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Abstract: A detailed characterization of a group of kaolin samples rich in some minerals of the kao-
linite group was done. The mineralogical and structural characterization was conducted by X-ray
diffraction (XRD) together with the study of the spectroscopy response in visible-near infrared and
short wave (VNIR-SWIR), and the main objective was the determination of kaolinite polytypes. The
XRD patterns group the samples according to the kaolinite polytype into five kaolinites, two dickites
and six halloysites. Diagnostic peaks for kaolinite, dickite polytypes and halloysite were identified
in the spectra and in the second derivative of the SWIR region. The position and intensity of the
peaks in the second derivative were statistically treated with the aim of classifying the spectra ac-
cording to the polytype. In good agreement with the XRD results, the statistical analysis of the spec-
troscopic data, both by cluster analysis and by principal components analysis, allows an unequivo-
cal classification of the samples according to the polytype from their VNIR-SWIR spectra.
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1. Introduction

Kaolin is the rock formed mainly by minerals of the kaolinite group, which includes
kaolinite and its polytypes, nacrite and dickite, as well as halloysite. They are character-
ized by structures based on the stacking of 1:1 layers formed by one tetrahedral and one
octahedral sheet. Kaolinite, nacrite, and dickite are planar, while halloysite has a non-
planar rolled structure [1]. Kaolinite and its polymorphs belong to the group of 1:1 dioc-
tahedral phyllosilicates, where only two of every three octahedral sites around each hy-
droxyl are filled.

The lateral dimensions of the tetrahedral sheet are usually larger than those of the
octahedral sheet. Layer distortion thus originated from the requirement of matching the
tetrahedral and octahedral sheets causes the polymorphysm [2]. Kaolinite, dickite, and
nacrite attend to the same structural formula: Si2A:Os(OH)s. The poor structural order
commonly observed in kaolin minerals can be explained in terms of a series of stacking
faults or defects along the c-axis. This results in a variety of ordered and disordered pol-
ytypes [3-8].

In halloysite, there is a displacement respect to the crystallographic x and y axes, and ¢
parameter varies depending on whether it is halloysite (hydrated) or metahalloysite (dehy-
drated), with a structural formula of Si2A12Os5(OH)+nH20 [9]. Hydrated halloysite has a ka-
olinite-like structure, except for a layer of water that is hydrogen bonded to the sheet.

Environ. Sci. Proc. 2021, 6, 16. https://doi.org/10.3390/iecms2021-09353

www.mdpi.com/journal/environsciproc



Enwviron. Sci. Proc. 2021, 6, 16

2 of 7

The mineralogical and structural characterization was conducted by X-ray diffraction
(XRD) together with visible-near infrared and short-wave spectroscopy (VNIR-SWIR),
with main objectives the mineralogical identification and determination of kaolinite pol-
ytypes as well as its analysis and classification through spectral features.

2. Materials and Methods

A detailed characterization of kaolin was done. For this purpose, 13 samples with
high purity were selected from a wider group of kaolin samples.

The identification of the different phases present in the kaolin samples from XRD and
VNIR-SWIR measurements required a previous treatment. In the preparation of samples
for both techniques, manual grinding was done in agate mortar until the powdered frac-
tion was obtained. X-ray powder diffraction (XRD) measurements were carried out on a
BRUKER D8 ADVANCE ECO diffractometer with theta-2theta configuration. BRUKER
D8 ADVANCE is the X-ray diffraction service in the University of Salamanca. The identi-
fication of the different mineral phases was carried out by comparison with the patterns
collected in the JCPDS file [10] using EVA and X’'pert Highscore Plus software. Spectro-
scopic analysis was carried out in the near infrared and short-wave infrared, that is, in the
range of wavelengths from 400 nm to 2400 nm. ASD Field Spec 4 equipment was used
that has a spectral resolution of Inm, using Spectralon®© as a reflectance reference target.
The spectra obtained were analyzed with the ViewSpecPro and Spectragryph 1.2 [11] soft-
ware that allow the normalization of the curves and identification of discriminatory fea-
tures.

3. Results
3.1. X-ray Diffraction (XRD)

All samples show the 060 reflection of phyllosilicates at 1.49 A, characteristic of dioc-
tahedral minerals, and at first glance the profile of a kaolinite with 001 reflection at ~7.1
A, but a detailed analysis of the XRD patterns allows identification of a difference in the
peak position and intensity related to the different polytypes. According to them, 5 sam-
ples were classified as kaolinite, dividing in turn into ordered kaolinite (samples K18 and
K33) and disordered kaolinite (samples K123, GEO, and SOC). The position of the basal
reflection 001 corresponds to a slightly higher spacing in disordered kaolinite (7.17-7.18
A), while ordered kaolinite has the 001 reflection at 7.15 A [12]. It can be deduced that the
samples belong to the kaolinite polytype, since up to 14 diagnostic reflections correspond-
ing to kaolinite were identified and are clearly discriminatory from their polytypes,
dickite and nacrite as well [13]. Values corresponding to d-spacing that appear in the sam-
ples and that discriminate kaolinite from its polytypes are: 4.47 A, 4.36 A, 4.18 A, 3.84 A,
373 A, 275 A, 256 A, 234 A, and 2.29 A. Furthermore, diagnostic peaks were identified
for ordered kaolinite, not founded in disordered kaolinite, in 4.13 A, 3.84 A, 3.73 A, and
337 A (Figure 1).

Overall, DI20 and D.MEX samples were identified as dickite, with 001 reflection at
7.16 A [13]. Twelve diagnostic reflections were found in dickite: 7.16 A, 4.44 A, 4.36 A, 4.26
A, 412A,395A,379A,358A,342A,242 A, 232 A and 1.65 A (Figure 2).

Six samples (2WD, H12, H14, HBD, HLM, and HVA) correspond to halloysite poly-
type (not planar) [13]. These samples present basal reflection 001 located between 7.20-7.6
A depending on whether it is halloysite or metahalloysite (Figure 3).
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Figure 1. Diffractogram of an ordered kaolinite sample.
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Figure 2. Diffractogram of dickite sample.
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Figure 3. Diffractogram of halloysite sample.
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Figure 4 shows the cluster analysis done with the diagnostic reflections of all sam-
ples; Therefore, that classifies the samples into 3 groups corresponding to each of the pol-
ytypes. In turn, one of the groups corresponding to kaolinite is subdivided into ordered
kaolinite and disordered kaolinite, according with the classification by XRD.

o - <
2 T =z :
0.00 J
0.05 1

0.10

GEO
SOC
K123
K18
HLM
H12
ME>
DI20

|— K33

D

I—HBD

0.15 4

0.20 4

0.25

0.30

0.35

0.40 1

Figure 4. Cluster analysis of diffractograms that rank the minerals of the kaolinite group.

3.2. Spectroscopy VNIR-SWIR

The mineralogical identification was carried out considering the absorption features
located in the spectra and comprised between 1150 nm and 2400 nm, that is, in the near
infrared and short wave.

Different phyllosilicates, such as kaolinite and its polytypes, dickite and halloysite,
give rise to common absorption bands located in 1414 nm, 2114 nm, 2208 nm, and 2383 by
[14]. Other absorption bands were identified in 1272 nm, 1862 nm, and 2240 nm in the
reflectance spectrum (Figure 5). In the reflectance spectrum, the global reflectance was
higher in the dickite and kaolinite spectra, thus decreasing for the halloysite spectra. In
the latter, the depth and width of the absorption bands located in 1900 nm and 2200 nm
increased (Figure 5). The second derivative of the spectra has allowed identification as
peaks shoulder or inflexions of the absorption bands that could not be identified previ-
ously, also providing good results.
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Figure 5. Reflectance spectra of kaolin samples.
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3.2.1. Kaolinite

In kaolinite with high crystallinity, four bands were found to be associated with the
vibrational O-H process. Three absorption bands identified in 1379 nm, 1393 nm, and 1345
nm correspond to inner-surface OH- groups [15]. In ordered kaolinite (blue in Figure 6),
the near-infrared bands due to the combination of the stress and bending vibration modes
of the OH- groups appear as a doublet at 2180 nm and 2190 nm. The absorption band
centered on 2208 nm is associated with the combination of the tension and bending modes
of the inner-surface hydroxyl groups. In disordered kaolinite (brown in Figure 6), the
shape of the OH- group bands is similar to the region of O-H stress processes, reflecting the
degree of disorder of kaolinite. Localized absorption bands were observed at 1340 nm, 1395
nm, and 1409 nm that are associated with stress processes in disordered kaolinite [15].
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Figure 6. Reflectance spectra of kaolinite samples. Blue: ordered kaolinite. Red: disordered kaolinite.
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3.2.2. Dickite

The reflectance spectrum of dickite is marked by the absorption band located in 1381
nm, characteristic in this group for being in a lower position than kaolinite. Compared to
kaolinite, dickite spectra show narrower and sharper bands in the region of OH- groups
[14].The absorption band located at 1381 nm is related to the vibration of the inner surface
OH- groups while at 1412 nm it corresponds to the bond vibration of the inner hydroxyl
groups (Figure 7).
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Figure 7. Reflectance spectra of dickite samples.
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3.2.3. Halloysite

Halloysite reflectance spectra are characterized by having absorption features
marked in 1913 nm associated with the vibration of the O-H bond, committing the pres-
ence of water in the structure. At 1389 nm, an absorption band appears involving the vi-
bration of the inner-surface OH- groups’ bond [15]. Halloysite spectra show a band labeled
at 1414 nm related to the vibration of the bond of inner OH- groups (Figure 8).
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Figure 8. Reflectance spectra of halloysite.

3.2.4. Statistical Treatment

Intensities of the peaks of the second derivative were exported to Excel for subse-
quent statistical analysis. Correlation matrices allowed us to observe the relationship be-
tween kaolinite, dickite, and halloysite with respect to each of the wavelengths. Therefore,
the wavelengths will be discriminatory for each polytype.

The cluster analysis was done with the intensities of the wavelengths according to
the correlation matrix. Four groups were obtained with the wavelengths achieving the
maximum possible homogeneity in each established group. In this way, a classification of
the absorption bands that is better correlated with the minerals of the kaolinite group can
be obtained.

4. Conclusions

—  From the 13 samples studied, 5 have been identified as kaolinite, 2 as dickite and 6 as
halloysite. Diagnostic XRD peaks for kaolinite, not found in dickite, appear in 4.47A,
436 A, 418 A,3.84 A,3.73 A, 2.75 A, and 2.29 A. On the other hand, the diagnostic
peaks of dickite, not found in kaolinite, appear in 4.44 A, 426A,412 A,395 A, 3.79
A, and 2.32 A. Halloysite diagnostic reflections correspond to 7.20-7.6 A, 2.53 A and
1.68 A.

—  The main discriminatory absorption bands of the different polytypes are the follow-
ing: 1397 nm, 1414 nm, and 2208 nm with kaolinite, 1381 nm and 2178 nm with
dickite; and finally, 1913 nm and 2138 nm with halloysite.

—  Groups of diagnostic peaks for kaolinite, dickite, and halloysite polytypes were iden-
tified in the VNIR-SWIR spectrum and, in good agreement to XRD mineralogical
identification, allow an unequivocal classification of kaolinite polytypes.
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