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Abstract—The dependence of the Si—O stretching vibration line intensity in the IR spectrum of kaolinite on
the humidity of this mineral has been experimentally investigated. The experimental data were interpreted on
the basis of density functional theory (DFT) calculations with allowance for the real crystallographic features
of the kaolinite sample, determined by structural analysis. Some specific features of the intensity behavior in
the plastic state are revealed, which can be used to develop techniques for determining its limits. The differ-
ences in the O—H bond lengths and H—O—H angles for the H,O molecules adsorbed by basal surfaces and
located in the porous space of the mineral are determined. Based on the DFT data, it was found that bond
lengths and bond angles for a water molecule adsorbed on the siloxane surface are systematically smaller than

for a water molecule adsorbed on the hydroxyl surface.
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INTRODUCTION

In recent years, researchers have paid much atten-
tion to the spatial and electronic structure of hydrated
aluminosilicates in view of the good prospects of their
application to solve various problems of science and
technology. They are widely used as fillers of polymer
nanocomposites [1], high-efficiency sorbents [2], cat-
alysts [3], sensors [4], antibacterial materials [5], bar-
riers for disposal and utilization of radioactive waste
[6], and a raw material in the construction material
industry [7].

The application of layered aluminosilicates in dif-
ferent fields of technology is related in many respects
to the specific features of their hydration, which deter-
mines to a great extent their physicochemical proper-
ties. Despite the large number of studies on this sub-
ject, there is no unified point of view in understanding
the mechanisms of interaction of layered aluminosili-
cates with materials in liquid-phase reactions, in
defining the concept of “bound water,” and in the
questions of determining the plasticity and sorption
properties of these objects [8].

Hence, a detailed study of these processes is of
great theoretical and practical interest. The aforemen-
tioned concepts and the mechanisms determining the
phenomenological properties can be refined by study-
ing the processes of interaction of H,O molecules with
basal surfaces. The corresponding theoretical studies
are generally performed using the density functional
theory (DFT) method [9, 10], which proved to be
good in calculations of the structural and vibrational

characteristics, sorption, electrical, mechanical, and
other physical properties of these objects [11—15].

Studies of recent years made it possible to refine
the character of interaction of H,O molecules with the
adsorbing surfaces of aluminosilicates and the struc-
tural changes in the interacting atomic groups that
occur during this process [16—19].

In this paper, we report the results of studying the
influence of kaolinite hydration on the structural fea-
tures of H,O molecules located at basal surfaces and in
the kaolinite porous space and on the relative intensi-
ties of IR lines of kaolinite at different levels of its
humidity.

MATERIALS AND METHODS
Object of Study

The study was performed on kaolinite samples
from the Glukhovetskoe deposit (Ukraine). The
kaolinite crystal structure is known to contain two
basic structural elements: (i) silicon—oxygen tetrahe-
dra and (ii) octahedra consisting of oxygen atoms or
hydroxyl groups, with octahedrally coordinated alu-
minum, magnesium, or iron atoms inside these poly-
hedra [20]. Sharing oxygen-containing vertices, these
structural elements form two-dimensional hexagonal
networks constructed from SiO, tetrahedra and AlOg
octahedra.

An alignment of networks of tetrahedra and octa-
hedra leads to the formation of two-level kaolinite
packets (Fig. 1).
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Fig. 1. Kaolinite unit cell.

In the experimental study of the IR spectra, the
mineral samples were subjected to preliminary testing
according to [21]]. A selected clay fraction with parti-
cle sizes in the range of 0.04—3.0 um was monitored
with a CPSDC24000 analyzer of fine-grained parti-
cles using centrifugal sedimentation in liquid [22]. The
sizes of clay fraction particles of the kaolinite sample
turned out to be mainly in the range of 0.2—0.8 um;
hence, the methods of frustrated total internal reflec-
tion can be used to obtain IR spectra of kaolinite in the
dry and moistened states, because the light penetra-
tion depth into moistened/liquid samples is estimated
to be 5—50 um.

X-Ray Diffraction Study

An X-ray diffraction study of the clay fraction of
kaolinite was performed using a Rigaku diffractometer
at the Institute of Ore Geology, Petrography, Mineral-
ogy, and Geochemistry, Russian Academy of Sciences
(Moscow). The details of the experiment and methods
of analysis were reported in [23].

The calculated structural parameters of kaolinite
are listed in the table, along with the data of other
researchers. A comparison of these data gives an idea
about the variation in the lattice parameters of kaolin-
ites from different deposits.

The data of [23] from the table were used as the ini-
tial approximation in the theoretical study of the spa-

Unit-cell parameters of kaolinite

tial and electronic structure of the mineral and its IR
spectra at different degrees of moistening.

IR Spectra of Kaolinite Samples
with Different Humidities

We investigated kaolinite samples with different
levels of humidity, which was specified by the mass
ratio of H,O and mineral in the sample:

w = mHZO/mclay‘

IR spectra were analyzed using an ALPHA IR Fourier
spectrometer (ALPHA-E module, Bruker) by the
method of frustrated total internal reflection. The
spectra were recorded in the mid-IR range using the
OPUS software (which enters the delivery set of the
equipment). The native surface of the sample on a
ZnSe crystal (with a contact area of 19.6 mm?) was
investigated. The spectrum for each humidity value
was obtained by averaging over 25 scans; this approach
made it possible to establish reliably the fine structure
of the spectra at specified sample humidities and pro-
vide a resolution of 2 cm™".

Computer Simulation of the Atomic
and Electronic Structures of Kaolinite

The electronic structure and properties of kaolinite
were calculated by the DFT method, implemented in

Lattice parameter, A Angle, deg Unit-cell volume, A3
Source
a b ¢ o B Y 14
[23] 5.215 9.011 7.460 91.910 104.655 89.885 338.919
[24] 5.155 8.945 7.405 91.700 104.862 89.822 329.893
[25] 5.153 8.942 7.391 91.926 105.046 89.797 328.708
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the CASTEP software, using the resources of the
supercomputer complex at Moscow State University
[26].

The surfaces of clay particles were modeled by sur-
faces of packets of infinitely large size along the direc-
tions of two axes and by one unit cell in the direction
of the third axis. This model can be considered justi-
fied on the assumption of weak mutual influence of
the adsorption events of H,O molecules on hydroxyl
and siloxane surfaces of kaolinite.

The Bloch functions of electrons in the mineral
samples were determined in the form of an expansion
in a plane-wave basis, with a cutoff energy equal to
350 eV. The Monkhorst—Pack method witha 3 X 1 X
1 network was used to generate k points [27].
Constancy of the total energy of the system (accurate
to 107> eV) was a condition for the convergence of self-
consistent calculations.

Since the calculations for moistened kaolinite sam-
ples are highly laborious, we used ab initio pseudopo-
tentials [28], which take into account that the elec-
trons of tightly bound filled electron shells of atoms
barely change their state when interacting with other
atoms. The parameters and models that we used make
it possible to analyze fairly exactly the crystal structure
and optical properties of minerals with spatial and
electronic structures similar to the structure of the
kaolinite under study [23].

When calculating the IR spectra of kaolinite, the
crystallographic parameters listed in the table and
characterizing the specific features of a material under
study were taken as initial ones. During the self-con-
sistent calculation, the structural parameters of
kaolinite and H,0O molecules were refined with allow-
ance for the specified sample humidity.

The electronic and spatial structures and the IR
spectrum of kaolinite in the dry and moistened states
were calculated using the exchange-correlation func-
tional RPBE in the generalized gradient approxima-
tion (GGA), which proved to be good in calculating
the electronic structure and properties of hydrogen-
containing compounds [29, 30].

The dependence of the relative intensities of IR
spectral lines on humidity was analyzed by the exam-
ple of stretching vibration lines v of the atoms belong-
ing to the Si—O group. These lines were chosen
because of their relatively high intensity and good res-
olution in the experiment. The corresponding frag-
ment of the theoretical spectrum is compared with the
experimental spectrum in Fig. 2. The shape of the the-
oretical spectrum was obtained by summing individual
Gaussians, the areas of which was assumed to be equal
to the intensities of individual vibrations. To perform a
comparison with the experimental data, the energy of
the theoretical spectrum was increased by 20 cm~! and
the FWHM value was chosen to be 25 cm™". This value
somewhat exceeds the previously estimated width
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Fig. 2. IR spectrum of kaolinite in the air-dry state: exper-
iment (1, dashed line) and theory (2, solid line). The fun-
damental spectral lines were identified according to [32].

(17.3 cm™") of the components of the IR spectrum of
an association of clay minerals [31].

Analysis of the experimental and theoretical data in
Fig. 2 indicates that the occurrence of absorption
bands in the range of 850—1100 cm™! is due to the
stretching vibrations of the atoms belonging to the Si—
O group and bending vibrations of the atoms of the O—
H group on the hydroxyl surface. The strongest lines,
with wavenumbers of 1007 and 1029 cm~!, can also be
assigned to these atoms. The bending vibrations of the
OH groups of aluminum—oxygen octahedra of kaolin-
ite manifest themselves in the range of 900—960 cm~".

Study of the Structure of H,0 Molecule

The structure of the H,O molecule has been inves-
tigated fairly precisely, both experimentally and theo-
retically. Based on the experimental results of [33, 34],
one can assume bond length 7oy and bond angle 6 to
be 0.958 A and 104.5°, respectively; the errors of these
values are smaller than the numbers in the last decimal
place.

The theoretical analysis of the structural parame-
ters of H,O molecule was performed using different
approaches: multiconfiguration approximation, con-
sideration of the core and relativistic corrections, and
application of an extended correlation set of basis
functions. As a result, values coinciding with the
aforementioned experimental data [35] were obtained
for the structural characteristics under consideration.

The theoretical approaches based on the GGA
RPBE approximation do not make it possible to cal-
culate the structural parameters of the H,O molecule
with such a high accuracy. The calculations carried out
for the H,O molecule in the vapor phase yielded the
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Fig. 3. Theoretical (filled circles) and experimental (open
squares) dependences of the intensity of the Si—O stretch-
ing vibration lines v from the siloxane surface on humidity,
with indication of the humidity values at which (/) the for-
mation of the first water layer on the grain surface is com-
pleted, (2) this layer is supplemented with bound water lay-
ers, and (3) and water layers are formed.

values for the O—H bond lengths and angles between
these bonds of 0.965 A and 104.3°, respectively. When
the RPBE potential is used to calculate the H,O in the
liquid state, the corresponding parameters take values
0f0.980 A and 105.4°, respectively; we will use them in
further analysis.

RESULTS AND DISCUSSION

The Influence of Humidity on the Intensity
of Si—O Stretching Vibrations

The humidity of kaolinite with one H,O molecule
per unit cell (Fig. 1) is w; = 3.49%. The theoretical
spectra were calculated for a humidity of 76.78%,
which corresponds to 22 H,O molecules per unit cell.
Figure 3 shows the intensity of the Si—O stretching
vibration line (Fig. 2), normalized to the H,O line
intensity, as a function of the sample humidity. The
experimental value of the wave number of Si—O
stretching vibrations in the air-dry state of the sample
is 1007 cm~!. The line with a wave number of 1633 cm™
! which was isolated at all humidity values, was used as
the reference H,O line.

A comparison of the above data shows that the
behavior of the experimental and theoretical humidity
dependences of the relative intensity of the line under
consideration deviates from monotonic in the humid-
ity range of 15—50%. This deviation can be explained
by the end of the formation of surface bound water and
the transition of the sample to the plastic state at w =
15%.

OPTICS AND SPECTROSCOPY  Vol. 121

KASPRZHITSKII et al.

Fig. 4. Formation of surface-bound (sites / and 3) and
porous (site 2) H,O layers when the unit cell incorporates
eight water molecules.

A calculation performed with optimization of the
arrangement of kaolinite atoms and H,O molecules
made it possible to relate the singularities in the
dependence of the intensity of Si—O stretching vibra-
tion line on humidity with the specific features of for-
mation of water layers on kaolinite surfaces and in the
porous space: the formation of the first water layer on
the grain surface is completed at point /; at point 2,
this layer is supplemented with bound water layers,
which facilitate mutual displacement of clay particles
under an external impact; and the formation of water
layers, providing the sample liquidity, is completed at
point 3.

Comparison of the data in Fig. 3 indicates that the
theory describes well the experimental intensity ratio,
beginning with 11 H,O molecules per unit cell
(humidity 38.4%). At this humidity, there are
adsorbed H,O layers in the volume between basal sur-
faces (2 or 3 molecules in a layer per unit cell), and the
formation of a molecular layer is completed, which
can be interpreted as water filling pores in the sample.
The formation of porous water begins when the unit
cell incorporates seven or eight H,O molecules
(Fig. 4).

The discrepancy between theory and experiment at
lower water concentrations may be related to the insuf-
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Fig. 5. (1) Experimental intensity of the Si—O stretching
vibration line v from the siloxane surface, (2) values of

function Q = Nmcj,y /my,0, and (3) their difference.

ficiently accurate description of the spatial and elec-
tronic structures of the water molecules adsorbed by
the basal surfaces of the mineral. The corresponding
interactions and processes can be described more
accurately by refining the DFT potentials, which is
beyond the scope of this study.

Figure 5 shows the experimental intensity of the
spectral line that is mainly due to the stretching vibra-
tions of the Si—O atomic group and a function
inversely proportional to the sample humidity, Q =
N/w, where factor N is chosen so as to make the theory
and experiment agree at point w = 3.49%.

This figure also shows the difference between the
experimental dependence and 2, which is mainly
localized between points I and 11.

The humidity values at points I and II (25.4 and
46.1%, respectively) correlate well with the humidities
at the plasticity (w,) and liquidity (w;) limits deter-
mined according to the existing regulatory documents
[36—38]. For the kaolinite samples under study, they
were found to be 27.3 and 47.0% [39]. Thus, analyzing
the intensities of this spectral line, one can determine
the aforementioned mechanical parameters of soils.

Specific Structural Features of the Water Molecules
Interacting with Kaolinite Basal Surfaces

Figures 6 and 7 show the O—H bond lengths and
H—O—H angles, averaged over water molecules and
chemical bonds, as functions of the kaolinite humid-
ity. The horizontal dashed lines indicate the values of
these parameters calculated for the entire ensemble of
H,O molecules in the liquid state.

The observed nonsmoothness of the dependences
may be related to specific features of implementing the
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Fig. 6. Dependences of the average rgy value on humidity
(1) for all water molecules, (2) for water molecules at the
hydroxyl surface, (3) at the siloxane surface, (4) in the
porous space, and (5) in the liquid state.

numerical procedure. In addition, there may be an
error caused by the separation (according to the calcu-
lation results) of water molecules into those adsorbed
by basal surfaces and those localized in the porous
space. At the same time, the difference in the param-
eters for the molecular configurations deviating by one
water molecule does not exceed 1%.

It can be seen in Figs. 6 and 7 that an increase in
humidity leads to convergence of the average values of
parameters (/) and the parameters for the molecules
in porous space (4) to the values found for water in the

0, deg
107
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104

103

102O 20 40

60 80
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Fig. 7. Dependences of the average value of angle 6
between OH bonds on humidity (/) for all water mole-
cules, (2) for water molecules at the hydroxyl surface,
(3) at the siloxane surface, (4) in the porous space, and
(%) in the liquid state.
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liquid state (5). The formation of porous water begins
at a humidity exceeding 20% (six water molecules per
unit cell).

In addition, the numerical values of the bond
lengths and bond angles for the water molecules
adsorbed by the hydroxyl surface are systematically
larger than the corresponding values for the water
molecules adsorbed by siloxane surfaces. When the
first water molecule is introduced into the calculation
model, the optimization of the position of the atoms of
the system leads to its preferred localization near the
hydroxyl surface of the mineral. This fact confirms the
results of [17], where the high hydrophility of this
kaolinite surface was theoretically substantiated. As
compared with the free state of water, one can observe
a significant decrease in the angle between the bonds
and an increase in their length. A further increase in
the number of water molecules in the calculation
model leads to the formation of layers at basal sur-
faces; the layer at the hydroxyl surface is formed with
an advance by one molecule as compared with the
siloxane layer.

CONCLUSIONS

The behavior of the relative intensity of Si—O
stretching vibration lines in the absorption spectrum
of kaolinite was investigated as a function of its humid-
ity. In the range within the humidity values corre-
sponding to the plasticity (w, = 27.3%) and liquidity
(w, = 47.0%) limits, where kaolinite exhibits plastic
properties, the intensity of the above-considered line
behaves anomalously. Thus, having determined the
range of anomalous behavior of the intensity of this IR
spectral line, one can find the range of plastic state of
the mineral.

The water molecules adsorbed by basal kaolinite
surfaces and the water molecules positioned in the
porous space have different averaged O—H bond
lengths and H—O—H angles. Our calculations showed
that the bond lengths and bond angles for a water mol-
ecule adsorbed on a siloxane surface are systematically
smaller than those for a water molecule adsorbed on a
hydroxyl surface.
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