n-(k-D/3)1/2) )]
where R is the ratio of the intensity reflected by the
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Figure 9. Semi-log plot of substituted Fe** in site II {Fe(II)]
vs. area of the 4465 cm~! diffuse reflectance NIR absorption
band, expressed in arbitrary units (a. u.). Full circles = sed-
imentary kaolinites with low specific area. Full squares =
hydrothermal kaolinites. Open circles = kaolinites with high
specific surface area (Charentes FBT local site, and two soil
samples NI and GC), with a size correction factor applied for
these samples (see text). Open and full triangles = other soil
kaolinites.

particles to that reflected by a perfect diffuser, n is the
refractive index of the material studied, k the absorp-
tion coeflicient defined according to the Beer—Lambert
law, and D the diameter of the particles. When the
spectra are presented in apparent absorbance units [(abs)
= —log R], R varies from O to 1. Eq. 1 then reveals
that (abs) decreases when D decreases. Thus, fora given
content of structural Fe, the smaller the kaolinite par-
ticle size, or the higher the specific surface area, the
lower the absorbance. Eq. 1 can also be written as:

(abs) = constant-\/D (@)

In order to estimate the influence of the specific sur-
face area, the ratio of specific surface areas measured
for two kaolinite samples was considered as equal to
the inverse ratio of the diameter of the average parti-
cles. The size effect for particles with high surface area
can be taken into account by reference to that of ka-
olinites was a mean surface area of 18 m2/g. The area
of the IR band can then be multiplied by (\/s/18) where
s is the specific surface area of the sample. For the
highest surface area observed (s = 75 m?/g), the max-
imum multiplication factor can reach \/75/18 = 2.

Figures 9 and 10 show the results obtained by ap-
plying this correcting factor to the area of the 4465
cm™ ! band for kaolinites with high specific surface area.
Table 2 shows the uncorrected data.

FTIR vs. EPR measurements

For most of the investigated kaolinites (full symbols
on Figure 9), a general linear correlation, independent
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Figure 10. Semi-log plot of substituted Fe** in site I [Fe(I)]
vs. area of the 4465 cm~! diffuse reflectance NIR absorption
band, expressed in arbitrary units (a. u.). Full circles = sed-
imentary kaolinites with low specific area. Full squares =
hydrothermal kaolinites. Open circles = kaolinites with high
specific surface area (Charentes FBT local site, and two soil
samples NI and GC), with a size correction factor applied for
these samples (see text). Full triangles = other soil kaolinites.

of the origin of kaolinites, is found between the loga-
rithm of the area of the 4465 cm~! NIR absorption
band and the content of Fe*+ ions in site IT ([Fe(ID)]).
The results can be expressed according to the following
empirical equation:

log(“‘area 4465 cm~'"") = 0.00287 - [Fe(II)]

+ 0.888 3)

The correlation coefficient p is equal to .968. The line
drawn in Figure 9 corresponds to this equation. This
relation was not so apparent for two sets of samples:
the sedimentary and soil kaolinites with high specific
surface area (35 to 75 m?/g) (open circles); and the two
soil kaolinites with the highest [Fe(II)] values (GM and
OB). For the first set, particle size effects lead to an
underestimation of the area of the 4465 cm~' band.
The correction factor applied (see above) really gives
better results (see uncorrected data in Table 2), but
seems not to be strong enough for some of these sam-
ples. Furthermore, as these kaolinites are very badly
ordered, as mentioned above, the calculation of the
area the 4465 cm~! band is more uncertain. The major
4528 cm™! strongly broadens and overlaps the high
wavenumber side of the 4465 cm~! band. For the sec-
ond set, corresponding to the most Fe-substituted ka-
olinites (GM and OB), the area of the 4465 cm~! band
is clearly underestimated because of the influence of
the 4528 cm~! band (Figure 7a). In this case, better
results would probably be obtained through a numer-
ical decomposition of the IR spectra. It can thus be
inferred that the 4465 and, therefore, the 3600 and 875
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cm~! bands correspond to diluted octahedral Fe?+ in
the kaolinite structure.

The plot representing the variations in the area of
the 4465 cm~! band as a function of the concentration
of Fe** ions in site I ([Fe(I)]) shows significant contrasts
between different sets of samples (Figure 10). One set
is composed of sedimentary kaolinites with specific
surface area <35 m?/g for which IR and EPR data are
related. A second set includes samples with high spe-
cific area (>35 m?/g) (sedimentary kaolins from FBT
open pit and soil samples NI and GC) for which the
area of the 4465 cm~! band remains weak whatever
the Fe(I) content. A third set is composed of hydro-
thermal kaolinites and other soil kaolinites for which
no systematic relationship was observed. The relation
observed for the first set (mainly sedimentary kaolin-
ites from Charentes with medium specific surface area)
is due to the fact that for these samples the ratio of
[Fe(D)] to [Fe(II)] is constant (as shown above in Figure
2). In the second set of samples (kaolinites with high
specific surface areas), a significant increase of the 4465
cm™! band area is observed only for the highest Fe(I)
contents. Particle size effects cannot be invoked for
these samples as the multiplication of the area of the
4465 cm~! band by 2 would lead to a poorer correlation
than that obtained with [Fe(II)] in Figure 9.

It can thus be inferred that, for most kaolinites, the
four absorption bands observed on the diffuse reflec-
tance spectra and located at 875, 3598, 4465, and 7025
cm™}, are mainly due to Fe3*+ substituted for A3+ at
the two octahedral positions inside the XRD-coherent
domains (Fe** in site IT). The influence of Fe** ions
in site I would be negligible, except for some very poor-
ly ordered kaolinites which are characterized by a rel-
atively high amount of Fe(l).

CONCLUSIONS

Major conclusions can be derived from this system-
atic comparative study of reflectance FTIR and EPR
specra carried out on a large set of kaolins from dif-
ferent origins (sedimentary, soil and hydrothermal) with
varying structural order and Fe content.

1) Comparisons of data obtained by means of diffuse
reflectance FTIR and EPR spectroscopies provide
new insight into the way structural Fe influences
the IR spectra of natural kaolinites. Four absorption
bands, located at 875, 3598, 4465, and 7025 cm~},
are due to the presence of Fe within the crystal
structure of kaolinite. This study clearly confirms
the assignment of the two first bands to AlFe’**OH
vibrations. Diffuse reflectance IR spectroscopy is a
consistent tool for detecting low contents of sub-
stituted-Fe®+ and the sensitivity limit is probably
as low as 0.2% taking into account the fact that
natural kaolinites always contain both structural Fe
and occluded superparamagnetic Fe-oxides. The two
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bands at 4465 cm—' and 7025 cm~! were described
for the first time. They were observed on FTIR
reflectance spectra for all the samples and are at-
tributed to the combination of the bands at 3598
and 875 cm~! and to the first harmonic of the band
at 3598 cm~!, respectively.
The area of the band at 4465 cm~! quantitatively
correlates with the area of EPR signals due to Fe?+
substituted for AI** at the two octahedral positions
inside the XRD-coherent domains (Fe3+ in site II).
The influence of Fe3+ ions in site I, i.e., probably
at the periphery of the crystalline domains, would
then be negligible.
FTIR reflectance spectrometry in the NIR domain
appears to be a very simple and powerful tool for the
quantitative comparison of Fe3+ substituted in kaolin-
ite. The method is, however, more difficult to imple-
ment in the case of kaolinites with high contents of
phyllosilicates impurities or with surface areas higher
than 30 m?/g. The use of spectral reflectance measure-
ments in the near-infrared (NIR) wavelength domain
minimizes two significant problems associated with
MIR transmission measurements of clay minerals: 1)
reflectance-IR measurements can usually be carried out
without grinding the samples (indeed, extensive grind-
ing associated with the preparation of extremely fine
materials for dispersion in KBr pellets can affect clay
minerals); and 2) The amount of sample analyzed in
the reflectance-IR mode is much higher than in the
transmission mode, reducing the doubts regarding the
representative nature of the sample. Reflectance spec-
troscopy is a sensitive diagnostic tool for environmen-
tal geochemistry, as structural Fe is a witness of the
growth conditions of kaolinite (Cases et al., 1986; Mul-
ler and Calas, 1993).

2)
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