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Caulinita natural proveniente daregido amazénica (PP-0559) foi caracterizada morfologicae
estruturalmente com o objetivo de contribuir parao entendimento do papel dacaulinitaem reaces
redox no meio ambiente. Através de microscopia el etronica de transmissdo e difracdo de elétrons,
confirmou-se aestruturatriclinicaem cristais orientados, com didmetrosentre 0,2 e 2um e cercade
50 nm de espessura. Os cristais anisotropicos apds orientacdo foram estudados por ressonancia
paramagnéticaeletronicaem funcao dadiregdo do campo magnético aplicado. Foram estudadas as
principaislinhas daimpurezade Fe* substituciona e centros paramagnéticosinduzidos por radiacao,
possiveis centros oxidantes dacaulinita.

Wereport astructural and morphological characterization of thenatural kaolinite PP-0559, from
the Brazilian Amazon region, with the aim to contribute to the understanding of thisclay mineral in
environmental redox reactions. The triclinic structure was confirmed by transmission electron
microscopy and electron diffraction studies. It exhibitsoriented crystals, with diametersbetween 0.2
and 2 um and about 50 nm of thickness. The anisotropic crystals after orientation were studied by
€lectron paramagnetic resonance asafunction of theapplied magneticfield. Themain EPR absorption
lines of the substitutional Fe*® impurity and radiation induced paramagnetic centerswere studied as

possible oxidizing centers of kaolinite.
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Introduction

Clay mineralsarethemain colloidal soil fraction. Their
physico-chemical properties are fundamentally influenced
by their composition and surface reactivity. They present
acidic catalytic and redox properties that promote the
polymerization of organic residual substrates which
strongly contributeto their humification.! The mechanisms
promoting organo-mineral complex formation are very
important also in the maintenance of a micronutrient
reservoir for crops. These clay minera systemsaretherefore
important for agricultural activities in tropical countries.?

Stable defects in the kaolinite structure, which are
detectable through electron paramagnetic resonance
spectroscopy (EPR), have been associated with their
habilities to polymerize amines and amino acids.® Thus,
the comprehension of the structural and surface properties
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of clay minerals is fundamentally important to various
scientific enterprises, such as soil and environmental
sciences, as well as special advanced materials.

Kaolinite, Al Si,O,(OH), is a dioctahedral layered
hydrated aluminosilicate of the 1:1 type with two distinct
interlayer surfaces. One side of the layer is gibbsite-like
with aluminum atoms coordinated octahedrically to corner
oxygen atoms and hydroxyl groups. The other side of the
layer is constituted by a silica-like structure, where the
silicon atoms are coordinated tetrahedrically to oxygen
atoms (Figure 1). The adjacent layers are linked by
hydrogen bonding involving aluminol (Al-OH) and
siloxane (Si-O) groups. These bonding forces hinder the
intercalation processes, but the hydroxyl groups on the
aluminum side of the layer are passive to solvation and
covalent grafting reactions.

Depending on its natural genesis, kaolinite displays
low, medium or high crystal order, which determines the
chemical reactivity of the clay. |somorphic substitution of
the Al® atoms by Fe?* and Fe* isvery common. Fe* isone
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Figure 1. Detailed scheme of the kaolinite structure, with localized
A, A’ and B paramagnetic centers. (Reworking of an original figure
with kind permission of the Virtual Museum of Minerals and
Molecules™, 2000%°)

of the most common impurities in the kaolinite structure
and is detected by EPR. A low cation exchange capability
is generaly attributed to this mineral.

Information from spectroscopic methods has resulted
in a better understanding of some of the geochemical
processes that control the surface and bulk composition of
these minerals.*

lonizing energetic particles resulting from nuclear
decay in soils can drag out electrons from Si-O bonds
originating the so called A and A’ paramagnetic centers,
while the removal of one electron from the Al-O bonding,
produces the B paramagnetic centers. Figure 1 shows a
schematic kaolinite structure in perspective with the
assigned A, A’ and B paramagnetic centers.

EPR studies have shown that iron present in the
materials issued from enriched kaolinites is partly at the
surface, located on the grains' outer surfaces, and partly
structural, in substitutional octahedral sites.® The
substitutional iron can be used as a sensitive probe for the
degree of disorder of natural kaolinites.5”

A new appraisal of radiation-induced defects in
oriented natural kaolinite was undertaken using Q-band
EPR spectra,® in which the three different centers were
better identified. The trapped holes on oxygen from Si-O,
A and A’ centers, have a distinct signature and orthogonal
orientation, perpendicular and parallel to the plane sheet,
respectively. The B center is ahole trapped on the oxygen
bonding Al in adjacent octahedral positions
[Al(octahedra)-O-Al(octahedral)].

TheA center, stable at the geological scale, wasthought
to have particular relevance to quantify past transits of
radionuclides in the geosphere.® The stability of A centers
seems to decrease with the increasing crystalline disorder
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and ishigh enough for radiation dosimetry using kaolinites
from any environment on the Earth’s surface.®

The present characterization of the natural kaolinite
from the Brazilian Amazon region was carried out by
powder X ray diffraction, transmission el ectron microscopy
(TEM) and X ray photoelectron spectroscopy (XPS)
analysis. No attempt to compare this kaolinite with
samples from other places, not even from Brazil was
undertaken. A detailed electron paramagnetic resonance
spectroscopy (EPR) study on oriented samples was
performed.

Experimental

The kaolinite sample used in this work (PP-0559) was
supplied by the Petrobras Research Center (CENPES- Rio
de Janeiro). It was received as a finely divided white-
yellowish powder of great purity and high crystal order,
mined in the Brazilian State of Parain the Amazon Basin
and was used without further purification. The high purity
of the sampleswas confirmed by X ray fluorescence study
as described previoudly.?®

For the powder X ray diffraction analysis, the solid
material was placed as an oriented film on a planar glass
sample holder. It was oriented by suspending the kaolinite
powder in water, dripping the suspension on the sample
holder and drying naturdly in air. The measurements were
done on a Rigaku diffractometer in the Bragg-Brentano
geometry using Ni-filtered CoK | radiation (A = 1.790 A) with
adwell time of 1°/min. All measurements were taken using a
generator voltage of 40kV and an emission current of 20 mA.
To remove undesirable background radiation between sample
and detector a graphite monochromator was used.

The morphologica and electron diffraction study was
performed in a JEOL 1200 EX-II transmission electron
microscope operating at 60 kV. Thekaolinite crystalswere
suspended in water with manual stirring, deposited by
casting directly on the copper grid (diameter of 3 mm)
previously covered with parlodium film and dried at room
temperaturefor several hours. Size distribution experiments
confirmed that 97% of the crystals have diameter smaller
than 2 um.

The XPS spectra were taken using aVG ESCA 3000
system with abase pressure of 2x101° mbar. No attempt to
remove the surface contaminants was undertaken. The
spectrawere collected using MgK | radiation and the overall
energy resolution was approximately of 0.8 eV. The energy
scale was calibrated using the Fermi level and the
adventitious C 1s peak at 284.5 eV. The spectra were
normalized to the maximum intensity after a constant
background subtraction.
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For the EPR studies, the kaolinite sample as a powder
was suspended trough mechanical stirring in distilled and
deionized water and centrifuged. The wet sample, which
presented a mud texture, was dropped into the plane cavity
of an EPR quartz biological tissue cell and left to dry in
air. For the EPR spectrum registration, the plane of the cell
cavity was oriented parallel or perpendicular relative to
the magnetic field of the spectrometer. EPR spectra were
obtained at 298 K on aBruker ESP 300E equipment, using
amodulation frequency of 100 kHz operating at 9.5 GHz
(X-band) with power of 2 mW and modulation amplitude
of 5 G. All the spectra were normalized for adequate
comparison.

Resultsand Discussions
X ray diffraction

The X ray diffractogram of the PP-0559 oriented
kaolinite is illustrated in Figure 2. Only the basal plane
diffraction peaks are visible. This evidences that kaolinite
platelets are oriented parallel to the glass sample holder
surface. Kaolinite has atriclinic structure, where the a and
b crystal unit cell vectors are in plane with the kaolinite
sheets, while the c lattice parameter vector is not collinear
tothe sheet normal. The high quality of the PP-0559 sample
is comparable to results reported on the literature.!* The
d(001) interplanar distance is in accordance with the
literature.? We emphasi ze that this diffraction result is not
meant to characterize this particular kaolinite completely,
as has been done many times before, but to show that this
mineral is perfectly orientable on a plane sample holder.
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Figure 2. X-ray powder diffractogram of a PP-0559 oriented ka-
olinite film
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Morphological Analysis

The kaolinite morphology is illustrated in Figure 3,
where transmission electron micrographs with magnifi-
cations of 15000x (a) and 150000x (b) were taken. The
sample is composed of highly perfect thin platelets of
0.2 to 2 um, showing amorphology with dightly distorted
hexagonal edges and corner angles of approximately 120°.
Figure 3 revealsthat the platel ets have atilted border. This
tilted border is obviously, the macroscopic evidence of
thetriclinic unit cell. By measuring the width of thisborder
on the micrograph and using the inclination of the crystal
“c” axis relative to the plane separation®? leads us to
estimate the thickness of the platelets at about 50 nm.

Figure 3. Transmission electron micrographs of PP-0559 kaolinite
with magnifications of 15000 x (&) and 150000 x (b). Selected area
eectron diffraction results are shown in (c) for severa kaolinite plate-
lets and in (d) for a single platelet revealing the single crystal nature

Electron diffraction results

Figure 3 (c) showsthe selected areaelectron diffraction
pattern corresponding to an area with a 300 mm diameter,
thus including multiple kaolinite platelets. The diffraction
rings can be indexed as related to (020), and (110) planes,
for thefirst ring (the most internal); to the and (130) planes
for the second ring and to the (040) planefor thethird ring.
Thisobservation isan evidencethat all the crystals contain
the c-axis almost parallel to the electrons beam, indicating
the sametexture observed inthe X ray diffractogram shown
in Figure 2.
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Figure 3 (d) shows a diffraction pattern of a single
2 um platelet. This pattern is obviously that of a single
crystal, wherethe slightly distorted hexagon appears again
clearly, showing the spots to which we assign the (0 2 0)
and (11 0) indexed crystal planes. Theinterplanar distance
values of the assigned planes are indeed the correct
kaolinite values.*?

X ray photoelectron spectroscopy

Figure4 showsawide scan X PS spectrum of thekaolinite
sample. The C1s peak, which is due to adventitious carbon
on the sample, was used as the binding energy reference
(284.5eV) for thespectrum.® Thisisnecessary dueto sample
charging effects during the X PS measurements. Considering
that this sampleis commercial, the remarkable aspect isthe
purity, since only the Al, S and O signatures are present in
the spectrum.* This remarkable purity can be compared to
e.g. Kim et al.,® which show Zn, Naand Cain measurable
quantities in kaolinite and Barr et al.,'® which described a
kaolinite samplewith Mg, Caand Naimpurities. Otherwise,
theAl, S and O peak binding energies of the PP-0559 sample
arein agreement with the resultsdescribed by Kim et al. and
Barr et al. Figure 5 shows the valence band XPS spectrum.
The Fermi levd is clearly in the band gap. The broad peak
features are due to Al, Si 3p and 3s and O 2p bonding
molecular orbitals while the higher peak at the right of the
spectrumisdueto O 2s orhitals. The general features of the
valence band spectrum are in good genera agreement with
the results reported by Barr et al.,*® reflecting the separate
tetrahedral and octahedral layers contributions.

Electron paramagnetic resonance

Figure 6 shows the first derivative mode EPR spectra
at amagnetic field range of 5000 G with the sample oriented
relatively to the magnetic field of the spectrometer. In one
of the spectra (L), the magnetic field is perpendicular to
the sample face and therefore near to the perpendicularity
of the kaolinite layers.

In the other spectrum (||), the field is preferentially
directed paralld to the layers. In the kaolinite sheet plane
the crystd orientation is still random. There are five main
linesin the spectra at magnetic fields below 2500 G, which
are characteristic of low defect kaolinites with g-values of
9.0, 5.0, 4.3, 3.5 and 2.8. Those lines are due to absorptions
of Fe* in both Fe, and Fe, sites of kaolinites resulting
from spin resonance arising from thethree Kramer’sdoubl ets,
whose energies are separated by crystal fields of rhombic
symmetry.t’ Fe, and Fe, . aretwo unequivalent crystal sites

m
which Fe*® can occupy in the octahedra in kaolinite":18
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Figure 4. XPS wide scan spectrum of PP-0559 kaolinite
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Figure 5. XPS valence band spectrum of PP-0559 kaolinite
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Figure 6. EPR spectra of PP-0559 kaolinite oriented parallel and
perpendicular to the applied magnetic field, in the first derivative
mode
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The energy levels are sorted in ascending order from 1
to 6.7 The resonance line with g = 9.0 results from the so
called 12Y, 1 — 2 transition, between the energy levels 1
and 2, m_=-5/2tom_=-3/2, inthey axis direction. The
three lines with g-values of 5.0, 3.5 and 2.8 arise from the
angular dependence of the spin transition inside the central
doublet, m =-1/2(3) tom_=+%2(4). Thosearethusrefereed
as34Z, 34X and 34Y transitions, inthez, x andy directions,
respectively.

Sometransitions are detected and others are not. There
aretwo problemsinvolved here: @) Thealowed transitions,
12, 2— 3,3 4..., have different transition
probabilities and therefore different intensities. b) Some
transitions occur out of the energy range determined by
the frequency or the field sweep used in the spectrometer
for spectra recording. The g = 4.3 lineis also a 34XYZ
transition but isotropic in nature.

These two Fe* sites are localized in dilute domains
and show different distortions.’® The resonance near
g = 9.0 and the isotropic signal centered at g ~ 4.3 are
attributed to the Fe,, center, that has a zero-field splitting
terms D and E relation, E = D/3, corresponding to
rhombically distorted sites. The Fe, center, with reso-
nances near g = 5.0, 3.5 and 2.8, hastherelation E = D/4.
So, this kind of iron center is more symmetrical than the
center with the E = D/3 relation. The kaolinite analyzed in
this work has two kinds of Fe* centers.

In the parallel spectrum (Figure 6) the intensities of
the lines with g-values of 2.8 (34Y), 3.5 (34X) and 9.0
(12Y) are higher than in the perpendicular spectrum. The
isotropic line with g = 4.3 presents roughly similar
intensity in both the parallel and perpendicular spectra as
predicted. Theintensity of thelinewithg=5.0, a34Z line,
decreases from the perpendicular to the parallel spectrum.
In consequence, considering a coordinated system with
the z axis perpendicular to the kaolinite sheets, we
conclude that the kaolinite sheets stayed, preferentialy,
parallel to the plane of the cavity of the EPR tissue cell.

Figure 7 showsthe second derivative mode EPR spectra
at afield range of 200 G of the same kaolinite sample. The
signals details are better shown in the second derivative
mode where even the signal/noise ratio decreases.

Evidence of preferentia orientation of the A, A’ and B
centersisshown asfollows. TheA' center lines(g, =2.0097)
have their parallel absorption (g, = 2.0403) intensified in
the parallel spectrum, indicating that the Si-O- bonds of
this center are localized paralel to the kaolinite sheet
(Figure 1). On the perpendicular spectrum the absorption
corresponding to the parallel spectrum of the A center
(9, = 2.0526) is intensified, showing that Si-O" bonds of
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Figure 7. EPR spectra of PP-0559 kaolinite oriented parallel and
perpendicular to the applied magnetic field, in the second derivative
mode

this center are localized perpendicularly to the kaolinite
sheet (Figure 1). In this orientation a sextet of lines
belonging to the B paramagnetic center is also intensified.
These centers exhibit a hyperfine structure (*’Al nucleus,
| =5/2), with the hyperfine coupling constant, A =7 G. The
observation of these lines suggest that, at least, one of the
magnetization axes of the Al-O- structure is localized
perpendicularly to the kaolinite sheet (Figure 1).

Conclusions

This kaolinite from the Amazon basin is a very low
defect clay mineral, as can be seen on the X ray
diffractogram and the transmission electron micrographs.
Thiskaoliniteformsvery defined monocrystalline platelets
of up to 2 um and can be readily oriented due to this
anisotropy. The XPS results show that this natural mineral
is of very high purity, while the valence band reveals an
insulator with broad peak features due to Al, Si 3p and 3s
and O 2p bonding molecular orbitals. Detailed EPR
measurements with the platelets oriented parallel and
perpendicular to the applied magnetic field revealed more
strucutural detailsof the Fo and Fe,, sitesabsorption lines,
aswell asthe orientation of the A, A’ and B paramagnetic
radiation induced defect centers.
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