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Ahstract-A reservoir rock is a porous geological formation in contact with 2 liquids, brine and oil. An 
improved knowledge of rock wettability is of primary importance to estimate the amount of crude oil in 
underground resources. The petroleum industries have observed that wettability contrasts in sedimentary 
reservoir rocks are largely correlated to the presence of clays, illite and/or kaolinite in the rocks' inter
granular space. 

More precisely, the grain surfaces of illite show a preference for brine. Kaolinite preferentially adsorbs 
oil, which imparts its hydrophobic characteristics to the mineral surface. Using X-ray absorption spec
troscopy (XAS) and Fourier transform infrared (FTIR) spectroscopy, we studied the adsorption process 
of asphaltenes in the presence of water at the microscopic leveL We demonstrate experimentally that the 
wettability contrasts observed in kaolinite and illite are related to structural differences between these 2 
clays, and we show the role of the grain surface hydroxy Is. With clay materials, the purity of the samples 
is the most important limitation of the quantitative use of extended X-ray absorption fine structure (EX
AFS). 
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INTRODUCTION 

The petroleum crisis led to a significant research 
effort in the development of new methods for oil re
covery from fields. On the average, 5 to 25% of the 
total oil in place in an underground reservoir can be 
recovered by natural depletion, whereas 10 to 20% 
more oil may be extracted by water flooding or gas 
injection. The remaining fraction, the target of the new 
methods, is mainly associated with petroleum com
ponents adsorbed onto rocks. In this context, under
standing the rock wettability mechanism is of primary 
importance in estimating the amount of crude oil in 
underground resources (Cuiec 1991). Wettability con
trols the localization and displacement of fluids at the 
level of the rock pores (Yariv 1992). It can be defined 
as the preference for a solid surface to be wetted by a 
fluid in presence of other immiscible fluids: in this 
case, brine and oiL Initially, underground reservoir 
rocks were believed to be a preferentially water-wet 
medium. On the average, 5 to 30% of the total oil in 
place in a water-wet medium can be recovered by nat
ural depletion. Nutting has shown that some reservoir 
rocks are oil-wet (Nutting 1934). In this case, it is 
more difficult to recover the trapped oiL Statistical 
studies have shown that reservoirs that are preferen
tially oil-wet or of intermediate wettability, spontane
ously imbibing both water and oil, are far more nu
merous that initially believed (Cuiec 1991). 

Cryo-scanning electron microscopy studies (Fassi
Fihri 1991) on sandstone reservoir rocks of interme
diate wettability have displayed heterogeneous wetta-
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bility at pore scale, associated with the nature of the 
minerals of the pore network. Fluid trapping has been 
shown to be largely correlated to the presence of clays 
in the intergranular space. Clays found in the oil fields 
are mainly illites and kaolinites (Czamecka and Gillott 
1980). It is now well established (Fassi-Fihri 1991; 
Jerauld and Rathmell 1994) that, in oil-saturated sand
stones, kaolinites are preferentially wetted by oil while 
illites and other minerals are essentially wetted by wa
ter. Numerous studies have been performed at the mac
roscopic level to characterize the thermodynamic pa
rameters of the clay surface related to the adsorption 
process (Van Oss 1992, 1993; Yan and Masliyah 
1994). They showed that the process affects only the 
surface of the grains. The adsorption onto clay parti
cles does not involve chemical reactions, and it is 
therefore regarded as a physisorption process. More 
precisely, the wettability properties are believed to be 
related to the presence of asphaltenes, which are one 
part of the heavy components of crude oil (Clementz 
1976). 

However, few characterizations of the adsorption 
phenomenon at the microscopic level and from the 
clay side have been reported. The aim of this work 
was to identify the physicochemical factors responsi
ble for the hydrophilic-hydrophobic character of illite 
and kaolinite in reservoir rocks; more precisely, to de
termine whether the wettability contrasts of clays have 
intrinsic causes, inherent to their crystalline structures 
and chemical compositions. The structures of the ka
olinite and the illite phases are largely described in 
Ledoux and White (1964) and Yariv (1992). So, as the 
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grain surfaces of illite and kaolinite are different, we 
sought to know whether these differences were suffi
cient to explain the behavior of clays toward oil in the 
presence of water. 

Hydroxyl groups are largely present at the surface 
of the kaolinite where the surface of the octahedral 
sheet, which forms 1 of the 2 basal planes, is formed 
by hydroxyl groups bonded to AI. The TOT structure 
of the illite indicates that OH groups are not present 
on the basal plane surfaces. The OH are present at the 
broken edges of the grains (Ledoux and White 1964) 
for illite and kaolinite. Infrared spectroscopy has been 
extensively used to investigate intercalation of polar 
organic compounds in phyllosilicates' interlayer spac
ing. More precisely, hydroxyl stretching vibrations 
have been shown to be very sensitive to the presence 
of guest species in the interlayer region (Barrios et al. 
1977; Raupach et al. 1987; Sugahara et al. 1988, 1990; 
Heller-Kallai et aI. 1991; Tunney and Detellier 1994). 
To characterize the sensitivity of the OH grain surface 
to the adsorption process, we studied the hydroxyl 
stretching vibration region of illite and kaolinite (3550 
to 3750 cm- 1) by FfIR. 

An XAS investigation was undertaken to follow the 
adsorption process at the local scale. The advantage of 
this technique is that it is element-selective and sen
sitive to the local environment up to 4.5 A of the cho
sen absorbing atom. Henderson (1995) showed that 
numerous earth scientists have taken full advantage of 
its unique properties. Chisholm-Brause, Hayes et al. 
(1990) and Chisholm-Brause, O'Day et aI. (1990) per
formed XAS studies of wet samples to determine the 
structure of metal complexes adsorbed onto mineral 
surfaces. Since the Al and Si sites in clays are able to 
contract chemical interactions with the asphaltenes of 
the oil, the local environments around Al and Si atoms 
in both illite and kaolinite have been investigated by 
EXAFS and X-ray absorption near edge structure 
(XANES). The 2 clays have been studied before and 
after contact with asphaltenes. To our knowledge, this 
work is the first XAS characterization of clay samples 
wetted by organic compounds. 

MATERIALS 

The samples considered are kaolinite (Plcemeur, 
France) and illite (Szabadsag, Hungary). They are hy
drothermal, neoformed and well-crystallized. The 
samples were prepared at the Centre de Recherches 
sur la Physico-Chimie des Surfaces Solides de Mul
house, France. The natural material was first purified 
and exchanged with Na+ by the addition of the appro
priate chloride salt (Robert et aI. 1974) and grains 
smaller than 2 11m in diameter were then recovered by 
sedimentation. The mean structural composition for
mulas, the origins of the samples and the preparation 
method are described in Saada et aI. (1995). 

Asphaltenes used for the adsorption process were 
extracted from heavy Arabi~ crude oil from Safaniya, 
Saudi Arabia, and were supplied by the ELF-IFP-Total 
bank of samples. Their compositions and characteris
tics are also given by Saada et aI. (1995). The wetting 
procedure followed that of Siffert et al. (1992) so that 
2.4 mg/m2 were adsorbed onto the surface of kaolinite 
and 1.4 mg/m2 were adsorbed onto the surface of illite. 
The contact was made in presence of water to mimic 
the competition of the 2 fluids at the surface of the 
clays. 

The crystallographic nature of the minerals was 
checked by X-ray diffraction (XRD) and differential 
thermal analysis. The results show that small quanti
ties of mica and quartz are present in the kaolinite 
sample, and small quantities of quartz and beidellite 
in the illite. However, it is impossible to evaluate pre
cisely the percentage of impurities. The diffraction 
patterns indicate that no modification of the grain 
structure or of the stacking sequence of the layers is 
induced by the adsorption of asphaltenes. 

EXPERIMENTAL METHODS 

Fourier Transform Infrared Spectroscopy 

Infrared spectra were collected using a Bruker 
IFS66 FfIR spectrophotometer equipped with a deu
terated triglycine sulphide (DTGS) detector in the mid
dle infrared domain ranging from 4000 to 400 cm -1. 

Fifty scans were recorded for each spectrum with a 
spectral resolution of 2 cm- 1 in the transmission mode. 
KBr pellets were made to obtain an isotropic distri
bution of the grains in the samples. A mixture of 1.2 
mg of clay and 300 mg of KBr was gently stirred for 
approximately 2 min without exerting any pressure 
that could induce preferential grain orientations. The 
resulting mixture was then pressed under 5 t to form 
a pellet die. The reproducibility of the results was 
checked with 20 samples for each compound. 

X-ray Absorption Spectroscopy 

AI- and Si-K edge XAS experiments were carried 
out on the SA32 beam line installed at the Super-ACO 
storage ring of LURE (Orsay, France) running at 0.8 
Ge V and 200 rnA. A toroidal mirror in the beamline 
focuses the beam into a rectangle 200 11m horizontal 
by 500 11m vertical, very close to that o.! the source. 
The XAS experiments used a-quartz (1010) and SbIn 
double crystal monochromators for AI- (1559 eV) and 
Si-K edge (1839 eV) measurements. The energy res
olution has been estimated as approximately 0.5 e V at 
the AI-K edge (Ildefonse et aI. 1994) and 0.7 eV at 
the Si-K edge (Laffon 1990). The samples were placed 
in a chamber at a pressure of 10-6 torr. Data were 
collected in the total electron yield mode by recording 
the drain current of the sample (typically a few pi
coamperes). This detection mode increases the sensi-
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Figure 1. IR transmission spectra of Plremeur kaolinite and 
illite from Hungary before and after contact with asphaltenes 
in the OH stretching region, 

tivity to the surface of the samples, compared to trans
mission mode detection, which is bulk sensitive, The 
clays were directly pressed on indium films deposited 
on a copper sheet used as a support, All the spectra 
were collected with the samples perpendicular to the 
beam path, 

The Si-K XANES spectra were collected over a 
photon energy range of 1830 to 1910 eV. The AI-K 
XANES spectra were recorded from 1560 to 1600 eV 
(0.2 eV stepl2 s per point). 

The XANES spectra were linearly background fitted 
to give a flat pre-edge region, and the intensities were 
normalized at the end of the spectra 60 e V above the 
edges. 

The Si-K edge EXAFS spectra were collected be
tween 1780 and 2500 eV, 1 eV stepl2 s per point. 
Recording of EXAFS data is more challenging at the 
AI-K edge. During the energy scan, the Bragg angle 
of the crystals varies over at least 20° and the align
ment of the crystals must be maintained throughout 
the scan. Furthermore, the AI-K edge spectra can only 
be recorded over a limited photon energy range of 
1530 to 1830 eV (1 eV stepllO s per point) due to the 
presence of silicon (K edge at 1845 eV) both in the 
monochromator crystals and in the clay sample. The 
energy range available is thus very small compared to 
standard EXAFS measurements, which are often made 
over several hundred e V, up to 1000 e V past the edge. 
The extraction of structural parameters is difficult and 
the data treatment must be carefully performed; thus, 
there are relatively few EXAFS studies of the Al en
vironment for these materials (McKeown et al. 1985; 
Landron et aI. 1992; Roberts et aI. 1993; Kamijo et aI. 

1994; Koningsberger and Miller 1994; Bantignies et 
al. 1995). 

The EXAFS data were treated following the clas
sical procedure (Teo 1986) using the programs written 
by Michalowicz (1991). The moduli and imaginary 
parts of the Fourier transforms that give a direct rep
resentation of the radial distribution of the absorber 
element neighborhood are shown. Examination of the 
imaginary part, due to phase information, is charac
teristic of the types of atoms that make up a given 
shell due to the linearity of the phase combination of 
the different atoms (Koningsberger and Prins 1987). 

RESULTS 

Infrared Spectroscopy 

The spectral range corresponding to the AI-OH de
formation modes, the Si-O modes and the AI-O 
stretching modes (1500-300 cm- I ) has been presented 
and discussed for kaolinite in Bantignies et al. (1995). 
For illite, the band attribution is more complicated and 
this part of the spectrum will not be discussed here. 

Transmission IR spectra of the 0-H stretching re
gion of kaolinite and illite before and after cOntact 
with asphaltenes are shown in Figure 1. For kaolinite, 
4 distinct OH stretching (v(O-H» modes have been 
identified. The band at 3622 cm- l is assigned to the 
inner OH stretching vibrational mode. The bands at 
3655 and 3670 cm- l are assigned to the inner-surface 
OH groups located on the sl\l'face of the octahedral 
sheet sandwiched between 2 layers. The ba.ud at 3700 
cm- l reflects several OH stretching contributions, the 
inner surface OH groups and the "outer hydroxyls" 
that refer to the OH groups at the surface of the micro 
crystals, including hydroxyl groups at the broken edg
es (Ledoux and White 1964). The positions and inten
sities of the v(O-H) bands are in agreement with pre
viously published spectra for other kaolinites (Farmer 
1974; Johnston et aI. 1985; Brindley et al. 1986; Prost 
et al. 1989). The relative intensities of these bands 
show that the crystallinity of our sample is high (John
ston et al. 1990). 

For illite, a broad peak centered at 3630 cm- l is 
observed. This is mainly due to the structural inner 
OH stretching modes of the octahedral sheet of the 
layer (Oinuma and Hayashi 1965). 

The XRD measurements of the 2 clays have shown 
that there is no modification of the cell parameters 
induced by asphaltene adsorption. For kaolinite, we 
can assume that the position, bandwidth and intensity 
of the intrasheet OH band at 3622 cm- I is not affected 
by the adsorption process. The normalization of the 2 
spectra has been consequently made on this peak as a 
reference. The adsorption process does not affect the 
inner-surface OH bands at 3655 cm- I and 3670 cm- l . 

However, the outer-surface OH band at 3700 cm- l is 
affected. We observe a small but significant decrease 
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that refer to the OH groups at the surface of the micro 
crystals, including hydroxyl groups at the broken edg
es (Ledoux and White 1964). The positions and inten
sities of the v(O-H) bands are in agreement with pre
viously published spectra for other kaolinites (Farmer 
1974; Johnston et aI. 1985; Brindley et al. 1986; Prost 
et al. 1989). The relative intensities of these bands 
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layer (Oinuma and Hayashi 1965). 
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that there is no modification of the cell parameters 
induced by asphaltene adsorption. For kaolinite, we 
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of the intrasheet OH band at 3622 cm- I is not affected 
by the adsorption process. The normalization of the 2 
spectra has been consequently made on this peak as a 
reference. The adsorption process does not affect the 
inner-surface OH bands at 3655 cm- I and 3670 cm- l . 

However, the outer-surface OH band at 3700 cm- l is 
affected. We observe a small but significant decrease 
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Figure 2. AI-K edge XANES spectra for Plcemeur kaolinite 
and illite from Hungary before and after contact with as
phaitenes. 

of the intensity. Two types of OH groups contribute to 
this peak: 1) those that give vibrations from interlayer 
hydroxyls; and 2) those vibrating at the surface of the 
grains. Since contact with asphaltenes does not modify 
the stacking of the layer, it is therefore thought that 
only hydroxyl groups belonging to the surface are af
fected by the phenomenon. Thus, the evolution of the 
band at 3700 cm- 1 can be attributed to modifications 
occurring to the OR located at the surface of the grain, 
due to the presence of adsorbed asphaltenes. This ob
servation is in line with Ledoux and White (1964), 
where the band at 3700 cm- 1 has been shown to be 
very sensitive to the interactions with molecules like 
potassium acetate. 

For illite, asphaltene adsorption does not affect the 
OR stretching broad band. Due to the TOT structure 
of this material, the number of hydroxyls at the surface 
of the grains is much lower than for kaolinite because 
only the OR at the grains' broken edges can be con
sidered. The major part of the signal is thus coming 
from the OR intrasheet vibrators, which are not af
fected by the adsorption process. 

We have shown that, for kaolinite, the adsorption of 
asphaltenes induces a modification of the OR vibra
tions. The small amplitude of the variations confirms 
that the interactions between asphaltenes and clays are 
weak, probably van der Waals forces. 

For the illite sample, no evolution of the OR stretch
ing region with the asphaltene adsorption can be ob
served. 

Proceeding further with these IR results, we per
formed an XAS study to characterize the Al and Si 

environments and to follow their evolutions after con
tact with the asphaltenes. 

X-ray Absorption Spectroscopy 

A1-K EDGE XANES RESULTS. The XANES method is a 
direct probe of the local environment of the absorbing 
atom. Spectral features arise from both single and mul
tiple scattering processes of the photoelectron with at
oms surrounding the absorber; these processes involve 
multiple scattering centers often extending beyond the 
first coordination shell. Due to the low kinetic energy 
of the photoelectron in the XANES region, multiple
scattering contributions are very important, making 
this part of the spectrum particularly sensitive to the 
local geometrical arrangement of first and more distant 
neighbors around the absorber (interatomic distances, 
site symmetry, bond angles). Therefore, XANES can 
furnish direct information about the crystallographic 
site occupied by the selected atom. 

In Figure 2, the XANES AI-K edge spectra of ka
olinite and illite are reported before and after contact 
with asphaltenes. Kaolinite spectra present 4 typical 
features at 1566 eV (A), 1568.5 eV (B), 1571.2 eV 
(C) and 1574 eV (D). These features are characteristic 
of the AI-K edge XANES of oxide and alumino silicate 
minerals (McKeown et al. 1985; McKeown 1989; 11-
defonse et al. 1994; Cabaret et al. 1996) where Al has 
a coordination number of 6 (AIVI). These features have 
been interpreted in· terms of multiple scattering effects 
up to 14 A around the Al atoms, reflecting the sensi
tivity of XANES to the medium-range order (Cabaret 
et al. 1996). The relative intensity and resolution of 
the C and B peaks are correlated to the AFI-O distance 
distribution (l1defonse et al. 1994). For AFI in a reg
ular site, CIB< 1 and the resonances are well-resolved. 
For 2 AlvI sites with an important AI-O distance dis
tribution, we have CIB> 1 and the 2 peaks are less 
resolved. Our data agree with the structural character
istics of kaolinite: 2 AFI sites with AI-O distances 
ranging from 1.868 to 1.969 A (Bish and Von Dreele 
1989). 

The illite XANES spectra also present 4 features at 
the same energies as compared to the spectra of ka
olinite. Only the relative intensities are strongly mod
ified. Our data are consistent with the presence of tet
rahedral, (APV) and octahedral aluminum sites 
(McKeown et al. 1985; Ildefonse, Calas, Kirkpatrick 
et al. 1992, 1994; Idelfonse, Calas, Flank et al. 1995). 
The A peak is more intense and better resolved be
cause it corresponds to the sharp white line observed 
in Apv pure tetrahedral minerals (Ildefonse et al. 
1994). The B peak is also more intense and better 
resolved, which is consistent with the more symmetric 
AFI single site in illite. 

Next to be considered is the influence of the as
phaltene adsorption on the 2 samples. The XANES 
spectrum of illite after contact is superimposable onto 
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AFI single site in illite. 
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Figure 3. AI-K edge EXAFS spectra for illite from Hun
gary: a) before contact; and b) after contact; and Plremeur 
kaolinite: c) before contact; and d) after contact. 

the spectrum obtained for the pure compound. This 
means that the electronic structure of the Al atoms and 
their environment are not modified by the wettability. 
Conversely, a small but significant modification ap
pears for the kaolinite XANES spectrum, after contact. 
We observe a small decrease of the B peak intensity. 
This shows that the local environment of the Al is 
sensitive to the presence of adsorbed asphaltenes. 

Our result shows that, for kaolinite, the wettability 
process affects the atomic arrangement around Al at
oms. For the illite sample, the local atomic arrange
ment around the Al is not sensitive to the contact. 

AI-K EDGE EXAFS RESULTS. The high-energy part of the 
XAS spectrum (up to 50 eV above the edge) corre
sponds to the EXAFS region. The backscattering of 
photoelectrons of high kinetic energy gives the EX
AFS oscillations (Brown et al. 1988). Structural infor
mation about the distance, nature and number of back
scatterers to the absorber can be obtained. 

Figure 3 presents the AI-K edge EXAFS oscillations 
extracted from the absorption spectra of kaolinite and 
illite, before and after contact with the asphaltenes. 
The corresponding pseudo-radial distributions of the 
Al neighborhood are reported on Figure 4. The peak 
positions corresponding to the neighboring shells are 
displaced by the atomic-phase shifts, which are not yet 
introduced in the Fourier transform procedure. They 
are typically 0.5 A shorter in distance compared to the 
crystallographic distances, differences that disappear 
within the analytical procedure. 

The high-quality data (high signal-to-noise ratio) 
obtained allow us to have an accurate description of 
the Al environment up to 4.5 A. The structural param
eters for a kaolinite sample (from Keokuk) obtained 

At-K edge 

Modulus - - Before contact 

o 4 

Figure 4 . Moduli and imaginary parts of the Fourier trans
forms of k-weight EXAFS spectra for Plremeur kaolinite and 
illite from Hungary. Imaginary parts of the Fourier transforms 
of the compounds after contact with asphaltenes. 

by XRD using Riedvelt analysis (Bish and Von Dreele 
1989) are reported in Table 1. The structural parame
ters for illite are not yet clearly defined (Rothbauer 
1971). Table 1 shows the structural arrangement 
around the Al atoms for a muscovite compound, which 
is structurally similar to the illite family. The first and 
second neighbor's shells are similar for kaolinite and 
illite. The first observed peak corresponds to the 6 0 
atoms in the first coordination sphere of AI at an av
erage distance of 1.91 A. The second peak corresponds 
to the 3 Al atoms at an average distance of 2.97 A; 2 
Si atoms for kaolinite and 4 Si atoms for illite at an 
average distance of 3.20 A; and 0 atoms until 4 A. 
The third shell corresponds to the contributions of Si 
and 0 atoms with large distance distribution (Table 1). 

For kaolinite, we did not attempt to extract quanti
tative structural information from the EXAFS spectra 
because of the complexity of the structural atomic ar
rangement around Al atoms . 

For illite, the quantitative analysis of these 3 shells 
is not possible because of the substitutions of Si by Al 
atoms in the tetrahedral sheet evaluated at 13 .8% by 
chemical analysis. The extraction of the structural pa
rameters would then be difficult, due to the fact that 
our data integrate a sum of signals corning from Al in 
2 different environments. 

The Fourier transforms obtained before and after 
contact with asphaltenes will now be compared. Figure 
4 shows that the first shell around the Al atoms (6 
oxygens) is not affected by the contact process (the 2 
peaks are identical). Above the first shell, the imagi
nary part of the Fourier transform (as well as the mod
ulus) shows a weak but significant modification. This 
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means that the electronic structure of the Al atoms and 
their environment are not modified by the wettability. 
Conversely, a small but significant modification ap
pears for the kaolinite XANES spectrum, after contact. 
We observe a small decrease of the B peak intensity. 
This shows that the local environment of the Al is 
sensitive to the presence of adsorbed asphaltenes. 

Our result shows that, for kaolinite, the wettability 
process affects the atomic arrangement around Al at
oms. For the illite sample, the local atomic arrange
ment around the AI is not sensitive to the contact. 

AI-K EDGE EXAFS RESULTS. The high-energy part of the 
XAS spectrum (up to 50 eV above the edge) corre
sponds to the EXAFS region. The backscattering of 
photoelectrons of high kinetic energy gives the EX
AFS oscillations (Brown et al. 1988). Structural infor
mation about the distance, nature and number of back
scatterers to the absorber can be obtained. 

Figure 3 presents the AI-K edge EXAFS oscillations 
extracted from the absorption spectra of kaolinite and 
illite, before and after contact with the asphaltenes. 
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by XRD using Riedvelt analysis (Bish and Von Dreele 
1989) are reported in Table 1. The structural parame
ters for illite are not yet clearly defined (Rothbauer 
1971). Table 1 shows the structural arrangement 
around the Al atoms for a muscovite compound, which 
is structurally similar to the illite family. The first and 
second neighbor's shells are similar for kaolinite and 
illite. The first observed peak corresponds to the 6 0 
atoms in the first coordination sphere of Al at an av
erage distance of 1.91 A. The second peak corresponds 
to the 3 Al atoms at an average distance of 2 .97 A; 2 
Si atoms for kaolinite and 4 Si atoms for illite at an 
average distance of 3.20 A; and 0 atoms until 4 A. 
The third shell corresponds to the contributions of Si 
and 0 atoms with large distance distribution (Table 1). 

For kaolinite, we did not attempt to extract quanti
tative structural information from the EXAFS spectra 
because of the complexity of the structural atomic ar
rangement around Al atoms. 

For illite, the quantitative analysis of these 3 shells 
is not possible because of the substitutions of Si by Al 
atoms in the tetrahedral sheet evaluated at 13 .8% by 
chemical analysis. The extraction of the structural pa
rameters would then be difficult, due to the fact that 
our data integrate a sum of signals corning from Al in 
2 different environments. 

The Fourier transforms obtained before and after 
contact with asphaltenes will now be compared. Figure 
4 shows that the first shell around the Al atoms (6 
oxygens) is not affected by the contact process (the 2 
peaks are identical). Above the first shell, the imagi
nary part of the Fourier transform (as well as the mod
ulus) shows a weak but significant modification. This 
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Table 1. Structural parameters of the Al environment for kaolinite and muscovite. 

First shell 

Muscovitet 60 
RAJ.O = 1.91-1.95 A 

Kaolinite:j: 60 
RAJO = 1.86-1.97 A 

t Rothbauer (1971). 
:j: Bish and Von Dreele (1989). 

means that at longer distances (>2 A), the neighbor-, 
hood of the Al atoms is modified by the asphaltene 
adsorption, a significant number of Al atoms giving a 
different signal in the EXAFS spectrum. This evolu
tion is in agreement with those observed in the XA
NES part of the spectra and leads to the same conclu
sion: the contact affects the neighborhood of the ka
olinite Al atoms. 

For illite, the imaginary part of the Fourier trans
forms are superimposable before and after contact, up 
to 4 A, indicating that no variation of the atomic ar
rangement around the Al atoms due to the adsorption 
process is detected. This result is also in agreement 
with our previous XANES investigations. 

Si-K EDGE XANES RESULTS. The Si-K edge XANES spec
tra of kaolinite and illite, before and after contact with 
asphaltenes, are shown in Figure 5. 
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Figure 5. Si-K edge XANES spectra for Plcemeur kaolinite 
and illite from Hungary before and after contact with as
phaltenes. 

Second shell 

3 Al 
R AJ.AJ = 2.99-3.00 A 

4 Si 
RAJ.s; = 3.15-3.23 A 

110 
RAJ_O = 3.39-4.07 A 

3 Al 
R AJ-AJ = 2.95-3.00 A 

2 Si 
RAJ-S, = 3.14-3.25 A 
90 
RAJ-O = 3.42-4.05 A 

Third shell 

4 Si 
RAJ_S, = 4.37-4.49 A 
12 0 
RAJ_O = 4.25-4.54 A 

2 Si 
RAJ_S, = 4.34-4.50 A 
110 
RAJ 0 = 4.15-4.52 A 

The spectra of the pure clays are in line with those 
previously published for the same family of com
pounds (Roberts et al. 1993, kaolinite; Keller-Besrest 
et al. 1994, illite). All of the spectra contain 1 very 
intense and sharp resonance (A) followed at higher 
energies by several oscillations with lower intensities. 
The peak (A) at 1847 eV is the signature of the tet
rahedral Si(IV)-04 unit (Lagarde et al. 1992), which is 
the same for both spectra of the 2 clays. 

At higher energies, the spectra of the 2 clays are 
different (positions and relative intensities of the B, C, 
D, E contributions). These features are attributed to 
the sum of single and multiple scattering processes. 
Multiple scattering calculations performed by Briois et 
al. (1993) to simulate the Si-K XANES of a-quartz 
have shown that a large cluster must be taken into 
account to reproduce all the XANES features up to 
13.8 A from the absorber. Beyond the Si(IV)-04 en
tities, which are the same for kaolinite and illite, the 
arrangement of the atoms at longer distances is com
pletely different, due to the respective stacking of 
sheets TO and TOT. If the XANES differences be
tween the 2 clays are small, it is because: 1) the first 
and second shell of neighbors around Si are identical; 
and 2) these closer shells are responsible for the major 
part of the signal. The structural differences occur after 
the second shell (see Table 2), primarily due to the 
presence of K ions. 

From the spectra obtained for the 2 clays after con
tact with asphaltenes, we can see that they are super
imposable onto those obtained from the pure com
pounds. This means that, during the adsorption pro
cess, the electronic structure of the Si atoms, the tet
rahedral symmetry and the Si-O bonds remain the 
same. Furthermore, the wettability process does not 
affect the "short" and "medium" atomic arrangement 
around the Si atoms, which are not sensitive to the 
contact. 

Si-K EDGE EXAFS RESULTS. Figure 6 presents the Si-K 
edge EXAFS oscillations extracted from the absorp-
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previously published for the same family of com
pounds (Roberts et al. 1993, kaolinite; Keller-Besrest 
et al. 1994, illite). All of the spectra contain 1 very 
intense and sharp resonance (A) followed at higher 
energies by several oscillations with lower intensities. 
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13.8 A from the absorber. Beyond the Si(IV)-04 en
tities, which are the same for kaolinite and illite, the 
arrangement of the atoms at longer distances is com
pletely different, due to the respective stacking of 
sheets TO and TOT. If the XANES differences be
tween the 2 clays are small, it is because: 1) the first 
and second shell of neighbors around Si are identical; 
and 2) these closer shells are responsible for the major 
part of the signal. The structural differences occur after 
the second shell (see Table 2), primarily due to the 
presence of K ions. 

From the spectra obtained for the 2 clays after con
tact with asphaltenes, we can see that they are super
imposable onto those obtained from the pure com
pounds. This means that, during the adsorption pro
cess, the electronic structure of the Si atoms, the tet
rahedral symmetry and the Si-O bonds remain the 
same. Furthermore, the wettability process does not 
affect the "short" and "medium" atomic arrangement 
around the Si atoms, which are not sensitive to the 
contact. 

Si-K EDGE EXAFS RESULTS. Figure 6 presents the Si-K 
edge EXAFS oscillations extracted from the absorp-
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Table 2, Structural parameters of the Si environment for kaolinite and muscovite. 

First shell 

Muscovitet 40 
RSi.O = 1.63-1.65 A 

Kaolinite:j: 40 
RSiO = 1.59-1.63 A 

t Rothbauer (1971). 
:j: Bish and Von Dreele (1989). 

tion spectrum of kaolinite and illite, before and after 
contact with the asphaltenes. The corresponding pseu
do-radial distributions of the neighborhoods of Si in 
both cases are reported in Figure 7. Table 2 reports 
the structural arrangement around Si for the kaolinite 
and the muscovite phases. The first and second neigh
bor's shells are similar for kaolinite and illite. The first 
peak of the Fourier transform corresponds to the 4 0 
first neighbors linked to the Si atoms at an average 
distance of 1.62 A. The second peak corresponds to 3 
Si atoms at an average distance of 2.98 A. They are 
superimposable for illite and kaolinite. The third peak 
corresponds to 2 Al atoms for kaolinite and to 4 Al 
atoms for illite structure. 

The quantitative analysis of these 3 shells has not 
been undertaken because our samples are not pure and 
a significant amount of quartz and mica is present with 
the kaolinite, beidellite with the illite. As a conse
quence, the extraction of the structural parameters is 
impossible, the collected signals coming from Si in 
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Figure 6. Si-K edge EXAFS spectra for illite from Hungary: 
a) before contact; and b) after contact; and Plcemeur kaolinite: 
c) before contact; and d) after contact. 

Second shell 

3 Si 
RSi.Si = 2.96-3.07 A 
2 Al 
RSi. A1 = 3.15-3.23 A 
3 Si 
RSi.Si = 2.92-3.05 A 

2Al 
RSi. A1 = 3.13-3.26 A 

Third shen 

18 0 
RSi.O = 3.23-4.40 A 
3K 
RSi. K = 3.73-3.82 A 
18 0 
RSi.O = 3.14-4.19 A 

kaolinite, quartz and mica. The purity of the natural 
samples is certainly the most important limitation of 
the quantitative use of the adsorption technique in 
earth science. 

If we compare now the imaginary parts of the Fou
rier transforms of the EXAFS spectra before and after 
contact with asphaltenes, we can see that they are the 
same for both kaolinite and illite. The contact does not 
affect the local environment of the Si atoms for the 2 
clays. Thus, this result confirms the XANES obser
vations. This is not a surprise if we take into account 
that the sensitivity of the XANES part of the spectrum 
to structural changes is higher than the EXAFS one, 
due to the multiple scattering phenomenon, which in
volves more neighborhood shells. 

DISCUSSION AND CONCLUSION 

Fourier transform infrared spectroscopy and XAS 
have been used to characterize the absorption phenom-

Figure 7. Imaginary parts of the Fourier transforms of 
k-weight EXAFS spectra for Plcemeur kaolinite and illite 
from Hungary. Imaginary parts of the Fourier transforms of 
the compounds after contact with asphaltenes. 
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enon of asphaltenes onto clays in the presence of water 
at the microscopic level. 

Infrared results show that only the OH surface of 
the kaolinite is sensitive to the contact with asphalte
nes. The XANES and EXAFS results at the AI-K edge 
confirm the role of these surface groups, the local or
der of Al (the surface OH are linked to Al atoms) in 
the kaolinite being the proof of the adsorption process. 
However, the Si environment of the kaolinite remains 
unsensitive to the contact; Si are not linked to OH 
groups. 

For the illite phase, Si and Al environments are in 
each case not sensitive to the adsorption. Consequent
ly, it is possible to explain the contrasts of wettability 
observed in the clays by structural differences between 
kaolinite and illite. More precisely, we pointed out the 
role of the AI-OH linkages located at the surface of 
the clays in the adsorption process. The presence of, 
these groups at the grain surface can be associated 
with the preferential asphaltenes' affinity to the surface 
with respect to water. Our results are in line with the 
measurements of the OH surface groups concentration 
(Saada 1995), executed upon the samples studied here. 
They found 3.6 OHlnm2 for the Plcemeur kaolinite and 
only 1.1 OHlnm2 for the illite of Hungary. 

Saada et a1. (1995) explain the preferential hydro
philic character of the illite by the presence of these 
cations at the surface of the grain. Absent on the ka
olinite surface, this mineral presents a preferential af
finity for oil compared to illite. Our results are in line 
with these conclusions. Also, we show that only the 
grain surfaces containing AI-OH linkages are sensitive 
to the asphaltenes' contact for the kaolinite. Only these 
sheets generate preferential electrostatic interactions 
with asphaltenes rather than with water. The role of 
the clay grain surfaces has also been investigated by 
Berhouet (1994). By molecular simulations, she mo
delized the interactions between model compounds of 
petroleum and clays. Considering that the AI(OH)6-x 
(O)x surface groups are Lewis acids, Berhouet proved 
their role in the adsorption process. These groups in
teract preferentially with the organic wetting agent, 
generating an inversion of the wetting in an environ
ment of water/oil. She proposed an interaction model 
to explain the wetting contrast between different clays 
in line with our experimental results. At the present 
time, it is not possible to generalize our conclusions 
to other wetted samples. Indeed, the behavior of the 
clays varies with the nature of the asphaltenes and the 
wetting conditions (Mercier 1994). When water is ab
sent in the wettability process, the results obtained are 
quite different (Mercier 1994; Zoungrana 1994; Saada 
1995). 

It is now important to extend our description to the 
atomic scale of the oil/clay interactions by simplifying 
the adsorption process involved. To accomplish this, it 
is necessary to wet clays with model organic mole-

cules that display simpler structures than asphaltenes. 
We are engaged in this work. 

ACKNOWLEDGMENTS 

This work is partially supp0l1ed through the CNRS-AR
TEP research program (Etudes sur l'origine des contrastes de 
mouillabilite observes entre mineraux argileux des roches res
ervoir; numero de contrat 92N80/0026). The authors are very 
grateful to P. Ildefonse for his help and fruitful discussions. 
They thank A. Saada and B. Siffe11 for providing the clay 
samples and acknowledge C. Durand, N. Zanier and B. Mois
son for their help and discussions concerning IR experiments. 
Thanks are also due to A. M. Flank and P. Lagarde for their 
help concerning the XAS experiments. 

REFERENCES 

Bantignies JL, Cartier dit Moulin C, Dexpert H, Flank AM, 
Williams G. 1995. Asphaltenes adsorption on kaolinite: 
Characterization by infrared microspectroscopy and X-ray 
absorption spectroscopy. CR Acad Sci, Ser II a:699-709. 

Barrios J, Plancon A, Cruz MI, Tchoubar C. 1977. Qualita
tive and quantitative study of stacking faults in a hydrazine 
treated kaolinite. Relationship with the infrared spectra. 
Clays Clay Miner 25:422-429. 

Berhouet S. 1994. Modelisation moleculaire des interactions 
entre mineraux et constituants lourds du petrole [Ph.D. dis
sertation]. Paris, France: University of Paris IV. 187 p. 

Bish DL, Van Dreele RB. 1989. Rietvield refinement of non
hydro gene atomic positions in kaolinite. Clays Clay Miner 
37:289-296. 

Brindley GW, Kao C, Harrison JL, Lipsicas M, Raythatha R. 
1986. Relation between structural disorder and other char
acteristics of kaolinites and dickites. Clays Clay Miner 34: 
239-249. 

Briois V, Sainctavit Ph, Flank A-M. 1993. Polarization de
pendence of XANES of a-quartz: Experiments and full 
multiple-scattering calculations. Proc 7th Int Conf X-ray 
Absorption Fine Structure; Kobe, Japan. J Appl Phys 32, 
suppl 32-2:52-54. 

Brown GE, Calas G, Waychunas GA, Petiau J. 1988. X-ray 
absorption spectroscopy: Applications in mineralogy and 
geochemistry. In: Hawthorne FC, editor. Spectroscopic 
methods in mineralogy and geology. Rev Mineral 18:431-
512. 

Cabaret D, Sainctavit P, Ildefonse P, Flank AM. 1996. Full 
multiple scattering calculations on silicates and oxides at 
Al K-edge. J Phys Condens Matter 8:3691-3704. 

Chisholm-Brause CJ, Hayes KF, Roe AL, Brown GE, Jr, 
Parks GA, Leckie JO. 1990. Spectroscopic investigation 
of Pb(II) complexes at the "'!-Alz0 3/water interface. Geo
chim Cosmochim Acta 54:1897-1909. 

Chisholm-Brause CJ, O'Day PA, Brown GE, Jr, Parks GA. 
1990. Evidence for multinuclear metal-ion complexes at 
solid/water interfaces from X-ray absorption spectroscopy. 
Nature 348:528-530. 

Clementz DM. 1976. Interaction of petroleum heavy ends 
with montmorillonite. Clays Clay Miner 24:312-319. 

Cuiec L. 1991. Evaluation of reservoir wettability and its 
effect on oil recovery. In: Morrow NR, editor. Interfacial 
phenomena in oil recovery 36. New York: Marcel Dekker. 
p 319-376. 

Czarnecka E, Gillott JE. 1980. Formation and characteriza
tion of clay complexes with bitumen from Athabasca oil 
sand. Clays Clay Miner 28:197-203. 

Farmer VC. 1974. The layer silicates. In: Farmer VC, editor. 
The infrared spectra of minerals. London: Mineral Soc. p 
331-363. 

Vol. 45, No.2, 1997 XAS and IR characterizations of wettability for kaolinite and illite 191 

enon of asphaltenes onto clays in the presence of water 
at the microscopic level. 

Infrared results show that only the OH surface of 
the kaolinite is sensitive to the contact with asphalte
nes. The XANES and EXAFS results at the AI-K edge 
confirm the role of these surface groups, the local or
der of Al (the surface OH are linked to Al atoms) in 
the kaolinite being the proof of the adsorption process. 
However, the Si environment of the kaolinite remains 
unsensitive to the contact; Si are not linked to OH 
groups. 

For the illite phase, Si and Al environments are in 
each case not sensitive to the adsorption. Consequent
ly, it is possible to explain the contrasts of wettability 
observed in the clays by structural differences between 
kaolinite and illite. More precisely, we pointed out the 
role of the AI-OH linkages located at the surface of 
the clays in the adsorption process. The presence of, 
these groups at the grain surface can be associated 
with the preferential asphaltenes' affinity to the surface 
with respect to water. Our results are in line with the 
measurements of the OH surface groups concentration 
(Saada 1995), executed upon the samples studied here. 
They found 3.6 OHlnm2 for the Plcemeur kaolinite and 
only 1.1 OHlnm2 for the illite of Hungary. 

Saada et a1. (1995) explain the preferential hydro
philic character of the illite by the presence of these 
cations at the surface of the grain. Absent on the ka
olinite surface, this mineral presents a preferential af
finity for oil compared to illite. Our results are in line 
with these conclusions. Also, we show that only the 
grain surfaces containing AI-OH linkages are sensitive 
to the asphaltenes' contact for the kaolinite. Only these 
sheets generate preferential electrostatic interactions 
with asphaltenes rather than with water. The role of 
the clay grain surfaces has also been investigated by 
Berhouet (1994). By molecular simulations, she mo
delized the interactions between model compounds of 
petroleum and clays. Considering that the AI(OH)6-x 
(O)x surface groups are Lewis acids, Berhouet proved 
their role in the adsorption process. These groups in
teract preferentially with the organic wetting agent, 
generating an inversion of the wetting in an environ
ment of water/oil. She proposed an interaction model 
to explain the wetting contrast between different clays 
in line with our experimental results. At the present 
time, it is not possible to generalize our conclusions 
to other wetted samples. Indeed, the behavior of the 
clays varies with the nature of the asphaltenes and the 
wetting conditions (Mercier 1994). When water is ab
sent in the wettability process, the results obtained are 
quite different (Mercier 1994; Zoungrana 1994; Saada 
1995). 

It is now important to extend our description to the 
atomic scale of the oil/clay interactions by simplifying 
the adsorption process involved. To accomplish this, it 
is necessary to wet clays with model organic mole-

cules that display simpler structures than asphaltenes. 
We are engaged in this work. 

ACKNOWLEDGMENTS 

This work is partially supp0l1ed through the CNRS-AR
TEP research program (Etudes sur l'origine des contrastes de 
mouillabilite observes entre mineraux argileux des roches res
ervoir; numero de contrat 92N80/0026). The authors are very 
grateful to P. Ildefonse for his help and fruitful discussions. 
They thank A. Saada and B. Siffe11 for providing the clay 
samples and acknowledge C. Durand, N. Zanier and B. Mois
son for their help and discussions concerning IR experiments. 
Thanks are also due to A. M. Flank and P. Lagarde for their 
help concerning the XAS experiments. 

REFERENCES 

Bantignies JL, Cartier dit Moulin C, Dexpert H, Flank AM, 
Williams G. 1995. Asphaltenes adsorption on kaolinite: 
Characterization by infrared microspectroscopy and X-ray 
absorption spectroscopy. CR Acad Sci, Ser II a:699-709. 

Barrios J, Plancon A, Cruz MI, Tchoubar C. 1977. Qualita
tive and quantitative study of stacking faults in a hydrazine 
treated kaolinite. Relationship with the infrared spectra. 
Clays Clay Miner 25:422-429. 

Berhouet S. 1994. Modelisation moleculaire des interactions 
entre mineraux et constituants lourds du petrole [Ph.D. dis
sertation]. Paris, France: University of Paris IV. 187 p. 

Bish DL, Van Dreele RB. 1989. Rietvield refinement of non
hydro gene atomic positions in kaolinite. Clays Clay Miner 
37:289-296. 

Brindley GW, Kao C, Harrison JL, Lipsicas M, Raythatha R. 
1986. Relation between structural disorder and other char
acteristics of kaolinites and dickites. Clays Clay Miner 34: 
239-249. 

Hriois V, Sainctavit Ph, Flank A-M. 1993. Polarization de
pendence of XANES of a-quartz: Experiments and full 
multiple-scattering calculations. Proc 7th Int Conf X-ray 
Absorption Fine Structure; Kobe, Japan. J Appl Phys 32, 
suppl 32-2:52-54. 

Brown GE, Calas G, Waychunas GA, Petiau J. 1988. X-ray 
absorption spectroscopy: Applications in mineralogy and 
geochemistry. In: Hawthorne FC, editor. Spectroscopic 
methods in mineralogy and geology. Rev Mineral 18:431-
512. 

Cabaret D, Sainctavit P, Ildefonse P, Flank AM. 1996. Full 
multiple scattering calculations on silicates and oxides at 
Al K-edge. J Phys Condens Matter 8:3691-3704. 

Chisholm-Brause CJ, Hayes KF, Roe AL, Brown GE, Jr, 
Parks GA, Leckie JO. 1990. Spectroscopic investigation 
of Pb(II) complexes at the "'!-Alz0 3/water interface. Geo
chim Cosmochim Acta 54:1897-1909. 

Chisholm-Brause CJ, O'Day PA, Brown GE, Jr, Parks GA. 
1990. Evidence for multinuclear metal-ion complexes at 
solid/water interfaces from X-ray absorption spectroscopy. 
Nature 348:528-530. 

Clementz DM. 1976. Interaction of petroleum heavy ends 
with montmorillonite. Clays Clay Miner 24:312-319. 

Cuiec L. 1991. Evaluation of reservoir wettability and its 
effect on oil recovery. In: Morrow NR, editor. Interfacial 
phenomena in oil recovery 36. New York: Marcel Dekker. 
p 319-376. 

Czarnecka E, Gillott JE. 1980. Formation and characteriza
tion of clay complexes with bitumen from Athabasca oil 
sand. Clays Clay Miner 28:197-203. 

Farmer VC. 1974. The layer silicates. In: Farmer VC, editor. 
The infrared spectra of minerals. London: Mineral Soc. p 
331-363. 

https://doi.org/10.1346/CCMN.1997.0450206 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1997.0450206


192 Bantignies, Cartier dit Moulin and Dexpert Clays and Clay Minerals 

Fassi-Fihri O. 1991. Wettability studies at the pore level: A 
new approach by the use of cryo-scanning electron mi
croscopy. Review of the French Institute of Petroleum. IFP 
report 38985. p 44. 

Heller-Kallai L, Huard E, Prost R. 1991. Disorder induced 
by de-intercalation of DMSO from kaolinite. Clay Miner 
26:245-253. 

Henderson CMB, Cressey G, Redfern SAT. 1995. Geological 
applications of synchrotron radiation. Radiat Phys Chem 
45:459-481. 

Ildefonse P, Calas G, Flank AM, Lagarde P. 1995. Low Z 
elements K-edge X-ray absorption spectroscopy in minerals 
and disordered systems. Nucl Instrum Methods Phys Res, 
Sect B 97:172-175. 

Ildefonse P, Calas G, Kirkpatrick RJ, Montez B, Flank AM, 
Lagarde P. 1992. Local environment of aluminum in amor
phous alumino-silicates by using XANES and MAS NMR. 
In: Kharada H, Maest D, editors. Proc 7th Int Symp on 
Water-rock Interaction; Rotterdam, The Netherlands. Rot
terdam: Balkema. p 153-158. 

Ildefonse P, Calas G, Kirkpatrick RJ, Montez B, Flank AM, 
Lagarde P. 1994. 27AI MAS NMR and aluminum X-ray 
absorption near edge structure study of imogolite and al
lophanes. Clays Clay Miner 42:276-287. 

Jerauld GR, Rathmell JJ. 1994. Wettability and relative per
meability of Prudhoe bay: A case study in mixed-wet res
ervoirs. Proc 3rd Int Symp on Evaluation of Reservoir 
Wettability and its Effect on Oil Recovery; Laramie, Wy
oming. Laramie: Modern Printing. p 1. 

Johnston CT, Sposito G, Agnew SF, Bish DL. 1990. Polar
ized single-crystal Fourier-transform infrared microscopy 
of Ouray dickite and Keokuk kaolinite. Clays Clay Miner 
38:573-583. 

Johnston CT, Sposito G, Birge RR. 1985. Raman spectro
scopic study of kaolinite in aqueous suspension. Clays Clay 
Miner 33:483-489. 

Kamijo N, Umesaki N, Fukui K, Guy C, Tadanaga K, Tat
sumisago M, Minami T. 1994. Soft X-ray XAFS: Local 
structure of mullite gels prepared from modified aluminum 
alkoxides. J Non-Cryst Solids 177: 187-192. 

Keller-Besrest F, Benazeth S, Souleau C. 1994. Pharmatical 
silver doped clays: An EXAFS study from silver to silicon 
K-edges absorption. J Phys IV, colloque C9 4:299-302. 

Koningsberger DC, Miller JT. 1994. Local structure deter
mination of aluminum in Y zeolite: Application of low en
ergy X-ray absorption fine structure spectroscopy. Catal 
Lett 29:77-90. 

Koningsberger DC, Prins R, editors. 1987. X-ray absorption: 
Principles, applications, techniques of EXAFS, SEXAFS, 
and XANES in chemical analysis. New York: J Wiley. 238 
p. 

Laffon, C. 1990. Etude par absorption X de materiaux cer
amiques obtenus par pyrolyse de precurseurs organosilicies 
[Ph.D. dissertation]. Orsay, France: University of Paris
Sud. 141 p. 

Lagarde P, Flank A-M, Tourillon G, Liebermann R-C, !tie J-P. 
1992. X-ray absorption near edge structure of quartz. Ap
plication to the structure of densified silica. J Phys 1: 1043-
1050. 

Landron C, Cote B, Massiot D, Coutures Jp, Flank AM. 
1992. Aluminum XAS and NMR spectroscopic studies of 
calcium aluminosilicate glasses. Phys Status Solid: B 171: 
9-20. 

Ledoux R, White JL. 1964. Infrared study of the OH groups 
in expanded kaolinite. Science 143:244-246. 

McKeown DA. 1989. Aluminum X-Ray absorption near
edge spectra of some oxyde minerals: Calculation versus 
experimental data. Phys Chem Miner 16:678-683. 

McKeown DA, Waychunas GA, Brown GE. 1985. EXAFS 
study of the coordination environment of aluminum in a 
series of silica-rich glasses and selected minerals within the 
Na20-AI20,-Si02 system. J Non-Cryst Solids 74:349-371. 

Mercier F. 1994. Caracterisation par differentes techniques 
de surface des associations organo-minerales dans des mil
ieux modeles des roches reservoir de petrole [Ph.D. dis
sertation]. Orsay, France: University of Paris-Sud. 150 p. 

Michalowicz A. 1991. EXAFS pour Ie MAC. Logiciels pour 
la chimie. Paris: Societe Fran~aise de Chimie. p 116-117. 

Nutting PG. 1934. Some physical and chemical properties 
of reservoir rocks bearing on the accumulation discharge 
of oil. In: Wrather WE, Lahee FH, editors. Problems of 
petroleum geology. Tulsa, OK: Amer Assoc Petrol Geol. p 
825-832. 

Oinuma K, Hayashi H. 1965. Infrared study of mixed-layer 
clay minerals. Am Min 50:1213-1227. 

Prost R, Dameme A, Driard J, Leydecker JP. 1989. Infrared 
study of structural OH in kaolinite, dicktite, nacrite and 
poorly crystalline kaolinite at 5 to 600 K. Clays Clay Miner 
37:464-468. 

Raupach M, Barron PF, Thompson JG. 1987. Nuclear mag
netic resonance, infrared, and X-ray powder diffraction 
study of dimethylselenoxyde intercalates with kaolinite. 
Clays Clay Miner 35:208-219. 

Robert M, Tessier D. 1974. Methode de preparation des ar
giles des sols pour des etudes minerologiques. Ann Agron 
25:859-882. 

Roberts KJ, Robinson J, Davies TW, Hooper RM. 1993. Us
ing soft X-ray adsorption spectroscopy to examine the 
structural changes taking place around Si and Al atoms in 
kaolinite following flash calcination. J Appl Phys 32:652-
654. 

Rothbauer R. 1971. Untersuchung eines 2M j -Muscovits mit 
Neutronenstrahlen. Neues Jahrbuch fuer Mineralogie. 
Frankfurt: Institut f. Kristallographie. p 143-144. 

Saada A. 1995. Origine des differences de proprietes de sur
face responsables des contrastes de mouilabilite des miner
aux argileux des gisements petroliers [Ph.D. dissertation]. 
Mulhouse, France: University of Haute-Alsace. 143 p. 

Saada A, Siffert B, Papirer E. 1995. Comparison of the hy
drophilicitylhydrophobicity of illites and kaolinites. J Col
loid Interface Sci 174:185-190. 

Siffert B, Jada A, Wersinger E. 1992. Anionic surfactant 
adsorption on to asphalt-covered clays. Colloids Surf 69: 
41-45. 

Sugahara Y, Satokawa S, Kuroda K, Kato C. 1988. Evidence 
for the formation of interlayer polyacrylonitrile in kaolinite. 
Clays Clay Miner 36:343-348. 

Sugahara Y, Satokawa S, Kuroda K, Kato C. 1990. Prepa
ration of a kaolinite-polyacrylamide intercalation com
pound. Clays Clay Miner 37:137-143. 

Teo BK. 1986. EXAFS: Basic principles and data analysis. 
Inorganic chemistry concepts, vol 9. New York: Springer
Verlag. 349 p. 

Tunney JJ, Detellier C. 1994. Preparation and characteriza
tion of two distinct ethylene glycol derivatives of kaolinite. 
Clays Clay Miner 42:552-560. 

Van Oss CJ. 1992. Determination of contact angles and pores 
sizes of porous media by column and thin-layer wicking. J 
Adhesion Sci Technol 6:413-428. 

Van Oss CJ. 1993. Acid-base interfacial interactions in aque
ous media. Colloids Surf 78:1-49. 

Yan N, Masliyah JH. 1994. Adsorption and desorption of 
clay particles at the oil-water interface. J Colloid Interface 
Sci 168:386-392. 

Yariv S. 1992. Wettability of clay minerals. In: Schrader ME, 
Loeb GI, editor. Modern approach to Wettability, theory 

192 Bantignies, Cartier dit Moulin and Dexpert Clays and Clay Minerals 

Fassi-Fihri O. 1991. Wettability studies at the pore level: A 
new approach by the use of cryo-scanning electron mi
croscopy. Review of the French Institute of Petroleum. IFP 
report 38985. p 44. 

Heller-Kallai L, Huard E, Prost R. 1991. Disorder induced 
by de-intercalation of DMSO from kaolinite. Clay Miner 
26:245-253. 

Henderson CMB, Cressey G, Redfern SAT. 1995. Geological 
applications of synchrotron radiation. Radiat Phys Chem 
45:459-481. 

Ildefonse P, Calas G, Flank AM, Lagarde P. 1995. Low Z 
elements K-edge X-ray absorption spectroscopy in minerals 
and disordered systems. Nucl Instrum Methods Phys Res, 
Sect B 97:172-175. 

Ildefonse P, Calas G, Kirkpatrick RJ, Montez B, Flank AM, 
Lagarde P. 1992. Local environment of aluminum in amor
phous alumino-silicates by using XANES and MAS NMR. 
In: Kharada H, Maest D, editors. Proc 7th Int Symp on 
Water-rock Interaction; Rotterdam, The Netherlands. Rot
terdam: Balkema. p 153-158. 

Ildefonse P, Calas G, Kirkpatrick RJ, Montez B, Flank AM, 
Lagarde P. 1994. 27AI MAS NMR and aluminum X-ray 
absorption near edge structure study of imogolite and al
lophanes. Clays Clay Miner 42:276-287. 

Jerauld GR, Rathmell JJ. 1994. Wettability and relative per
meability of Prudhoe bay: A case study in mixed-wet res
ervoirs. Proc 3rd Int Symp on Evaluation of Reservoir 
Wettability and its Effect on Oil Recovery; Laramie, Wy
oming. Laramie: Modern Printing. p 1. 

Johnston CT, Sposito G, Agnew SF, Bish DL. 1990. Polar
ized single-crystal Fourier-transform infrared microscopy 
of Ouray dickite and Keokuk kaolinite. Clays Clay Miner 
38:573-583. 

Johnston CT, Sposito G, Birge RR. 1985. Raman spectro
scopic study of kaolinite in aqueous suspension. Clays Clay 
Miner 33:483-489. 

Kamijo N, Umesaki N, Fukui K, Guy C, Tadanaga K, Tat
sumisago M, Minami T. 1994. Soft X-ray XAFS: Local 
structure of mullite gels prepared from modified aluminum 
alkoxides. J Non-Cryst Solids 177: 187-192. 

Keller-Besrest F, Benazeth S, Souleau C. 1994. Pharmatical 
silver doped clays: An EXAFS study from silver to silicon 
K-edges absorption. J Phys IV, colloque C9 4:299-302. 

Koningsberger DC, Miller JT. 1994. Local structure deter
mination of aluminum in Y zeolite: Application of low en
ergy X-ray absorption fine structure spectroscopy. Catal 
Lett 29:77-90. 

Koningsberger DC, Prins R, editors. 1987. X-ray absorption: 
Principles, applications, techniques of EXAFS, SEXAFS, 
and XANES in chemical analysis. New York: J Wiley. 238 
p. 

Laffon, C. 1990. Etude par absorption X de materiaux cer
amiques obtenus par pyrolyse de precurseurs organosilicies 
[Ph.D. dissertation]. Orsay, France: University of Paris
Sud. 141 p. 

Lagarde P, Flank A-M, Tourillon G, Liebermann R-C, !tie J-P. 
1992. X-ray absorption near edge structure of quartz. Ap
plication to the structure of densified silica. J Phys 1: 1043-
1050. 

Landron C, Cote B, Massiot D, Coutures Jp, Flank AM. 
1992. Aluminum XAS and NMR spectroscopic studies of 
calcium aluminosilicate glasses. Phys Status Solid: B 171: 
9-20. 

Ledoux R, White JL. 1964. Infrared study of the OH groups 
in expanded kaolinite. Science 143:244-246. 

McKeown DA. 1989. Aluminum X-Ray absorption near
edge spectra of some oxyde minerals: Calculation versus 
experimental data. Phys Chem Miner 16:678-683. 

McKeown DA, Waychunas GA, Brown GE. 1985. EXAFS 
study of the coordination environment of aluminum in a 
series of silica-rich glasses and selected minerals within the 
Na20-AI20,-Si02 system. J Non-Cryst Solids 74:349-371. 

Mercier F. 1994. Caracterisation par differentes techniques 
de surface des associations organo-minerales dans des mil
ieux modeles des roches reservoir de petrole [Ph.D. dis
sertation]. Orsay, France: University of Paris-Sud. 150 p. 

Michalowicz A. 1991. EXAFS pour Ie MAC. Logiciels pour 
la chimie. Paris: Societe Fran~aise de Chimie. p 116-117. 

Nutting PG. 1934. Some physical and chemical properties 
of reservoir rocks bearing on the accumulation discharge 
of oil. In: Wrather WE, Lahee FH, editors. Problems of 
petroleum geology. Tulsa, OK: Amer Assoc Petrol Geol. p 
825-832. 

Oinuma K, Hayashi H. 1965. Infrared study of mixed-layer 
clay minerals. Am Min 50:1213-1227. 

Prost R, Dameme A, Driard J, Leydecker JP. 1989. Infrared 
study of structural OH in kaolinite, dicktite, nacrite and 
poorly crystalline kaolinite at 5 to 600 K. Clays Clay Miner 
37:464-468. 

Raupach M, Barron PF, Thompson JG. 1987. Nuclear mag
netic resonance, infrared, and X-ray powder diffraction 
study of dimethylselenoxyde intercalates with kaolinite. 
Clays Clay Miner 35:208-219. 

Robert M, Tessier D. 1974. Methode de preparation des ar
giles des sols pour des etudes minerologiques. Ann Agron 
25:859-882. 

Roberts KJ, Robinson J, Davies TW, Hooper RM. 1993. Us
ing soft X-ray adsorption spectroscopy to examine the 
structural changes taking place around Si and Al atoms in 
kaolinite following flash calcination. J Appl Phys 32:652-
654. 

Rothbauer R. 1971. Untersuchung eines 2M j -Muscovits mit 
Neutronenstrahlen. Neues Jahrbuch fuer Mineralogie. 
Frankfurt: Institut f. Kristallographie. p 143-144. 

Saada A. 1995. Origine des differences de proprietes de sur
face responsables des contrastes de mouilabilite des miner
aux argileux des gisements petroliers [Ph.D. dissertation]. 
Mulhouse, France: University of Haute-Alsace. 143 p. 

Saada A, Siffert B, Papirer E. 1995. Comparison of the hy
drophilicitylhydrophobicity of illites and kaolinites. J Col
loid Interface Sci 174:185-190. 

Siffert B, Jada A, Wersinger E. 1992. Anionic surfactant 
adsorption on to asphalt-covered clays. Colloids Surf 69: 
41-45. 

Sugahara Y, Satokawa S, Kuroda K, Kato C. 1988. Evidence 
for the formation of interlayer polyacrylonitrile in kaolinite. 
Clays Clay Miner 36:343-348. 

Sugahara Y, Satokawa S, Kuroda K, Kato C. 1990. Prepa
ration of a kaolinite-polyacrylamide intercalation com
pound. Clays Clay Miner 37:137-143. 

Teo BK. 1986. EXAFS: Basic principles and data analysis. 
Inorganic chemistry concepts, vol 9. New York: Springer
Verlag. 349 p. 

Tunney JJ, Detellier C. 1994. Preparation and characteriza
tion of two distinct ethylene glycol derivatives of kaolinite. 
Clays Clay Miner 42:552-560. 

Van Oss CJ. 1992. Determination of contact angles and pores 
sizes of porous media by column and thin-layer wicking. J 
Adhesion Sci Technol 6:413-428. 

Van Oss CJ. 1993. Acid-base interfacial interactions in aque
ous media. Colloids Surf 78:1-49. 

Yan N, Masliyah JH. 1994. Adsorption and desorption of 
clay particles at the oil-water interface. J Colloid Interface 
Sci 168:386-392. 

Yariv S. 1992. Wettability of clay minerals. In: Schrader ME, 
Loeb GI, editor. Modern approach to Wettability, theory 

https://doi.org/10.1346/CCMN.1997.0450206 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1997.0450206


Vol. 45, No.2, 1997 XAS and IR characterizations of wettability for kaolinite and illite 193 

and applications, vol 11. New York: Plenum Pro p 279-
326. 

Zoungrana T. 1994. Aspect energetique de l'interface soli de
liquide et etude de l' alteration de mouillabilite des solides 

[Ph.D. dissertation]. Montpellier, France: University of 
Montpellier II. p 82-88. 
(Received 20 December 1995; accepted 26 April 1996; Ms. 

2723) 

Vol. 45, No.2, 1997 XAS and IR characterizations of wettability for kaolinite and illite 193 

and applications, vol 11. New York: Plenum Pro p 279-
326. 

Zoungrana T. 1994. Aspect energetique de ['interface soli de
liquide et etude de l' alteration de mouillabilite des solides 

[Ph.D. dissertation]. Montpellier, France: University of 
Montpellier II. p 82-88. 
(Received 20 December 1995; accepted 26 April 1996; Ms. 

2723) 

https://doi.org/10.1346/CCMN.1997.0450206 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1997.0450206



