Phys Chem Minerals (2003) 30: 366372
DOI 10.1007/500269-003-0325-3

© Springer-Verlag 2003

ORIGINAL PAPER

J. M. Gaite - F. Muller - S. Jemai

Measurements of iron concentration in kaolinites considering disorder

broadening of EPR lines

Received: 25 November 2002 / Accepted: 26 April 2003

Abstract Only one part of the EPR lines of a kaolinite
spectrum of structural Fe* * is clearly observable because
of the overlapping of other lines with other spectra. For
this reason, to determine the structural Fe* " concentra-
tion we used the line near g = 9, although it is not intense.
A standard is needed: powders of ZnS containing given
concentrations of Mn”" (isoelectronic to Fe’™) were
used for this purpose. Using the simulations of the EPR
spectra, the concentration (number of Fe** per A’ ™) is
determined; it is in the range 107> to 107 for our samg)les.
Considering that the crystal-field disorder around Fe” ™ is
responsible for line broadening, we looked for a possible
effect of the broadening on the intensity of the EPR
spectra. This effect is taken as a distribution of the
parameter 2 = B,?/B,". The influence of the parameter 1
and its statistical distribution on the position, shape,
width and intensity of the EPR line has been calculated
using simulation procedures. The correction due to the
disorder on the calculated concentration is of the same
order of magnitude as the precision measurement. This
method can be applied for other kaolinites by comparing
the area of their g = 9 lines with known ones.

Keywords Kaolinite - EPR - Fe’ "

Introduction

Kaolinite is a 1:1 dioctahedric aluminosilicate of for-
mula Al,Si;Os5(OH),. In the octahedral sheet 2/3 of the
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octahedral sites are occupied by AI**. Natural samples
are more or less disordered, depending on the distribu-
tion of A" inside the layer, on the abundance of
staking faults between the layers and on the presence of
impurities or clusters. The physical properties of kaoli-
nite are strongly dependent on its disorder, and several
techniques, mainly X-ray diffraction and EPR spec-
troscopy, were used to study this disorder (Cases et al.
1982). It was supposed that there is a relation between
the degree of disorder and the iron concentration in the
kaolinites.

The EPR studies of kaolinites showed that the
experimental spectrum is the superposition of three dif-
ferent kinds of Fe** spectra:

e A broad line attributed to a super paramagnetic phase
(Bonnin 1982).

e A line at g = 4.3 which origin is not surely known
(Mestdagh et al. 1982), although the presence of
stacking faults and of layers of dickite are partly
responsible for this signal (Balan et al. 1999).

e More or less resolved lines arise from Fe®" substi-
tuted for A*". This iron is called structural iron
(Gaite et al. 1993).

It was shown that the line widths of the EPR spectra
were strongly dependent on the disorder of the sample
and an EPR index based on the observation of the
structural iron spectra was proposed to characterize the
disorder in the kaolinites (Gaite et al. 1997). This index
uses the line width measurements of the [1/2>— |-1/2>
transition line (g = 9), which is the only line measurable
for most of the kaolinites.

We propose to use this transition line (low field
line) to determine quantitatively the structural
iron concentration with the help of simulation calcula-
tions.

Quantitative EPR is a complex problem, for the sig-
nals depend on several experimental parameters such as
the position of the sample inside the cavity, the Q factor
of the cavity etc., as described by Nagy (1993) and
Yordanov (1994).



Another difficulty of quantitative EPR is the choice
of a standard. Several carbon-based standards were
proposed by Auteri et al. (1994). In a previous study of
Fe*" in kaolinite Balan et al. (2000) used standards of

e’ "-doped 2A1,0;. We looked for the possibility to use
Mn?" which is iso-electronic to Fe*™. Mn?" in several
MO compounds is listed by Yordanov (1994). In this
work we used ZnS samples containing various concen-
trations of Mn>" as standards.

The intensity of the EPR spectra is proportional to
the concentration; however, nothing is known about a
possible influence of the crystal-field disorder. This
aspect will be developed in this paper.

Experiments

EPR spectroscopies

The EPR spectra were recorded with a double-cavity Varian 4502
and using a 100-kHz modulation. The magnetic field was calibrated
using an NMR Gaussmeter, and the frequency was precisely
measured using an HP frequency meter. In order to obtain quan-
titative measurements of the intensities, we controlled the modu-
lation and the receiver gain calibrations, and all experimental
parameters were carefully controlled. The EPR spectra were digi-
tized and recorded in a computer. All experiments were performed
at room temperature. To circumvent sample position dependency
on the EPR signal, samples were placed inside calibrated cylindrical
silica tubes inside the cavity. They occupy all the cavity height and
their mass density was measured. To avoid any variations of signal
intensity with the position of the tube inside the cavity, we used
specific tube holders. We controlled that there was no preferential
orientation of the kaolinite particles inside the tube. The same
procedure was used for the kaolinite samples and for the standards.

The samples

The kaolinites used in this work were previously studied by Gaite
etal. 1997 (DCV and GB3 samples) and by Razafimandiby et al. 1982
(IBITY sample from Madagascar). The spectra of these samples
characterized by different disorder parameters are presented in
Fig. 1.

The standards

The simplest way to determine the Fe*" concentration in a given
powdered sample is to compare the intensity of the spectrum (or
the same lines of the sample) with that of a standard contammg a
known amount of Fe’" submitted to a similar crystal field, i.e.
haying a similar spectrum. For kaolinite, such standards could be
Fe** in ZrO, or in YAIO5; unfortunately, in spite of great efforts,
such samples were not available, and we used a more compllcated
method. As standards we used powders of ZnS doped with Mn>"
with various concentrations. We had eight dlfferent specunens with
an [Mn/Zn] ratio varying between 2.5 x 107> and 2.5 x 107>, The
spectra of two of these standards ([Mn/Zn] =7.5x 107 and
7.5 x 107%) are presented in Fig. 2a.

Basis of the method

Our purpose is to use both experimental and simulated spectra. The
aim is to use a ratio (R,;) of some characteristics of the experi-
mental spectra of the samples and of a standard. R,; is then
compared to the same ratio (Ry) calculated from simulated spectra.
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Fig. 1 X-band frequency experimental spectra of the three samples

The different steps of this method are detailed below. The main
characteristic of the Fe** spectra (Fig. 1) is the presence of the low
field line isolated from the others. The area I of this line is pro-
portional to the Fe’* concentration in the sample. It was used to
characterize the sample disorder and to carry this present study. Of
course, one line belonging to the Fe I spectrum exists near g = 9, as
Fe 1 is characteristic of an important crystal-field disorder; this line
is very broad and is included in the base line. It is observed in the
spectra of the standards (Fig. 2a) that the intensities depend on the
Mn>" concentration but also on the lines widths because of the
dipolar broadening. The only characteristic of the Mn** spectra 1s
related to the whole spectrum, having an intensity 7. The Mn?™
concentration of the standards was checked by double integration
of the recorded spectra. The first integration of the spectrum (the
absorption curve) for two different standards is presented in
Fig. 2b. The second integration gives the signal intensity. To check
our standard, we calculated the intensities for several standards.
The plot of the intensity of the Mn>* spectra as a function of the
(Mn/Zn) ratio is presented in Fig. 3. This curve shows a good linear
relation between the intensity and the concentration, indicating
that the standards are well calibrated. For further measurements
we used the standards with concentration [Mn/Zn] = 7.5 x 107,
We determined the ratio Ry = Ix/I,. This ratio is related to the
same sample volume; it can be transformed into the same mass
ratio Ry, by the relation:

Dy
RM RV X DZ s
where Dy and D are, respectively, the mass densities of the sample
and of the standard inside the silica tube. The measured areas are
proportional to the concentration of paramagnetic species and R,
is also given by:

RM = k><[Fe3+]/[Mn2+} = kXCK/CZ = kXNK/NZ s

where k is a constant Cg and C5 are, respectlvely, the concentra-
tions of Fe®>™ in the sample and of Mn?” in the standard. Ng and
N are, respectively, the spin numbers per unit mass in the sample
and in the standard. The constant & was determined with the
simulated spectrd of the samples and the standard with [Mn/Zn] =
7.5% 1074,
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Fig. 2 X-band frequency experimental sp:ctra of two standards with
[Mn]/[Zn] = 7.5 x 107 and 7.5x 10™ (a) and their numerical
integration (b)
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Fig. 3 Intensity /, of the standard spectra as a function of the [Mn]/
[Zn] ratio

Simulations of the EPR spectra

The sample spectra

The EPR spectra of powdered kaolinites were simulated using a
home-made procedure with two main steps.

The simplified spin Hamiltonian of Fe*>* in kaolinite is given by:
H=Y";gBB;S; + BYOY + B30} (Abragam and Pryce 1951),

where O3 (m =0, 2) are the Stevens equivalent operators (Abra-
gam and Bleaney 1970), By are the fine structure constants, B; are
the components of the magnetic field, S; the spin operators and f is
the Bohr magneton. We computed the absorption spectra, using
the constants B) and B3 of the structural iron in kaolinite deter-
mined previously (Gaite et al. 1993; Balan et al. 1999) and an
isotopic g value (g = 2) considering no line shape or width, i.e.
considering the line shape as a J function (Fig. 4a).

In a second step we convoluted the absorption curve by the
derivative of a normalized line shape (either Gaussian or Lo-
rentzian); a simulated EPR spectrum is then obtained (Fig. 4b). In
this way, the area of the g = 9 line is independent of the shape and
width; it is obtained in arbitrary units depending mainly on the
number of orientations used for the simulation of the spectra. The
area I of the low field line of the simulated spectra is then cal-
culated by integration.

This procedure has been described previously for Fe** (Gaite
et al. 1993) and for Cr®* (Gaite and Mosser 1993).

The standard spectrum

We used the same program to calculate the intensity of the Mn>™"
spectrum in ZnS with some assumptions:

We treated Mn?" like its iso-electronic Fe*", that means we
simulated the absorption curve of Mn?™ (like Fe* ™) neglecting the
hyperfine splitting arising from the 5/2 nuclear spin of >>Mn, and
using the spin Hamiltonian parameters of Mn®* in ZnS given by
Low (1960). As in sample simulation, we used an isotopic g value
(g = 2) considering no line shape and the same number of orien-
tations, i.e. the same number of spins.

For this case, we did not use the second step of the procedure
for kaolinite as we did not have to simulate the spectra. To obtain
the intensity 7,7 of the spectra we directly integrated the absorption
curve.

1000 1500 2000 2500

Magnetic field (10° T)
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Fig. 4 Simulated absorption spectra of a kaolinite sample (a) and its
derived curve (b)



The ratio of the area of the g = 9 line /g7 in simulated kaolinite
to the intensity one I, of the theoretical standard is given by: (Ix7/
Izr) = Ry

For simulations done with the same number of spins for the
samples and the standard, we have Ry = k then:

Ry

Nxk=Nz.— .
K ZRT

The concentration of structural Fe*™ in kaolinite is then given by:
[Fe™*]/[AP*] = (Mn**]/[Zn*]) x (Mk - Ry)/(4 - Mz - Ry)

where Mj, is the mass of the structural formula of kaolinite and M,
is that of ZnS. The 4 factor in the preceding expression arises from
the presence of 4 A" in the structural cell of the kaolinite.

Results

The results are presented in Table 1. For the GB3
sample we did two experiments under different condi-
tions (GB3-1 and GB3-2) to test the precision and
reproducibility of the method. The concentrations
measured for these specimens are within a 10% range
(see Table 1). We may then assume that the precision of
the measurement is of the order of 10%. Our results are
much lower than those obtained by Balan et al. (2000)
(20 times for the DCV sample). In fact, Balan et al.
(2000) determined the concentration of Fe** giving both
Fe I and Fe II spectra. However, the difference seems
too great to be explained only by the amount of iron
giving the Fe I spectrum, and there must be other rea-
sons not yet explained.

In such a calculation, it was assumed that the inten-
sity of the g = 9 transition in kaolinite is independent of
its line width, i.e. of the crystal-field disorder of the
sample. We then looked for a possible influence of
crystal-field disorder on the intensity of the EPR spectra.

Influence of crystal-field disorder

Looking for a possible influence of the crystal-field dis-
order on the intensities of the EPR lines, in a first step,
we considered that this effect is mainly responsible for
the line width, i.e. we did not consider any dipolar
broadening.

Any change in the environment of Fe* " will produce
a variation of the fine structure spin Hamiltonian con-
stants; mainly it can be a change of the second-order
constants that can be expressed as a change of the
constants B and B3 and the eigenvector orientations of
the second-rang tensor (Gaite et al. 1993). This last effect
has not to be taken into account, because we are con-
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cerned with powders. The zero field splitting being much
greater than the hyperfrequency energy, the magnetic
field positions are mainly sensitive to the ratio 2 = BY/B3
(Gaite et al. 1993). A crystal-field disorder can then be
considered as a distribution function of the parameter A.
As the disorder can be considered as statistical, we de-
scribed it by a normalized Gaussian distribution of the 4
parameter, G(4).

To test the influence of A on the spectra, we first
computed the absorption curve of Fe* " for different and
equally spaced values around 1o = 0.67, which is the
calculated value for very well-ordered kaolinites. The
low field part of the simulations is presented in Fig. 5,
which is the basis of our calculations. The curves are
noisy because no line shape was used, i.e. each transition
is considered as a Dirac, the noise depending on the
number of orientations used to simulate a powder and
on the choice of the spectra resolution.

Looking at one of these curves (Fig. 5), if the small
discontinuity at low field (at a lower field than the one
studied) corresponding to the transition [5/2> — |-5/
2>for B /| Oz is neglected, it may be schematized as
presented in Fig. 6. The absorption curve may be
described by:

A(B,2) = L,(A)f(B,2)Y(B — By) ,

where [, is the absorption at the B,, discontinuity,
Y(B-B,,) is the Heaviside function and f(B, 1) is the
shape of the curve to the right of the discontinuity.

Absarption (a. u.)

750 800 850

Magnetic field (10 T)

650 700 900

Fig. 5 Simulated absorption spectra of a kaolinite sample for different
A values

Table 1 Main characteristics of

the low field part of the EPR Sample Intensity (a.u.) Width at half Cogientragon
spectra for different samples maximum (mT) [Fe’ "JJ[AI" 7]
and calculated concentration s 5
expressed in number of iron per DCV 83 x 1078 2.1 49.2 x 1076
aluminium GB3-1 126 x 10 X 53 74.7 x 10
GB3-2 130 x 10~ 5.3 77.0 x 107¢
IBITY 620 x 10°® 6.4 330.0 x 107°°
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The EPR signal being the derivative of the absorption
curve, the simulated EPR signal is given by:

S(B.4) = 1n(1)3(B — Bu) + In(A)Y (B ~ B,) = f(B.7)
The simulated EPR spectrum will depend on the
parameters /,,,, B,,, and on the shape of the function f{B,
A). We have then to determine the variations of these
parameters with A.

From Fig. 7, it is observed that there is a linear
relation between [,,, and B,,,. Inside the observation range
of the |1/2> — |-1/2> transition, the right side of the
absorption curve may, in a first approach, be assimilated
to a straight line with a slope «(4) [or a(B,,)], 4 and B,,

Intensity

B
Magnetic field

Fig. 6 Schematic representation of the method used to simulate the
absorption curve of kaolinite samples

I (au)

760 780 200

B_(mT)

Fig. 7 A representation of the I, intensity as a function of the
discontinuity position B,,. A linear relation between I,, and B,, is
I,=-83+0.1197 B,. B, is expressed in 10 T (frequency:
9615 MHz)

720 740

being dependent (Fig. 6). With these considerations the
signal S(B, 4 ) becomes:

S(B,2) = Iy(2)0(B — By) + a(A)Y(B — By,)
= $1(B, 1)+ $,(B, ) .

Figure 8 shows a linear variation of a(A) with the mag-
netic field B,,. There is no simple evident relation be-
tween the parameters 4 and B,,, so the relation between
them must be fitted by a polynomial (or nearly so)
expression. The best fit we obtained, avoiding high
polynomial orders, is indicated in Fig. 9.

For any distribution G(4) of the crystal field, the
simulated EPR spectrum is given by:

-0.005
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Fig. 8 A representation of the slope o(1) as a function of the
discontinuity position B,,. A linear relation between (1) and B,, is
o(2) = 0.149-0.00021 B,

900t :

850t .

800t .
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2

Fig. 9 The magnetic field B,, as a function of the A values. A
polynomial relation between B,, and 1 is B,, = 1071.02 — 811.58 4 +
474.56



S1(B, 2)G(A)d + / S»(B, 2)G(2)d.
0

=Y1(B) + 1»(B) .

To obtain the simulated EPR spectra, we used a
Gaussian distribution:

G(2) = (a/ ym)exp[—a* (2 — 40)’] ,
where « is the dispersion parameter and /Ay is the
rhombicity parameter for a kaolinite (0.76).

For convenience, we studied separately the two parts
Y1(B) and Y,(B) of Y(B). Y1(B) makes a contribution to
the signal with a zero base line, while Y,(B) mainly
influences the base line. These effects are well illustrated
by the example shown in Fig. 10. The integral of Y (B) is
easy to calculate and does not differ much from that of
Y(B). Then for calculations we used Y;(B), which fits the
spectrum well.

The shapes of the simulated signals [Y;(B)] are pre-
sented in Fig. 11 for various values of the dispersion
parameter «. In this figure, it is observed that when the
line width increases, the line becomes more and more
dissymmetric and that there is a slight shift of the
maximum of the line. The integration of the Y,(B) signal
for the different values of the a parameter let us plot the
area of the g =9 calculated line versus the line width
(Fig. 12).

Discussion

For a given signal, the line width depends on the crys-
tallinity of the sample (Gaite et al. 1993). Because the

25t

20t

15t

101

Absorption (a. u.)

860 85.0 960 95IO
Magnetic field (mT)

Fig. 10 A representation of Y (B), Y»(B) and Y(B) = Y (B) + Y,(B)
functions used for the EPR simulation with v = 9615 MHz and a = 7
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Fig. 11 Simulated signals shapes [Y,(B)] for various values of the a
parameter of the Gaussian distribution. The a values are given below
the corresponding curve
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Fig. 12 A representation of the calculated relative area I/Ixr of the
g = 9 line as a function of the line width. 7is the area of the calculated
g =9 line and /g7 is that for a Dirac line shape

DCYV kaolinite is considered as a well-crystallized sam-
ple, it is assumed that its line width (Lpcy) is the mini-
mum that we can obtain, the width being due to
relaxation and also to the fact that this line is the sum of
two neighbouring lines arising from Fe** at the two Al
positions (Gaite et al. 1993). Then the measured line
width of a given sample (L) includes the contribution of
Lpcy and a widening due to the disorder (Lgisorder) @S
calculated previously (Fig. 12). So we measured for each
sample the line width L and determined the Lgjsorqer With
the relationship Lgisorqger = L — Lpcv. These obtained
values are reported on the curve in Fig. 12 to evaluate
the correction coefficient. The corrections are 5 and 8%,
respectively, for the GB3 and IBITY samples. For
example, for IBITY sample the concentration is [Fe’ "/
Mn?"]=3.30 x 107%/1.08 = 3.06 x 10*. This correc-
tion is of the order of the precision of the measurement
and it can be concluded that the disorder does not
effectively change the area of the g = 9 line.
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Conclusion

The method we presented allows the measurement of the
concentration of the structural Fe*" (at Al position) in
kaolinites. The line width of the spectrum depending on
the disorder of the sample, it is observed that for the
same concentration the area of the low field line in-
creases slightly with the disorder.

Even for wide lines (less than about 10 mT) the
increase of the area due to the disorder does not change
the order of magnitude of the concentration calculated
in the first step. For the very disordered samples, the
EPR lines are much broadened; the g = 9 line is no longer
isolated and it is not possible to use it for the calculation.

In the present paper we did not measure a large
amount of samples, but for other samples it is not nec-
essary to repeat such experiments, as it is sufficient to
compare directly the area of the line of the new sample
with that of a known one (DCV, GB3, IBITY).
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