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MID-INFRARED FEATURES OF KAOLINITE-DICKITE
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Abstract—Transformation of kaolinite to dickite is a common diagenetic reaction. The present report is
part of a wider study to investigate the pathways of this polytype change. Fourier-transform infrared
spectroscopy (FTIR) was used to attempt quantification of the relative proportions of kaolinite and dickite,
validated by X-ray diffraction (XRD) results, in order to link mineral and structural features during the
mineralogical changes. A group of kaolinite and dickite samples was investigated: 13 samples from the
Froy and Rind oil fields (North Sea), three kaolinite specimens with different crystal order and particle size
(KGa-2, kaolinite API 17, Keokuk kaolinite), and two dickite-rich samples (Natural History Museum
collection). Six FTIR spectral features were analyzed: (1) intensity ratio of the minima at 3675 and
3635 cm™'; (2) position of the band at ~1115 cm™"; (3) difference between the frequency of the bands at
~1030 and ~1000 cm™'; (4) intensity ratio of the bands generating shoulders at ~922 and ~900 cm™';
(5) position of the band at ~370 cm™'; and (6) intensity of the band at ~268 cm~'. Correlation of the
features above with polytype relative proportions derived from XRD showed non-linear behavior, with
maximum curvature at the dickite end, which precludes kaolinite-dickite quantification. Increasing kaolin
particle size is known to cause decreased intensity of the FTIR spectra. A model was developed to test
whether this effect is consistent with the non-linear progression of the IR features. The relative intensity of
kaolinite and dickite IR features were calculated in a series of kaolinite-to-dickite transformations, where
the size of particles increases with dickite proportion, and where dickite-dominated particles reach a larger
size than kaolinite-dominated particles. The results indicated that the differential particle size increase is

possibly the cause of the lack of linearity between IR- and XRD-measured dickite proportions.
Key Words—Dickite, Infrared Spectroscopy, Kaolinite.

INTRODUCTION

Numerous authors have investigated the infrared (IR)
and Raman characteristics of the several kaolin poly-
types. The most recent studies, which benefit from
previous work and in which other references can be
found, are cited here. Much attention has been given to
hydroxyl stretching vibrations, in experimental (e.g.
Prost et al., 1989; Frost 1997; Shoval et al., 1999, 2002;
Johnston et al., 2008) and theoretical (e.g. Benco et al.,
2001) studies, given the clear differences between the
signatures of the several kaolin polytypes. Studies have
also focused on hydroxyl deformation (e.g. Frost, 1998)
and lattice vibrations (e.g. Frost 1997). The studies listed
above deal with band assignment and try to relate
specific spectral characteristics with polytype structural
features. Especially interesting were the low-tempera-
ture (up to 10 K) studies by Prost et al. (1989), Johnston
et al. (2008), and Balan et al. (2010) because the low-
temperature spectra are better resolved and facilitate
band assignments. Those studies were able to identify
diagnostic vibrations for each polytype. Balan et al.
(2010) observed a kaolinite band in dickite produced by
a kaolinite-like stacking defect. Dickite and nacrite
bands in kaolinite samples were observed by Prost et al.
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(1989) and Johnston et al. (2008). Whether dickite and
nacrite were present in kaolinite crystals or as separate
crystals could not be inferred from the IR study.
However, evidence for their existence within kaolinite
crystals was found by Johnston et al. (2008) in the fact
that selected area electron diffraction patterns (SAED)
of ordered kaolinite displayed streaking indicating
interstratification of kaolinite, dickite, and nacrite
polytypes. An IR microspectroscopic technique has
been developed (Robin ez al., 2013) that is an important
step toward discriminating between interstratified and
segregated kaolin polytypes.

The different spectral shapes of kaolinite and dickite
suggest that IR spectroscopy can be used to quantify the
relative proportions of the two polytypes when they occur
together. Certainly, semi-quantitative assessments are
possible and relatively simple (e.g. Lanson et al., 2002).
A full quantification of the relative proportions of
polytypes from a kaolinite-to-dickite transformation series
was carried out by Cassagnabere (1998). However,
accurate quantification of kaolinite and dickite with IR
methods may not be possible due to interaction phenom-
ena between the crystals and the IR radiation. For
example, changes in the relative intensity of hydroxyl
stretching bands of kaolinite related to crystal size and
orientation of the OH vectors were found by Shoval et al.
(1999, 2002). OH-stretching absorptivity in a variety of
minerals, including kaolinite, dickite, and nacrite, was
found by Balan et al. (2008) to depend on the frequency
of the specific OH-stretching band. Brindley et al. (1986)
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found that samples with high crystal order had spectra of
lower intensity than samples of low crystal order, and
Johnston et al. (2008) reported wider bands and distorted
features in highly crystalline samples. In the present
study, a full IR-based quantification of kaolinite and
dickite was attempted in samples from the North Sea as
part of a wider investigation of kaolinite transformation to
dickite (Cuadros et al., 2014; unless stated otherwise, the
word “transformation” does not imply a specific reaction
mechanism). The goal was to compare FTIR spectroscopy
and XRD results from the quantification of the relative
proportions of kaolinite and dickite in order to establish
links between the structural features of the two polytypes
probed by these techniques.

MATERIALS AND METHODS

Samples

The samples analyzed are those investigated by
Cuadros et al. (2014) and consist of three groups. The
first group of samples is a series of kaolinite-dickite core
specimens of diagenetic origin from the Froy and Rind
oil fields, Norwegian Continental Shelf, North Sea (ELK
series) which were part of a collection in Poitiers, France
(Cassagnabere, 1998). The samples consist of sandstones
and shales. An error exists in the Cuadros et al. (2014)
study, as the samples in that and the present study are
unrelated to the ‘Broad Fourteens’ basin. For this reason
some of the references in Cuadros et al. (2014) do not
apply to the samples in the present study and previous
references about them should be taken from the present
article. The original wells from which the samples were
recovered can be located with the identification provided
(Table 1) using Cassagnabere (1998, table II-3 and
figure I1I-9 therein) and the world wide web. The
samples were made available by C. Fialips (Total, Pau,
France) and D. Beaufort (HydrASA team, IC2MP
Laboratory, UMR 7285 CNRS-Université de Poitiers,
France), and were studied as received. They are the
5—10 pm size fraction of specimens from depths of
3036—4520 m. The original samples were dry-ground to
<2 mm grain size, dispersed in water by ultrasonic
treatment, separated by sedimentation, and hydrocarbons
were removed by Soxhlet extraction using chloroform
(Cassagnabere, 1998). Kaolinite was either of detrital
origin or formed from K-feldspar and then transformed
to dickite with burial. Maximum temperatures experi-
enced by the sediments ranged from 100 to 110°C
(Beaufort et al., 1998) for samples from depths of
3000—3585 m (Cuadros et al., 2014). Sample ELK91,
however, was drilled from a depth of 4519 m, for which
no maximum temperature is known to the authors. For
further information, refer to Beaufort ef al. (1998) and
Cassagnabere (1998).

The second group of samples consisted of three
kaolinites: (1) kaolinite KGa-2, from Warren County,
Georgia, USA, is of supergene origin, a product of a
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Table 1. % dickite from XRD in the kaolinite-dickite samples
with corresponding standard deviation (2c), and identifica-
tion of the well from which the North Sea samples
originated.

Sample Well % Dickite St. dev.
KGa-2 0

Kaol 17 0

Keokuk 0

ELK 76 25/5-1 42 16
ELK 33 25/2-14 67 15
ELK 9 25/5-2 91 2
ELK 22 25/2-5 92 5
ELK 43 25/2-6 72 8
ELK 5 25/2-6 83 5
ELK 67 25/2-13 86 8
ELK 84 25/2-13 89 2
ELK 11 25/2-13 90 5
ELK 63 25/5-A3 84 10
ELK 88 25/5-A3 90 2
ELK 53 25/2-15R2 94 7
ELK 91 25/5-A7 93 6
BM 1923 92 10
BM 1927 89 7

complex alteration history and has low crystal order. Its
geological context was described by Moll (2001). The
sample was obtained from the Source Clays Repository
of The Clay Minerals Society. (2) Kaolinite API 17
(labeled here as Kaol 17) from Lewistown, Montana,
USA, is one of the reference materials from the
American Petroleum Institute Project 49. It originated
through hydrothermal alteration of feldspar in a syenite
porphyry. The geological description can be found in
Kerr and Kulp (1949), where this specimen was
originally described as dickite, although it was later
demonstrated to be kaolinite (Lindberg and Smith,
1974). This kaolinite is of intermediate crystal order.
(3) Keokuk kaolinite (labeled here as Keokuk) is a
specimen of very high crystal order which originated
from geodes in Keokuk, lowa, USA. The processes that
produced the Keokuk geodes were described by Hayes
(1936) as far as they were understood. The accepted
interpretation is that kaolinite precipitated in voids
produced by carbonate dissolution, from fluids generated
after silicate-mineral dissolution. No reference is made
in this interpretation to hydrothermal activity. Kaolinite
from some of the snow-white patches in one of the
geodes was scratched off with a needle. The three
kaolinites (KGa-2, Kaol 17, and Keokuk) were ground
gently, by hand, with mortar and pestle. No other
treatment was performed. The third group of samples
consisted of two dickites from the collection in the
Natural History Museum (London). (1) Dickite BM
1927, 60 (labeled here as BM 1927) is from a massive
slate collected in Kolno, Nowa Ruda, Silesia, Poland.
Zimmerle and Rosch (1990) indicate that the presence of
dickite in this area is related to hydrothermal activity.
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Some material from the slate was scratched off using a
needle. (2) Dickite BM 1923, 393 (hereafter BM 1923) is
from Red Mountain, San Juan County, Colorado, USA.
No other information is available. The specimen
consisted of sub-mm-sized crystals, of which an aliquot
was collected. The dickites were ground as indicated
above for the kaolinites. The previous scanning electron
microscopy (SEM) and XRD study (Cuadros et al.,
2014) demonstrated that the grinding procedure pre-
served the original particle size of individual crystals
and their coherent scattering domain sizes because after
the same grinding treatment each sample had different
values for the above variables.

Previous characterization

These samples were characterized thoroughly using
XRD, thermal analysis, and SEM (Cuadros et al., 2014).
The relative proportion of kaolinite and dickite in the
samples was quantified using XRD analysis (Table 1;
see Cuadros et al.,, 2014). Non-kaolin minerals were
present in minor to trace proportions. Further XRD,
thermal, and SEM analysis allowed detailed investiga-
tion of the crystal and morphological characteristics of
the samples. The main information from Cuadros et al.
(2014) of relevance to the IR study is: (1) the samples
cover a range of increasing crystal order (and particle
size) in this order: KGa-2, Kaol 17, Keokuk, and ELK
samples with less dickite content, and finally ELK
samples with more dickite content and the BM samples;
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(2) in samples containing kaolinite and dickite, the
crystal order of both increases together with the
proportion of dickite.

FTIR

The samples were analyzed using FTIR in transmis-
sion mode, as KBr pellets. Approximately 0.5 mg of
kaolin was mixed with ~200 mg of KBr in a mortar and
the pellets were prepared in a press. This preparation
results in a random orientation of the particles that
avoids effects related to preferred orientation. The
analyses were carried out using a Perkin Elmer
Spectrum One FTIR spectrometer (Beaconsfield, UK)
with a CsI beamsplitter, in the range 4000—230 cm™', at
4 cm™' resolution, by accumulation of eight spectra in
each measurement.

The spectra were investigated in a systematic manner
for features indicative of the relative proportions of
kaolinite-dickite. Six such features were found
(Figure 1). (1) The ratio between the intensity of the
minima (i.e. intensity values between bands) in the
OH-stretching region at 3675 and 3635 cm™' (ie.
minimum at 3635 ¢cm ™' / minimum at 3675 cm™"); this
ratio increases progressively with dickite proportion.
(2) Position of the band at ~1115 cm™' in the Si—O
stretching complex; this band progresses from ~1115 to
~1118 cm™' with increasing dickite proportion.
(3) Difference between the frequency (in wavenumbers)
of the bands at ~1030 and ~1000 cm™' in the Si—O
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Figure 1. IR spectra of four selected samples covering the whole range of kaolinite—dickite relative abundance (indicated in the left
panel). The intensity of the spectrum of BM 1923 has been increased ( x 4); some of the bands in this spectrum are wider. The spectral
features used to quantify the relative proportions of the polytypes are indicated with arrows and numbered from 1 to 6, following the
description in the text.
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stretching complex; this difference increases with
increasing dickite. (4) Intensity ratio of the bands
generating shoulders at ~922 and ~900 cm ™' in the
OH-bending region, on both sides of the main
~915 cm ™! band; the ratio of the 922 cm ™! band to the
900 cm ! band decreases with increasing dickite (Frost
1998). (5) Position of the band at ~370 cm ™', within the
range of lattice vibrations, which moves from ~367 to
~372 ecm ™' with increasing dickite. (6) Relative intensity
of the band at ~268 cm™' (only a shoulder in kaolinite),
within the complex system in the range 300—250 cm ™',
corresponding to lattice vibrations; the intensity of this
band increases with increasing dickite proportion.

The spectral features above were selected following
investigation of the IR spectra in the present study. The
following information about the assignment of the
corresponding vibrations was collected from the litera-
ture. (1) The OH-stretching system has been studied by
numerous authors and, while the main elements of the
band assignment are understood, no complete agreement
exists about the specific assignment of every individual
band (Johnston et al., 2008). The different shape of the
OH-stretching spectral features in kaolinite and dickite
is, however, known to emerge from the different
configuration of hydrogen bonds due to the different
distances between OH groups and O atoms across the
interlayer that result from the different layer stacking
and OH vector orientation (Johnston et al., 2008).
(2) The ~1118 cm™' band has been assigned to the
Si—O stretching vibration perpendicular to the layers
(Farmer, 1974) and to Si—O symmetric stretching
parallel to the layers (Balan et al. 2001); the frequency
difference between kaolinite and dickite may arise from
different Si—O distances. (3) The bands at ~1030 and
1000 cm ™" are assigned to in-plane Si—O—Si stretching
(Farmer, 1974), and, more specifically, to antisymmetric
stretching of equatorial Si—O bonds (Balan et al. 2001).
(4) The band at ~922 cm ' was assigned by Frost (1998)
to libration (in-plane OH bending) of one of the three
inner-surface OH groups in kaolinite. The band at
~900 cm™"' was assigned to libration of non-hydrogen-
bonded inner OH groups both in kaolinite and dickite
and this band is stronger in kaolinite (Frost, 1998).
(5) No assignment was found for the ~370 em™! band.
(6) The band at ~260 cm™" was assigned tentatively by
Frost (1997) to a vibration of the O—H—-O group,
involving hydroxyl groups hydrogen-bonded to oxide
anions across the interlayer space.

The measurements of the relative band intensities
above (numbers 4 and 6) were carried out by curve-
fitting assuming Gaussian shapes, using the GRAMS/AI
package from Thermo Galactic (Salem, New Hampshire,
USA). Although Lorentzian shapes represent better the
central part of IR bands, Gaussians were preferred
because Lorentzian bands can have very long tails
spanning unrealistically wide frequency ranges which
distort the calculations. The region studied was first

https://doi.org/10.1346/CCMN.2015.0630201 Published online by Cambridge University Press

Clays and Clay Minerals

deconvolved using the Fourier self-deconvolution func-
tion of the above package (sharpening of the bands that
increases spectral resolution), which allowed us to
establish very approximate band positions within the
range. Then, part of the spectrum was selected in which
the bands of interest were clearly bracketed between two
minima, to perform the curve-fitting process within this
specific range. The background in this area was
calculated using a cubic or quartic equation and
subtracted from the spectrum. Band positions were
originally fixed at those values obtained from the
deconvolution process, and band widths and heights
were usually given a variation range. As the calculation
converged, most or all variables were left entirely free,
depending on the quality of the result, which was
estimated from the homogeneity of band widths,
comparison between results from different samples,
and reproducibility of the results within samples. The
areas of the bands of interest (Figure 2) were normalized
to the total area of the fitted region.

The intensity of the spectra was measured as the
height of the most intense band, at 1030 cm !, from a
background line, established as a straight line linking
spectral minima at ~1400 and 820 cm~'. These
intensities were corrected for the exact proportion of
sample mixed with KBr.

RESULTS

The analysis of the IR spectral characteristics was
compared with the proportion of kaolinite and dickite
resulting from the XRD study (Figure 3). Great
confidence is placed in the XRD results because they
are based on the relative intensity of diffraction peaks
diagnostic of kaolinite and dickite. The quantification
process used several of these peaks at different °20
angles and the results were averaged (Cuadros et al.,
2014). Comparison of the IR and XRD data from the
present work and from others in the literature (Figure 3)
shows that, in most cases, the data are grouped within a
clear pattern, i.e. no clouds of data and very few outliers
are present. One outlying value exists in one case
(Figure 3e, open diamond at 0% dickite), where the
frequency of the band indicated by Russell and Fraser
(1994) for a kaolinite spectrum is above those detected
in Keokuk and Kaol 17. Similarly, the frequency of the
kaolinite band at ~1115 cm™~' given by Russell and
Fraser (1994) is 1108 cm ' (not shown in Figure 3f).
Whether these differences are real or caused by a small
error in the reading of the corresponding frequency (note
that the ranges of values in the vertical axis in Figure 3e
and 3f are small) is not known. The curve-fitting process
of Kaol 17 for the bands near 915 cm ™' (Figures 2a, 3c)
did not converge on a stable solution . The result shown
here was obtained by fixing the band widths approxi-
mately proportional to their intensity. This result
matched the calculation for Keokuk, which was stable,
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Figure 2. Decomposition of the spectra of selected samples to illustrate the changes taking place in the intensity of the bands used to
quantify the relative proportions of kaolinite and dickite (D). The bands of interest are indicated with thicker lines (two bands each in
parts a, ¢, e; one band each in parts b, d, f). The experimental and calculated spectra are almost coincident. The maxima of the bands
of interest are at the following values (cm™'): (a) 927, 905, (c) 922, 904, (e) 926, 902, (b) 267, (d) 268, (f) 268.

but the instability in the calculation for Kaol 17 indicates
a large error in the result for this sample. The values
taken from Fialips et al. (2003) and Russell and Fraser
(1994) for dickite assume that the corresponding samples
have no kaolinite component (Figure 3a,b,e,f).

Besides the departures from the main trends
(Figure 3), the spectral values of KGa-2 did not
correspond to those of Kaol 17 and Keokuk. For this
reason KGa-2 was not included in the analysis. A very
likely reason for the different behavior of KGa-2 is that it
contains a significant amount of Fe (1.15 + 0.02 % Fe,0x;
Mermut and Cano, 2001), which can alter the frequency
and relative intensities of IR bands. In fact, a low-
intensity band at ~880 cm™' is present in the KGa-2
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spectrum which corresponds to OH bending in AIOHFe
groups.

DISCUSSION

Analysis of the present results shows a clear pattern
in the change of the spectral characteristics studied. This
pattern does not allow a sufficiently accurate quantifica-
tion of the relative proportions of kaolinite and dickite in
the whole range of concentrations, however. The pattern
bends at the dickite-rich end of the series in four cases
(Figure 3a—d) and the IR method loses resolution and
therefore the ability to discriminate different proportions
of the two polytypes in this range. In two other cases
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Figure 3. Plots of the proportion of dickite in the samples obtained from XRD (Cuadros et al.,2014) and the IR spectral features (see
text for a full explanation of these features). ELK corresponds to the ELK series, BM to the two dickites, and Kaol to the two
kaolinites (see Methods). The numbers in parentheses in the vertical axis labels represent the centers of the bands investigated
(ecm™ ). Besides the data from the present study, data are also included from the literature for dickite (Fialips et al., 2003) and for
kaolinite and dickite (R and F: Russell and Fraser 1994). In these cases, the assumption is that the dickite did not contain any
kaolinite. Error bars are 2c standard deviation, and are smaller than the symbols used to represent the kaolinite samples. There are no
error bars for the data from the literature

https://doi.org/10.1346/CCMN.2015.0630201 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2015.0630201

Vol. 63, No. 2, 2015

(Figure 3e,f), the lack of resolution of polytype
concentrations occurs in the kaolinite-rich part of the
series. The spectral test that displays the smallest
bending and the greatest resolution in the entire kaolin-
ite-dickite range is the measurement of the area of the
band at ~268 c¢cm ' (Figure 3d). Overall, the bending
pattern (Figure 3), the existence of some outliers, and the
uncertainty that the chemical composition introduces in
the spectral characteristics of kaolinite and dickite
indicate that IR spectroscopy does not quantify accu-
rately the relative proportion of the two polytypes unless
the crystal chemistry of the samples is sufficiently well
understood and can be used to introduce corrections in
the measured values that make them comparable and to
display a linear trend.

The fact that analytical tests that use such different
spectral characteristics all produced a curved pattern
when compared with the XRD data (Figure 3) suggests
that the reason for such a curved pattern is common to
all of them. The existence of a mismatch between the
development of the crystal structure (XRD features) and
the atom bonding (IR features), as the reaction of
kaolinite to dickite progresses, is unlikely. The reason is
that interatomic distances and angles are related directly
to the distances between atomic planes and their relative
rotations and displacements. Another possibility is that
XRD does not detect transformation toward the dickite
end, while IR spectroscopy does. Such could be the case
if the kaolinite domains at the last stages were so small
that the corresponding XRD peaks were not visible, due
to large width and low intensity. In this scenario, one
would observe changes taking place in the IR features
and little or no change in the XRD patterns, as occurs in
Figure 3. This possibility encounters two difficulties,
however. One is that the average coherent scattering
domain size (CSDS) of kaolinite actually increases with
burial (two processes take place, transformation of
kaolinite into dickite and growth of kaolinite crystals;
Cuadros et al., 2014), which is exactly the opposite of
what the explanation implies. The other difficulty is that
the change in the approximate point in the vertical axis
(IR features) from where departure from linearity occurs
(~80% dickite from XRD) in Figure 3a to 3d is 30—50%
of the total change taking place in the entire transition.
This would mean that XRD fails to detect as much as
30—50% of the transformation, which is very unlikely.

Brindley et al. (1986) noticed that the intensity of IR
spectra of kaolinite of high crystal order and many of the
dickites in their study was lower than that of the
kaolinites with lower crystal order. This observation
suggests that the intensity of mid-IR spectra is inversely
correlated to crystal order, which was corroborated in
this study. The normalized intensity of the spectra
(intensity of the most intense band, at 1030 cm” ! see
methods) was compared with the proportion of kaolinite
and dickite from XRD (Figure 4a). The intensity of the
IR spectrum generally decreases with increasing dickite
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and this latter variable is likely to correlate positively
with crystal order. The three kaolinite samples show
very different IR spectral intensity, and their values
correspond, from top to bottom, to KGa-2, Kaol 17 and
Keokuk, in the correct sequence of increasing crystal
order. Plotting the IR spectral intensity vs. a variable that
reflects directly the crystal order shows the correlation
existing between the two variables. The CSDS of several
samples was used, measured from the width of the 001
peak (Cuadros et al., 2014). The intensity of the IR
spectra and the CSDS correlate negatively (Figure 4b).
Such a correlation between the CSDS and the intensity
of the IR spectra may follow a slightly different path for
different groups of samples. However, the fact that this
correlation exists, and that it is significant even when
samples of very different origin and history are grouped
together, is sufficient for the present discussion.

The decrease in intensity of the mid-IR spectrum with
increasing crystal order is probably related to the
phenomenon indicated by Johnston et al. (2008; and
references therein) in relation to OH-stretching bands of
kaolin minerals. When the size of the particle interacting
with the IR radiation is similar to the IR wavelength the
bands are distorted and widened (Johnston et al., 2008).
Brindley et al. (1986) found the spectral intensity
decrease to affect the entire range of frequency in the
mid-IR, as found also in the present study. The
wavenumber range investigated in the present work,
230—4000 cm™', corresponds to a wavelength range of
43.5—2.5 um. Poorly crystallized kaolins have particles
with a size range below 2.5 pm, as shown, for example,
by Cuadros et al. (2014) who found that the average
longest dimension in particles of Kaol 17, of inter-
mediate particle size, is 2.5 um, with the other two
average dimensions of 1.5 and 0.1 um. Low crystal-order
kaolins have smaller particles than Kaol 17. In kaolins of
high crystal order the number of large crystals increases
and may reach large values. As the size of particles and
the size of X-ray coherent scattering domains will
typically grow together, the cause-effect link between
intensity of the IR spectra and crystal order (apparent in
Figure 4b) is reasonable.

The particle size and shape of the analyzed mineral
can affect the IR spectrum in several ways, however.
Only one of these influences the spectra in the present
study, and it is discussed first. The other effects not
influencing this study will be discussed briefly later.
Fine particles are more efficient at absorbing IR
radiation than coarse ones (Farmer, 1998). Such an
effect is due to a number of interconnected reasons. The
ideal situation for a transmission experiment is that in
which the IR radiation is either absorbed by the mineral
or is transmitted to the detector without any other
significant interaction with the sample. Other phenom-
ena take place, however, such as scattering, in which the
radiation bounces from external or internal surfaces
(imperfections, pores, etc.) of the analyzed particles.
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Scatter of the IR radiation by the analyzed crystals is
negligible for particle size well below the IR wave-
length, but increases as particle size and wavelength
become similar, which may reduce the proportion of
absorbed radiation (van der Marel and Beutelspacher,
1976). Additionally, absorption is dependent on the
surface area of the mineral analyzed. Samples consisting
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of fine particles have larger surface areas than coarse
ones and are more efficient absorbers (Dahm and Dahm,
2001). The phenomena above can account for the lower
spectral intensity of the kaolins with higher crystal order
in the present investigation.

Scattering can also cause changes in the spectral
baseline due to IR radiation loss due to scattering rather
than absorption (King et al., 2004; Bassan, 2011). If
severe, baseline modification can alter the apparent
position of bands, especially if they are broad and/or
have low intensity. The baselines in the spectra
investigated here were all similar. The lower spectral
intensity of the kaolins with high crystal order means
that the ‘band intensity/baseline height’ ratio was
smaller, but always large enough that there was no
change to band positions or to any of the features
investigated (Figures 1, 3). Further to the previous
effects, the polarization of the crystals induced by IR
radiation generates electric fields that: (1) interact with
the macroscopic polarization field of the medium in
which the sample is dispersed; and (2) affect bond
vibrations in the sample depending on the relative
orientation of the polarization and bond vibration
(Farmer and Russell, 1966; Balan et al., 2001). This
interaction modifies IR spectra depending on structural
symmetry and particle shape and size (Farmer, 1998;
Balan et al., 2001). Modifications of kaolin IR spectra
due to kaolin particle size or crystal order have been
recognized and associated with polarization effects
(Farmer and Russell, 1964, 1966; Lombardi et al.,
1987; Farmer, 1998; Shoval et al., 1999; Farmer, 2000;
Balan ef al., 2001). The modifications recognized
include: (1) OH-stretching band appears at 3686 or
3697 cm ™' in kaolinite and at 3643 or 3655 cm™ ' in
dickite; (2) Si—O stretching band is displaced in the
range 1080—1107 cm '; (3) band shifts in the range
689—697 cm~'. None of these modifications corre-
sponds to those investigated here (Figure 1). Some of the
band displacements indicated above were observed when
comparing the kaolinite samples KGa-2, API 17, and
Keokuk, which cover a wide range of particle size, but
the features investigated were the same for the kaolinites

Figure 4. Relative intensity (see text for details) of the IR spectra
of the studied samples vs. (a) dickite proportion from XRD
(Cuadros et al., 2014), (b) the coherent scattering domain size
(CSDS, in A) measured from the 001 XRD peak (Cuadros et al.,
2014), and (c) the mean particle volume as measured using SEM
(Cuadros et al.,2014). The correlations in (b) and (c) include all
data points and indicate a significant negative correlation
between spectral intensity and CSDS, and a low-significance
correlation with mean particle volume. Error bars in (a) and (c)
are 2o standard deviation. There are no individual error values
for (b), where the horizontal bar is the 1o standard deviation
from the calculation of the average CSDS from the 001 peak of
samples with >80% dickite in Cuadros et al. (2014). This bar is
provided as an approximation to the errors involved.
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(Figure 3). The investigated features were chosen
because they changed systematically with kaolinite-
dickite composition, and thus they must depend mainly
on the kaolin polytype.

The variable that affects IR spectral intensity is the
size of the particles, rather than the size of the
coherently X-ray diffracting crystal domains within
them, although both are correlated, as stated above.
The particles are made up of crystals or coherent
domains of size that will typically grow with that of
the particles. Accordingly, the relationship between the
actual particle size and the intensity of the IR spectra
was investigated, using particle-size data from Cuadros
et al. (2014). The average particle volume was used, as
the product of the three average particle dimensions, in
order to involve all three dimensions in the analysis. The
IR spectrum intensity and the mean particle volume of a
group of kaolinite and kaolinite-dickite (K-D) samples
display a negative correlation of low significance
(Figure 4c¢). However, the low R? value of 0.3 does not
disprove the link between the two variables for several
reasons. One is the reduced number of samples for which
particle size is available (eight data points in Figure 4c;
18 data points in Figure 4b); in particular, the kaolins
with the lowest and highest crystal order are missing,
samples which would be helpful in better defining the
correlation. Another reason is that the relation between
average particle dimensions and the distribution of
particle size is complex (large standard deviation in
Figure 4c) and variable between samples (see figure 8 in
Cuadros et al., 2014). Finally, the extent to which the
average particle volume represents the decreased IR
absorption is not the same across samples because
absorption depends on the entire particle-size distribu-
tion, which is probably different from sample to sample.
The low correlation between IR spectral intensity and
particle mean volume (Figure 4c) is probably due to the
above limitations, and a link between particle size and
the intensity of the IR spectra in the kaolins does exist,
as observed by other authors (Brindley et al., 1986;
Johnston et al., 2008).

The increase in particle size is a potential explanation
for the curved patterns recorded here (Figure 3), if the
growth of kaolinite-dominated particles does not pro-
gress as much as that of dickite-dominated particles, so
that in the latter stages of the kaolinite-dickite series the
intensity of the IR radiation absorbed from kaolinite-rich
particles is greater than that from dickite-rich particles.
The X-ray coherent scattering domains of kaolinite and
dickite were found (Cuadros ef al., 2014) to be similar at
>80% dickite, i.e. the kaolinite crystal domains grow as
large as the dickite domains. However, the coherent
scattering domains are different from and smaller than
the particles. Previous evidence from other kaolinite-
dickite samples (Kogure and Inoue, 2005a; Johnston et
al., 2008) has shown that particles can contain both
kaolinite and dickite domains. This is a natural
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possibility following the interpretation from Cuadros et
al. (2014) that the reaction of these samples was mainly
solid state, although another TEM study of one sample
from the Froy oil field identified only single polytypes
within grains (Kogure and Inoue, 2005b). A model was
created in order to test the effect of differential particle
growth in kaolinite- and dickite-dominated samples. For
the sake of simplicity, the model considers that kaolinite
and dickite particles are independent (each particle
contains only one of the two polytypes). The model
calculates the progressive growth of the particle volume
and relates it through a simple, arbitrary formula to a
corresponding IR spectral intensity of the particle
population of kaolinite and dickite. The starting point
corresponds to a kaolinite sample with particle dimen-
sions taken from the average dimensions measured for
Kaol 17 (Cuadros et al., 2014), with a particle volume of
0.38 pum>. The final point for kaolinite particles, at the
end of the series, corresponds to the average particle
volume of Keokuk kaolinite, 6.75 um3 (Cuadros et al.,
2014). For dickite, the final point is 14 pm3, as the
average particle growth measured by Cuadros et al.
(2014; taken from the correlation lines in their figure 8).
The model uses three scenarios. In the first, the
maximum particle size for kaolinite and dickite is
reached at 80% dickite content in the sequence
(Figure 5, top). In the second scenario, the maximum
particle growth, also for both polytypes, is reached at
90% dickite (Figure 5, middle panel). In the third
scenario, the particle growth is maintained throughout
the entire sequence; i.e. the maximum particle size for
both polytypes is reached at 100% dickite (Figure 5,
bottom). In every case, kaolinite and dickite particles
grow at constant steps in the sequence, although the
steps are different for each polytype because their final
particle size is different.

The intensity of the IR spectrum was calculated as a
function of the particle volume, using the formula

I=1-mV (1)

where / is the spectrum intensity, m is a variable
parameter (slope), and V is the particle volume. The
main parameters from the three scenarios (Table 2) are
discussed below. The results are shown as plots
(Figure 5) representing the IR spectral intensity from
kaolinite (line K) and dickite (line D) particles, both of
them normalized to the intensity from the original K
particles (i.e. % dickite = 0), and the relative contribu-
tion of both to the spectral intensity (line D—K). The
D—K line is the model of the patterns observed in
Figure 3. The dashed line is the diagonal in the plot,
included to observe better the departure of line D—K
from linearity. The specific values of lines K and D are
not directly comparable between plots because they are
normalized to different original spectral intensities (the
original intensity, at % dickite = 0, varies with the value
of the slope m, which is different for each model
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scenario), but the lines D—K are comparable between
plots. The slopes (m) that were selected to be displayed
(Figure 5) correspond to those that create a maximum
curvature of D—K lines. The results are similar to and
compatible with the patterns in Figure 3. First, the data
show an almost linear interval in the progression of the
kaolinite-dickite spectral features with respect to the
dickite content, followed by a curved interval from
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80—90% dickite content (Table 2). The % change of the
IR features (vertical axis in Figure 5) in the linear
interval in the D—K line ranges 57—68% of the total
observed change, in agreement with those observed of
50—68% (Figure 3). One element of the model is the
total reduction of spectral intensity generated by the
increase in particle size. Experimentally, the relative
decrease of spectral intensity from Kaol 17 (modeled
here) to a K-D sample with 92% dickite is from 4.66 to
0.82 (relative units), with a ratio between the two of 5.6.
The model generates ratios between 20 and 4.8
(Table 2). According to the results (Table 2), the most
realistic model scenario would be one in which particle
growth stops when the overall dickite composition is
~80%.

This model demonstrates that the pronounced depar-
ture from linearity in Figure 3 can be explained by effects
related to differential absorption of the IR radiation by
kaolin particles with different sizes. The IR features
investigated (Figure 3) are very different, some relating to
band position and some to band intensity ratios.
Obviously, the relative IR band intensities of kaolinite
and dickite depend on the relative intensity of the
corresponding spectra that contribute to the composite
spectrum. This is also true for band positions because the
maxima of the bands that were analyzed are displaced
between the kaolinite and dickite values in proportion to
the intensity of the corresponding spectrum. The evolution
of the several individual features is not expected to be
identical, as observed (Figure 3), but the curved pattern
generated by differential IR absorption should be present
in all cases, as is the case here (Figure 3). In a burial
kaolinite-dickite sequence, kaolin particles grow with
increasing dickite content, even if not in a regular or
constant way (Lanson et al., 2002; Cuadros et al., 2014).
According to the present interpretation, kaolinite particles
must grow to a smaller maximum size than dickite
particles, otherwise the IR-particle interaction would be
the same with particles of both polytypes and any
comparison between IR and XRD features would be
linear. This is because absorption is a function of the
overall surface area of the absorbing particles (Dahm and
Dahm, 2001). Experiments in the near-infrared with

Figure 5. Model of the evolution of the IR spectral features in a
series of progressive reactions of kaolinite to dickite, where the
intrinsic intensity of IR spectra of both kaolinite and dickite
decreases as the reaction progresses (due to increasing particle
size). From top to bottom, the maximum particle size of the
kaolins is reached at 80, 90, and 100% dickite content,
respectively. The K and D lines indicate the change in intensity
of the IR spectrum corresponding to kaolinite and dickite,
normalized to the intensity of the original kaolinite spectrum.
The D—K line shows the evolution of the relative intensity of the
dickite features during the transformation (contribution of the
dickite IR spectrum to the spectrum of the kaolinite-dickite
mixture). The diagonal dashed line is a visual aid to observe the
departure of the D—K line from linearity.
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Table 2. Parameters from the models in Figure 5. % Dickite value at which growth of the particles stops; slope in the model
equations; % dickite and % change of the IR features (vertical axis) at which the modeled line has its sharpest bending point;

and the spectral intensity ‘original kaolinite/final dickite’ ratio.

Model % Dickite at which ~ Slope in equation % Dickite at % IR change at Intensity ratio
growth ends (m) sharpest bending point  sharpest bending point
1 80 0.057 80 57 4.8
90 0.062 90 67 7.4
3 100 0.068 90 68 20

mixtures of seeds of different nature have shown: (1) a
linear correlation between IR absorbance and the known
proportion of each type of seed if their size is the same;
but (2) a non-linear correlation if the seeds have different
size. In the real kaolinite—dickite sequence, particles may
contain dickite and kaolinite crystals or domains within
crystals. However, in all likelihood the growth of these
crystals or domains observed experimentally (Cuadros et
al., 2014) means that they tend to exclude each other, so
that particles would become dominated by one of the two
polytypes. What could be the reason for kaolinite-
dominated particles to stop growth at a smaller maximum
size than dickite-dominated particles even if they are in
the same environment? The answer could be in the
standard Gibbs free energy difference between them
(0.07—25 kJ/mol: Anovitz et al., 1991; De Ligny and
Navrotsky 1999; Fialips et al., 2001, 2003; Sato et al.,
2004), even if it is small. Alternatively, the reason could
be in the way particles grow. Signs of particle coalescence
were found in the particles studied here, using SEM, by
Cuadros et al. (2014). If coalescence is an important
mechanism of particle growth, then as the dickite
proportion increases, the chance that kaolinite particles
meet and coalesce decreases. At the same time, kaolinite
particles probably cannot coalesce with dickite particles
frequently due to the different crystal structure. According
to the model, at ~80% dickite composition all particles
would stop growing. This result is dependent on the
chosen linear relation between particle volume and
spectrum intensity, and may not be correct. It is, however,
possible that particles stop growing at some stage because
bigger particles, on average, are not stable, whereas the
proportion of dickite layers and the X-ray coherent
scattering domains of kaolinite and dickite may still
grow within particles.

If the interpretation proposed here is correct, the use
of IR spectroscopy for the quantification of kaolinite and
dickite in a reaction series is problematic in the dickite-
rich section, where the spectral features change abruptly
in a very short range of kaolinite-dickite composition.
This effect is intrinsic to the study and cannot be avoided
or corrected in a trivial way. It is related to the fact that
the kaolin particle size increases differentially with
increasing dickite. Prolonged grinding of the samples
until particle size is below the IR wavelength may be an
option, although this may jeopardize the quantification
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by causing extensive dislodging between layers. Any
differential dislodging of layers between the polytypes
would alter the original polytype proportion. Perhaps the
best option is to choose the spectral feature that changes
in the most linear fashion as compared to XRD results
(e.g. Figure 3d).
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