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Specular reflectance infrared and electron spin resonance spectroscopies were employed for the analysis of the sites
of Li(1), Cu(ur) and Cd (1) cations fixed in the structure of montmorillonite from JelSovy Potok (Slovakia) upon
heating for 24 h at 300 °C. Li(1) cations are trapped in two different sites: in the previously vacant octahedra and in
the hexagonal holes of the tetrahedral sheet. Cu(ir) cations are fixed deep in the hexagonal holes. They substantially
affect the vibration modes of Si—O bonds and they can be partially coordinated by oxygen atoms from the mineral
layers and by nitrogen atoms from pyridine molecules, if present in the interlayers. The larger Cd(ir) cations do not
get so deep into the hexagonal holes as the Cu(1) ions and their effect on Si—O bonds is less pronounced.

The clay mineral montmorillonite, a member of the
dioctahedral smectite group, is widely used as a raw material
due to its powerful catalytic! and sorbent? properties.
Montmorillonites are also important in areas of environmental
concern, and for such applications a precise knowledge of the
interaction mechanisms between clay surfaces and heavy metal
cations, such as Cu?*, Cd?*, Zn2", etc., is greatly desirable
as these cations are often present in various forms in polluted
soils.> Smectites have a layered structure formed by two
tetrahedral sheets linked with an octahedral sheet. The octa-
hedral sites of montmorillonites are occupied mainly by Al(1r)
cations which are to some extent replaced by Fe(ur) and/or
Mg(u) ions. The tetrahedra contain as the central atoms
mostly Si(1v), partially substituted by Al(ur). Non-equivalent
substitution of the central atoms in the octahedra and/or
tetrahedra generates a negative charge on the layers which is
balanced by hydrated exchangeable cations in the interlayers,
most frequently Ca®>*, Mg?* and Na* in natural samples.

Layer charge affects many fundamental properties of clays,
including cation exchange capacity, cation fixation, swelling
ability, water holding capacity and specific surface area.
Heating of montmorillonites saturated with Li* to 200-300 °C
reduces their negative layer charge and causes a loss of their
expandable character.*® A similar reduction in charge was
reported when other cationic forms of montmorillonites were
heated up to 300°C.°"'! The explanation of this effect is that
heating induces the small ions to migrate from the interlayer
exchangeable positions either to the vacant octahedra,'*™'* or
to the hexagonal holes of the tetrahedral sheets,!®'>717 or to
both these positions.>718-20

Reduced-charge smectites have been extensively investigated
by infrared (IR) absorption spectroscopy. To answer questions
concerning cation migration in smectites, the vibrations of OH
groups are mainly considered because they are very sensitive
to the local environment of the cations.>”31%2° The analysis
of the OH stretching region of heated Li-montmorillonite
revealed local trioctahedral domains (AIMgLiOH ) which indi-
cated the presence of Li* ions in the previously vacant
octahedra, presumably those which are near the sites of
isomorphic substitution.>” Corresponding changes in the Si—O
vibrations of heat-treated clays are observed less frequently.”-'°

Most IR studies are concerned with transmission measure-
ments either in KBr pellets or in self-supporting films.
However, the high sensitivity of Fourier transform infrared

(FTIR) spectrometers allows routine use of various reflectance
techniques, e.g. attenuated total reflectance, diffuse reflectance
or specular reflectance. The reflection spectra are quite complex
due to their dual dependence on both fundamental optical
constants n and k, the real and imaginary parts of the complex
refractive index n*.2''?> These constants can be obtained
through the Kramers—Kronig (KK) transformation. On the
other hand, the refractive index, n*, is related to the dielectric
constants ¢ and ¢” {real and imaginary parts of the complex
dielectric permitivity ¢*(w)} of the medium. Theory predicts
that the position of the peaks in the imaginary part of the
complex dielectric constant, e=¢'+1¢”, correspond to the TO
modes, while peaks in the energy-loss function —Im(1/e),
allow location of the LO modes.?’**> LO modes are those in
which the electric field, E, is parallel to the direction of the
periodicity of the wave, and TO modes are those in which E
is perpendicular. KK analysis indicates that IR transmission
spectroscopy gives only the TO modes in contrast to reflectance
spectroscopy, which yields both the TO and LO components
of each vibrational mode. Thus, the reflectance spectra,
although broadly similar to conventional absorption spectra,
differ markedly in many respects, particularly for samples
whose refractive index, in the vicinity of a strong absorption
band, varies widely with wavelength.?

Specular reflectance spectroscopy has been used recently to
study heat-treated Li- and Cs-montmorillonites.?> The results
reveal the high sensitivity of this technique in detecting changes
in the Si-O stretching vibrations. The KK analysis of these
spectra showed that heating caused migration of the small Li*
ions, but not of the larger Cs™ ions, into the clay structure.
Among other spectroscopic techniques, electron spin resonance
(ESR) is helpful in the investigation of cation locations in
clays, even though its use is limited to clays containing
paramagnetic centres. ESR spectroscopy can be used to charac-
terise the hydration state and location of exchangeable
Cu?" d° transitional metal ions, in the interlayers of montmor-
illonite.>*?° The sensitivity of the ESR spectrum to changes
in ligand field symmetry allows differentiation between
exchangeable and fixed Cu ions in heat treated Cu-
montmorillonites.!41%:2°

The present study uses IR transmission and specular
reflectance and ESR spectroscopies to detect structural changes
occurring upon heating Li*-, Cu?*- and Cd?*-saturated
montmorillonites.
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Experimental
Materials

Li*-, Cu?*- and Cd?*-saturated montmorillonites were
prepared from the <2 pm fraction of Ca?*-saturated bentonite
from JelSovy Potok (JP, Slovakia) by repeated immersion of
the clay into a 1M solution of the corresponding metal
chloride, followed by washing with deionized water and centri-
fugation until the supernatants were free of chloride ions.
Montmorillonite was the only mineral detected in this frac-
tion.?® Its structural formula as calculated from chemical
analysis is: M " .0;(Si7.71Alp.20) (Als 0oFeo 3sMo.63)020(OH ).
The samples were dried at 50 °C, ground to pass a 0.2 mm
sieve, and divided into two (Li-JP and Cd-JP) or six (Cu-JP)
parts. One specimen of each set remained unheated (samples
Li-JP, Cu-JP and Cd-JP). The other portion of Li- and Cd-
JP were heated for 24 h at 300 °C (Li-JP300 and Cd-JP300).
Cu-JP samples were heated at 130, 150, 200, 250 and 300 °C
and these products are subsequently referred to as Cu-JP130—
Cu-JP300, etc. Thus, Cu-JP130 indicates that Cu®*-exchanged
JP was heated for 24 h at 130 °C. In addition, Cu-JP150 and
Cu-JP300 were water soaked and dried again to follow the
reversibility of the Cu-fixation process. These samples are
designated as Cu-JP150S and Cu-JP300S, respectively. For the
experiment designated to elucidate whether the cupric sites
can be accessed by other molecules, the Cu-JP and Cu-JP300
samples were exposed to pyridine vapour for 24 h at room
temperature. Cu?*-saturated hectorite (HC) and Texas mont-
morillonite (TM ) samples heated for 24 h at 300 °C were used
for comparison in ESR experiments.

Techniques

Infrared transmission spectra were obtained on a Nicolet
Magna 750 FTIR spectrometer using the KBr pressed disc
technique. Infrared reflectance spectra were measured with a
Nicolet Magna 550 FTIR spectrometer equipped with a DTGS
detector. For each sample, 100 scans were recorded in the
reflectance mode with a resolution of 2cm ™! by means of a
variable-angle attachment provided by SPECAC Inc. All spec-
tra were measured at room temperature, using unpolarized
radiation at an incident angle 10° off normal against a high
reflectivity aluminium mirror. The samples were ground and
pressed into pellet form in order to obtain regularly flat
surfaces suitable for specular reflectance measurements. The
reflectivity data were analysed by Kramers—Kronig transform-
ation in order to derive the optical and dielectric constants of
the clays. A brief outline of the analyses of the reflectance
spectra is given in ref. 22.

The electron spin resonance (ESR) spectra were obtained
using a Bruker ER200D-SRC spectrometer equipped with an
Oxford ESR 9 cryostat, a Bruker NMR gaussmeter and an
Anritsu MF76A microwave frequency counter. The spectra
were recorded at 10 K and were collected on a PC interfaced
to the spectrometer.

Results and discussion
IR spectra

The IR absorption spectra for unheated Li-, Cu- and Cd-JP
samples dispersed in KBr are presented in Fig. 1, along with
those for the samples heated for 24 h at 300°C. For the
unheated samples the positions of the absorption bands, due
to Si-O and OH vibrations, remained unchanged for Li-, Cu-
and Cd-JP indicating the negligible influence of hydrated
interlayer cations on the vibrational modes. The AIAIOH and
AIMgOH absorptions were found in the unheated samples at
the expected wavenumbers,?” i.e. at 916 and 846 cm !, respect-
ively [Fig. 1(a),(c),(e)]. Although, a shift of the AIAIOH band
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Fig. 1 IR absorption spectra of unheated Li- (a), Cu- (¢) and Cd-JP
(e) and of Li- (b), Cu- (d) and Cd-JP (f) after heating for 24 h
at 300 °C.

to about 930 cm ™! was common to all the samples heated at
300°C, there was an intensity decrease in the order
Li*>Cu?">Cd** [Fig. 1(b),(d),(f)]. Furthermore, the
AIMgOH band moved to 857 and 878 cm ! in the spectra of
Li-JP300 and Cu-JP300, while for Cd-JP300 only a very weak
inflection near 846 cm ! was observed. These changes indicate
that Li(1), Cu(un) and Cd(11) are not fixed in the same position
within the structure of heated montmorillonite. Penetration of
small cations either into the hexagonal holes and/or into the
previously vacant octahedral sites can also induce changes in
the Si—O vibrational modes. As a result of the migration, the
negative charge of the layers is decreased and the structure
becomes more pyrophyllite-like® A broad band near
1040 cm !, related to complex Si-O stretching vibrations in
the tetrahedral sheet, was shifted close to 1050 cm ™! for all
the heated samples [Fig. 1(b),(d),(f)], thus approaching the
frequency at which pyrophyllite absorbs.?” The changes in the
Si—O stretching band upon heating were similar for all metal-
exchanged montmorillonites. Accordingly, this technique is
unable to distinguish between the potentially different positions
of Li(1), Cu(u) and Cd(u) in the montmorillonite structure
after heating at 300 °C by analysis of the Si—O vibrations. In
contrast, the IR specular reflectance method is more sensitive
to changes in the Si—O stretching region.

The IR specular reflectance spectra for the unheated Li-JP,
Cu-JP and Cd-JP samples, as well as those for the samples
heated for 24 h at 300 °C, are shown in Fig. 2. The reflectance
and transmission spectra of all the samples were basically
similar in the 950-400 cm ! region, apart from small shifts in
the bands due to the different techniques. Clear distinctions
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Fig. 2 IR reflectance spectra of unheated Li- (a), Cu- (c) and Cd-JP
(e) and of Li- (b), Cu- (d) and Cd-JP (f) after heating for 24 h
at 300°C.



were observed in the 1200-1000 cm ™! region. In contrast to
the transmission spectra, which show only one strong Si-O
band near 1040 cm ~ !, two main reflectivity maxima near 1128
and 1062 cm ™! appear in the Si-O stretching region of the
unheated JP montmorillonites [ Fig. 2(a),(c),(e)]. The nature of
these maxima has been related to the LO and TO components
of the asymmetric stretching vibration of Si-O-Si groups.?!:?2
After heat treatment, the Si—O bands showed significant
changes in their frequencies and relative intensities
[Fig. 2(b),(d),(f)]. While similar shifts of the 1128 cm ! band
to 1138 cm ™! were detected in the spectra for all the JP300
samples, the shifts in the 1062 cm ™! band were different, i.e.
by 30 cm™! for Cu-JP300, by 26 cm ™! for Li-JP300 and by
only 10 cm ™! for Cd-JP300. When compared with the unheated
montmorillonites, the reflectivity spectra of the Li-, Cu- and
Cd-JP300 samples showed large variations in the Si—O intensit-
ies (Fig. 2). The relative intensity of the band near 1062 cm !
was considerably reduced for Li- and Cu-JP300, while the
intensity of the band near 1140 cm ™! was increased. The least
pronounced changes in the intensities of both bands were
observed for Cd-JP300. It is obvious that the thermal treatment
affects differently both the positions and the intensities of the
Si—O bands for Li-, Cu- and Cd-JP samples. This difference
probably originates from the different radii of the interlayer
cations (Li*=0.68, Cu2*=0.72 and Cd2*=0.97 A), which
strongly affect their fixation and position in the layers of
heated montmorillonite.

To analyse the specular reflectance spectra in more detail
the Kramers—Kronig transformation was used. This method
provides calculated TO and LO modes as an imaginary part
of the dielectric function and energy loss function vs. fre-
quency.?!:22 The peak positions of these modes as well as their
frequency difference (LO-TO splitting) depend strongly upon
the range of Coulombic forces in the framework. For this
reason the behaviour of the TO and LO modes upon heating
can be correlated with the migration ability of the interlayer
cations. The TO and LO spectra of all samples exhibited two
dominant bands in the 1200-1000 cm ! region (Fig. 3 and 4),
which were attributed to the asymmetric stretch (AS) of the
Si—O-Si bridges. The motion of the oxygen atom parallel to
the Si-Si direction gives rise to two vibrational modes: (i) an
AS, mode in which adjacent oxygen atoms execute the asym-
metric stretch in phase with each other and (ii) an AS, mode
in which adjacent oxygen atoms execute the asymmetric motion
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Fig. 3 Spectra of the imaginary part (¢”) of the complex dielectric
function for unheated Li- (a), Cu- (c) and Cd-JP (e) and of Li- (b),
Cu- (d) and Cd-JP (f) after heating for 24 h at 300 °C.
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Fig. 4 Energy-loss spectra [(—Im(1/¢))] of unheated Li- (a), Cu- (c)
and Cd-JP (e) and of Li- (b), Cu- (d) and Cd-JP (f) after heating for
24 h at 300 °C.

180° out of phase.?®2° The AS, mode is optically inactive and
can be activated only by coupling with the stronger AS;
mode.?*?° Accordingly, the stronger bands in the TO spectra
of Li-, Cu- and Cd-JP samples were attributed to the AS;
mode while the weaker were assigned peaks to the AS, mode
(Fig. 3). On the other hand, in the LO spectra the peaks near
1090 cm ~ ! were attributed to the AS, vibrations whereas those
near 1134 cm ! were assigned to the AS, vibrations (Table 1).
It should be noted that while the TO spectra of Li- and Cd-
JP showed a much stronger component near 1040 cm ! than
near 1010 cm ™!, both components were of similar intensity in
the spectrum of Cu-JP (Fig. 3). Recently it was found that the
relative intensities of the bands at 1040 and 1013 cm ™! were
dependent on the amount of interlayer water. To explain this
behaviour it was assumed that some kind of coupling occurs
between the Si—O stretching of the silicate layers and the
H-O-H bending vibrations.*>*' Along these lines it is pro-
posed that the different TO spectrum of Cu-JP montmorillonite
correlates with six or four water molecules directly bound to
hydrated and partially dehydrated copper, respectively, in the
interlayer space.”®

After heat treatment of the samples at 300°C, the LO and
TO spectra exhibited significant changes in the relative intensit-
ies of the bands as well as in their frequencies (Fig. 3 and 4).
The LO bands showed an inversion in intensities and a shift
to higher frequencies for all samples. Analogous behaviour in
the LO modes was observed for SiO, heat-treated gels and
was attributed to a decrease in the coupling between the AS;
and AS, modes upon structural densification of the porous

Table 1 Frequencies incm ™! of LO and TO modes for asymmetric

stretching (AS“) vibrations of Si—-O-Si bridges in Li-, Cu- and Cd-JP
montmorillonites

TO LO
Sample AS, AS, AS, AS,
Li-JP 1041 1120 1134 1090
Li-JP300 1041 1124 1155 1107
Cu-JP 1013; 1038 1117 1132 1090
Cu-JP300 1038 1126 1163 1113
Cd-JP 1041 1118 1134 1092
Cd-JP300 1034 1121 1153 1111

“LO, TO, AS; and AS, vibration modes are described in the text.
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structure of the gel. This coupling is stronger in SiO, gels
compared to SiO, glass, because the Si-O-Si bridges are
strained at the surface of the gel pores.?!3? As the heat
treatment of montmorillonites leads to lower porosity because
the silicate layers from neighbouring sheets get closer, it is
suggested that the coupling between the AS; and AS, modes
also diminishes. Thus, the inversion in the LO intensities can
be attributed to the lack of strengthening at the surface of the
pores of the Si-O-Si bridges in the heat treated montmorillon-
ites. On the other hand, based on the observed 9.6 A d-spacings
for all the samples heated at 300 °C, the small but distinct
change in the AS;:AS, intensity ratios (Cu:2.07, Li:1.67,
Cd:1.5) cannot be explained. This probably means that an
additional factor affects the LO spectra of the heated JP
montmorillonites.

The TO spectra exhibited a different behaviour. In the
Li-JP300 spectrum the peak frequencies were not shifted but
the intensity of the AS; band at 1041 cm™' was strongly
decreased [Fig. 3(b)]. Moreover, a new shoulder appeared
near 1066 cm~!. The band at 1013 cm ™!, observed in the TO
spectrum of Cu-JP sample, lost its intensity and only a band
at 1038 cm ! with a shoulder near 1070 cm~! remained after
the heat treatment [ Fig. 3(d)]. For Cd-JP300 there was a slight
shift in the AS, band from 1041 to 1034 cm %, as well as some
broadening and reduction in intensity [ Fig. 3(f)].

In a recent study, the KK analysis of the reflectance spectra
of Li- and Cs-SWy-1 montmorillonites allowed the detection
of LO and TO modes.?? It was found that the major change
in the TO and LO spectra with increasing heating temperature
was the systematic development of a new pair of bands which
were attributed to an AS vibration of the Si-O—-M bridges
(M =tetrahedral or octahedral) after neutralisation of the
lattice charge by migrated Li* cations. Accordingly, the new
band near 1070 cm ! is attributed to a new TO mode originat-
ing from the same phenomenon. The question which emerges
now concerns the position of the LO pair at this mode. As
discussed above, the LO spectra of JP samples show only two
peak maxima. On the other hand, the observed differences in
the AS,:AS, ratio probably indicate the presence of an
additional LO band overlapped with the initial LO-AS, com-
ponent, which contributes to the observed intensity of the LO
high frequency band.

From the calculated AS,:AS, intensity ratios it is evident
that the nature of the cation also affects these ratios, which
are in the order Cu>Li>Cd after heating at 300 °C. This is
probably due to a different contribution of the unresolved LO
component to the LO spectra. An explanation for the observed
trend can be based on the different size, charge and ability of
the cations to migrate into the different positions within the
clay structure. Divalent Cu?* and Cd** have a greater propen-
sity to interact with the negative layer charge sites than the
monovalent Li* cations. Although it is difficult to distinguish
between the effects of the charge and the size of the cations on
their final position after heating, the largest AS;:AS, ratio
obtained for Cu-JP300 indicates the greater effect of Cu(i) on
the Si—O vibration modes compared to the other fixed cations
investigated. This fact is due to the substantial amount of
relatively small divalent Cu(m) ions fixed in the hexagonal
holes of the tetrahedral sheets, very close to the Si—O bonds.
The comparison of these ratios for Li-JP300 and Cd-JP300
suggests a different situation. Most of the Li(1) ions were found
to be fixed in the previously vacant octahedra in the JP
samples heated above 200°C.”® The fraction of monovalent
Li(1) located in the hexagonal holes affects the Si-O bonds
less than Cu(u) due to its lower concentration and valency.
Cd(m) is too big to get as deep into the hexagonal holes as
Cu(m), therefore its effect on the Si—O modes is less pronounced.

ESR spectra

The ESR spectra of the Cu-JP samples heated at various
temperatures are presented in Fig. 5. The signals are indicative
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Fig. 5 ESR spectra of Cu-JP samples heated at various temperatures.
Measurement of the components g, and g, of the axial g tensor is
shown for the spectrum of unheated Cu-JP.

of a powder spectrum with axial symmetry and resolved low-
field components. The spin Hamiltonian parameters g, g,
and A, at 10K are listed in Table 2. The Cu(ir) hyperfine
coupling in the perpendicular part of the powder spectra (4,)
was not resolved in agreement with previous studies.!® The
ESR parameters indicate that the hydrated Cu?* has a tetra-
gonal symmetry with its symmetry axis perpendicular to the
silicate sheets. The ESR anisotropic signal exhibits well
resolved hyperfine structure indicating minor dipolar
interaction with the structural Fe(ur) centres.®

The spectrum of Cu-montmorillonite heated at 130°C
(Fig. 5) has similar g and 4 parameters to Cu-JP (Table 2),
thus suggesting similar geometry and positions for the Cu?*
centres in the interlayer zone. However, heat-treatment of the
sample at 150 °C caused significant changes in the parameters
of the ESR signal, i.e. an increase in g, and g, values while
A, was decreased to 0.0105 cm~'. In addition, the hyperfine
structure in the spectrum of Cu-JP150 became less discernible.
The values of spin Hamiltonian parameters obtained from a
large number of Cu?* ESR studies in single crystals as well
as in disordered systems provide a rough guide for the
coordination symmetry of this metal ion.>**° For instance,
the value of g, ~2.38 indicates octahedral symmetry, while
A;~0.010cm ™! is typical for a square pyramidal symmetry.
The coordination symmetry of the ion also depends on the
type of surrounding ligands. Although oxygens are the ligating
atoms in all Cu-montmorillonite samples, the number of
oxygens from water molecules decreases upon heating of
montmorillonite, whereas the number of oxygens from the
clay framework increases. This change in the number of
different oxygen atoms coordinated to Cu?* probably affects
the g and A parameters obtained from the ESR spectra.!® The

Table 2 Parameters obtained from the ESR spectra (measured at
10 K) of samples heat-treated for 24 h at various temperatures

Sample g g Afem™!
Cu-JP 2.33 2.07 0.0148
Cu-JP130 2.32 2.07 0.0151
Cu-JP150 2.38 2.08 0.0105
Cu-JP200 2.37 2.08 0.0103
Cu-JP250 2.38 2.08 0.0103
Cu-JP300 2.37 2.08 0.0103
Cu-TM300 2.39 2.07 0.0097
Cu-HC300 2.41 2.09 0.0102




parameters of the Cu-JP150 spectrum agree with a distorted
octahedral geometry in which some silicate framework oxygens
compete with H,O for the coordination environment of the
copper centre. The g, component of the spectrum loses
intensity as the temperature of heating was increased. This
might arise from a change in the orientation of the Cu?* ions
or from increased interactions between Cu®* and structural
Fe3*. Because the powdered form of the samples minimizes
the possibility of orientation effects on ESR spectra and
because g, is much less sensitive to symmetry changes com-
pared to g, and A, values, we suggest that the observed
reduction in the intensity of the g, component is probably
due to increased Cu?*~Fe*" interactions. This explanation is
supported by the better resolved hyperfine structure in the
spectra of Cu-saturated hectorite and Texas montmorillonite
(Fig. 6) heated at 300 °C, which contain much less structural
Fe(ur) than JP. On the other hand, the spectra of these three
different heated smectites are described with the same ESR
parameters (Cu-JP300, Cu-TM300 and Cu-HC300 in Table 2).
This suggests that the observed changes in the parameters for
Cu-JP samples heated above 150 °C cannot be used as evidence
for the migration of Cu?* into the octahedral vacancies. In
fact heating of Cu-JP at temperatures higher than 150 °C had
only a minor effect on the spectral parameters (Table 2), but
resulted in further loss of the hyperfine structure, probably
due to increasing interaction of Cu?* with Fe®" after heating
at higher temperatures. All the observed spectral changes
suggest that the Cu®* ions migrate upon heating at 7> 150 °C
to the hexagonal cavities of the silicate layers. However,
increasing the temperature above 200 °C slightly affects the
ESR signal, which indicates some modification in the Cu
coordination sphere after treatment at 250-300 °C.

Fig. 7 shows the ESR spectra of Cu-JP150, Cu-JP200 and
Cu-JP300 before and after soaking in water and air-drying.
Significant changes were observed only in the spectrum of Cu-
JP150. The spectrum of the rehydrated and dried sample
exhibited well resolved hyperfine splitting and a more intense
g, component. The ESR parameters of the Cu-JP150 spec-
trum, g,=2.38, g, =2.08 and 4,=0.0105 cm ™", changed upon
rehydration and drying to g,=2.38, g,=2.07 and 4=
0.0151 cm ™. These values of the ESR parameters, similar to
those of Cu-JP and Cu-JP130 (Table 2), indicate that hydrated
Cu?* species were formed. Small differences in the ESR
parameters with respect to the Cu-JP spectrum are probably
due to the incomplete formation of [Cu(H,O)s]** species
because of some remaining silicate framework oxygens in the

7 i
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Fig. 6 ESR spectra of Cu-JP, Cu-TM and Cu-HC heated to 300 °C.
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Fig. 7 ESR spectra of Cu-JP150, Cu-JP200 and Cu-JP300 before (a)
and after (b) rehydration in water and drying at room temperature.

Cu?" nearest environment. Any influence due to hydration of
Cu?* ions fixed on the external surface of the clay particles
on the ESR spectra is small, as indicated by the negligible
effect of rehydration on the Cu-JP300 spectrum (Fig. 7).

By contrast, the spectra of Cu-JP200 and Cu-JP300 (Fig. 7)
show only minor differences after rehydration and drying, thus
suggesting that Cu is strongly fixed after heating at 200 or
300 °C and rehydration of copper upon soaking in water does
not occur. If the Cu(ir) ions occupy previously vacant sites in
the octahedral sheet of montmorillonite,** this position would
prevent any change in their environment upon contact with
water and thus the ESR signals would not change. Cations
trapped in these vacancies have a stable geometry as a conse-
quence of their coordination to the layer oxygens. However,
if Cu(u) is fixed in the hexagonal cavities of the tetrahedral
layer, its coordination could possibly be affected by a ligand
which can penetrate into the interlayers and coordinate to
Cu(m). In an attempt to elucidate the accessibility of the fixed
Cu(m) ions and their positions within the structure, Cu-JP and
Cu-JP300 samples were exposed to pyridine vapour for 24 h
at room temperature. Before this experiment the Cu-JP300
sample was immersed in a lithium chloride solution in order
to remove surface copper. The spectra obtained are shown
in Fig. 8.

As discussed above, the ESR parameters of Cu-JP suggest
a tetragonal distorted octahedral symmetry for the Cu?™ ions,
arising from the coordination of four water molecules and two
oxygens from the silicate layers. After exposing the Cu-JP
sample to pyridine vapour, a different EPR signal was obtained
(Fig. 8). Its parameters, g,=2.23, g, =2.05 and 4=
0.0166 cm !, suggest coordination of Cu(m) to nitrogen.*!=*3
The spectrum of Cu-JP300 after exposure to pyridine showed
an anisotropic signal with a partially resolved 4, component.
Analysis gave g, =2.30, g, =2.07 and 4,=0.0152 cm ™. These
values indicate a distorted octahedral coordination with both
nitrogen and oxygen atoms as ligands. A similar geometry
based on ESR data has been proposed for Cu?* ions immobi-
lised in silica gel upon adsorption of pyridine.** The data
show that fixed Cu(m) centres coordinate only partially with
the nitrogen atoms of pyridine because pyridine is too large
to fully coordinate Cu(mu) in the hexagonal cavities, as is
observed for Cu?* ions in the interlayer space of Cu-JP. Such
a coordination would be impossible for Cu(m) trapped in the
previously vacant octahedral sites.'> The ESR results prove
that the Cu?* ions in Cu-JP are located mainly in the interlayer
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Fig. 8 ESR spectra of Cu-JP and Cu-JP300 samples before (a) and
after (b) exposure to pyridine.

space, while those in Cu-JP300 are fixed in the hexagonal
cavities of the tetrahedral sheet of the mineral.

Conclusions

This study has shown that specular reflectance infrared and
electron spin resonance spectroscopies are powerful techniques
for the investigation of metal atom sites fixed in the structure
of montmorillonites upon heating. The analyses indicated that
both the valency and the size of the exchangeable metal cations
in unheated montmorillonite affect the structural site of the
fixed metal after heating. Earlier studies, based on the OH
stretching and bending vibrations in IR transmittance spectra,
showed that Li(1) is trapped in the previously vacant octahedra
and in the hexagonal holes of the tetrahedral sheet. No
contradictory evidence was obtained in this study from the
Kramers—Kronig analysis of the Si—O vibration modes. Cu(1)
is fixed deep in the hexagonal holes as proved by its effect on
the vibration modes of Si—O bonds. ESR spectra showed that
Cu(mr) can be partially coordinated by the oxygen atoms from
the mineral layers and by nitrogen atoms from pyridine
molecules, thus confirming its position in the hexagonal holes.
Cd(m) is much larger than Cu(i), therefore it does not get so
deep into the hexagonal holes as does Cu(ir) and its effect on
the Si—O bonds is less pronounced.
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