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Abstract: Kaolinite and dickite are differently ordered polytypes of kaolinite-group minerals, whose
differences are in the stacking mode of layers and ion occupation. Fourier transform infrared
spectroscopy was used to collect information about the differences between the two minerals. The
common characteristics of kaolinite and dickite are bands near 4530 and 7068 cm™!, which are
attributed to the combination of the inner Al-OH stretching vibration and outer AI-OH bending
vibration and the overtone of the inner AI-OH stretching vibration, respectively. The difference is
that kaolinite has secondary peaks at 4610 and 7177 cm !, and the secondary peak of dickite is near
4588 cm~!. The OH stretching vibration has the first fundamental overtone of the stretching vibration
in the range of 7000-7250 cm~!. In addition to the overtones generated by single OH stretching
vibrations, overtones combining different OH stretching vibrations are also found, which are formed
by adjacent peaks of OH stretching vibrations. The average factor of the first fundamental overtone
with an OH-group stretching vibration is approximately 1.95. The near-infrared spectrum (NIR) of
phyllosilicates is closely related to their structure and isomorphism. Therefore, the near-infrared
region can distinguish between kaolinite and dickite and provide a basis for deposit research and
geological remote sensing.
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1. Introduction

Kaolinite minerals are the most common polytypes of aluminous phyllosilicates.
They can be used in many types of materials, such as ceramics, glass, and refractory
materials, and even as gemstones or handicrafts if the texture is pure and uniform. Kaolinite-
group minerals include three ordered polytypes that are stable at normal temperature and
pressure levels, namely, kaolinite, dickite, and nacrite, of which the first two are common.
These minerals exist in a wide range of geological environments. Kaolinite exists in soil,
sedimentary rocks, and hydrothermal deposits. Dickite is generally related to higher
temperature and pressure conditions and mainly occurs in hydrothermal or sedimentary
rocks; it can be used as a sign of exploration/zoning [1] and for detecting metallogenic
environments [2] and geological activities [3].

Kaolinite and dickite display two different types of OH groups. The inner OH groups
are located within the octahedral sheets, while the three nonequivalent inner surface OH
groups are located on top of the octahedral sheets, sharing weak hydrogen bonds with the
oxygen atoms of the next tetrahedral sheet. OH groups are very sensitive to the occurrence
of defects, such as isomorphism and planar defects, and to the structural changes associated
with phase transitions, which can be used to detect the structural order in hydrous minerals,
especially in layered silicates [4]. Changes in the cationic environment will affect the
vibrational properties of the OH groups, so the structural differences among clay minerals
can be reflected by changes in hydroxyl bond vibrations.
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Naturally occurring intergrowths of kaolinite-group minerals are very common, and
their properties are very similar. Therefore, it is necessary to devise a simple charac-
terization technique to identify and distinguish these minerals. Infrared spectroscopy
is a powerful tool to characterize mineral species and study mineral structure. The mid-
infrared region (MIR, 400-4000 cm~!) is often used to detect the basic vibration of functional
groups [5], and the near-infrared region (NIR, generally 4000-12,500 cm ™) can reflect the
vibration characteristics of the combination bands of hydroxyl and metal ions, as well as
the overtone bands of water and some functional groups in minerals. These overtones will
be sensitive to any change in the crystalline structure. Near-infrared spectroscopy has been
widely used to identify kaolinite in mineral mixtures (e.g., [6-9]) and to study the stacking
sequence of kaolinite-group minerals [10].

The purpose of this paper is to investigate the differences in the near-infrared spectra of
kaolinite and dickite, which can thus realize the rapid identification of the two minerals. The
results are applicable to ceramics, jade studies, and archaeology. In addition, the attribution
of the OH group vibration peaks is discussed in detail, and attempts at rationalizing the
origin of these bands are described. The careful measurement and interpretation of clay
minerals may be very important for deposit research and geological remote sensing.

2. Materials and Methods
2.1. Materials

All samples were natural. The sample BL-DSL-4 is from Balin, Chifeng City, Inner
Mongolia Autonomous Region, China; QJ-1 and QJ-8 are from the Shoushan area, Fuzhou
City, Fujian Province, China. The dickite samples GS-1, GS-4, and GS-8 are from the
Shoushan area, Fuzhou City, Fujian Province, China. Typical mineral samples were selected
for this study. Each sample was moderately shattered, and the uniform part of each sample,
without other phases, was used for the experiments.

Isomorphic substitution is very common in layered silicate minerals, and impurity
elements will have varying degrees of influence on the results of spectral experiments.
SEM-EDS analyses of the samples before this study showed that most samples contained
the isomorphic elements potassium and iron, and a few samples contained other types of
isomorphic elements (Table 1). Since the contents of impurity elements in the samples were
very low, they were considered unlikely to affect the results of this study.

Table 1. Mineral composition of the samples.

Sample Color Minerals Refractive Index (RI)  Specific Gravity (SG) Isomorphism (w%)
BL-DSL-4 White Kaolinite 1.56 2.65 Fe/0.1%, Ca/0.1%, Cu/<0.1%
QJ-1 Gray Kaolinite 1.56 2.61 K/0.2%, Fe/<0.1%
QJ-8 White Kaolinite 1.56 2.62 5/0.2%, K/0.1%, Ca/<0.1%
GS-1 Gray Dickite 1.55 2.61 Not detected
GS-4 White Dickite 1.55 2.60 K/0.1%, Fe/<0.1%
GS-8 Light yellow Dickite 1.56 2.63 K/0.4%, Fe/0.1%
2.2. Methods

X-ray diffraction (XRD) data were acquired using the Smart lab X-ray powder diffrac-
tometer at the Institute of Earth Science, China University of Geosciences, Beijing (CUGB).
The system was equipped with a conventional copper target X-ray tube (set to 45 kV and
200 mA) and a graphite monochromator, with a stepping scanning mode with a scanning
speed of 4°/min and a step length of 0.02° in the range of 3-90°. The testing temperature
was 15 °C, and the humidity was 22%. The samples were pulverized to 200-mesh powders
using an agate mortar and stored immediately in a plastic bag to minimize contamination
and oxidation. The results were analyzed using the MDI Jade 6.5 software and the Interna-
tional Center of Diffraction Database (ICDD). Baseline correction and normalization were
performed before analysis.
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Fourier transform infrared spectroscopy (FTIR) measurements were performed at
room temperature using the Bruker Tensor II spectrometer at the Gem Research Center,
the School of Gemology, China University of Geosciences, Beijing (CUGB). The spectra
were collected in transmission mode in a tablet of KBr. The mid-infrared scanning range
was 400-4000 cm~! with a resolution of 4 cm™!, and the ratio of sample to KBr was
1:150. The near-infrared scanning range was 4000~8000 cm ™, with a resolution of 8 cm~1.
Each spectrum was averaged from 64 scans to improve the signal-to-noise ratio. Baseline
correction and normalization were performed.

Clay minerals often consist of aggregates of small particles of the same size as near-
infrared waves, and if the size of the particles is larger than the IR wavelength, the IR
spectrum is affected by multiple scattering within the particles, which can produce inter-
ference effects and reduce the signal strength [11,12]. The mineral shape also affects the
signal [12]. In this study, because it was difficult to crush the sample to a size smaller than
the wavelength of a near-infrared wave (more than 6000-mesh), the ratio of sample to KBr
was increased to 2:150 in the near-infrared range to enhance the spectral signal.

Infrared hydroxyl vibration usually has small peak spacing, and a large number of
spectral peaks coincide. Therefore, the original FTIR spectra were analyzed by taking
the second derivative to find the spectral peaks [13-15]. The absorption maximum in
the second-derivative spectrum was converted to the minimum. This greatly reduced
the apparent spectral bandwidth and largely eliminated baseline differences between
spectra [16]. Then, Peakfit v4.12 software was used to fit the peaks in order to find the
exact locations and forms of their component peaks. All of the spectra were fitted using a
combined Gauss-Lorentz area function, r? > 0.95.

Raman microprobe spectra were tested with the Horiba LabRAM HR-Evolution laser
Raman spectrometer. The analytical conditions included a laser wavelength of 532 nm, a
grating of 600 (500 nm), a range of 100-4000 cm ™!, a resolution of 1 cm~!, a scanning time
of 10 s, and an accumulation of 3 times, with the polished surface cleaned with alcohol
before measurement.

3. Results
3.1. X-ray Diffraction

The XRD patterns of the six samples with PDF cards of kaolinite and dickite from the
ICDD® database are shown in Figure 1. All of the samples are consistent with the character-
istics of kaolinite-group minerals, showing common strong peaks of d(001) = 12.321-12.467°
and d(002) = 24.839-24.970° and medium-intensity peaks of d(—110) = 20.281-20.460° and
d(—133) = 38.460-38.823°. The classical method to distinguish kaolinite and dickite is to
use the number and shape of peaks in the range of 34—40° (gray area in Figure 1). The
samples BL-DSL-4, QJ-1, and QJ-8 have six peaks within this range, which is characteristic
of kaolinite. The samples GS-1, GS-4, and GS-8 have four peaks within this range, which is
characteristic of dickite. All of the samples were found to be pure minerals without any
other phases.

3.2. Characteristics of MIR
1

There are four main spectral bands in the mid-infrared range: 400-600 cm™",
650-800 cm !, 850-1200 cm ™!, and 35003750 cm~!. The spectral peaks are highly consis-
tent with the standard spectra of kaolinite-group minerals (Figure 2), and no additional
peaks appeared.

The number and intensity of peaks in the high-frequency region of 3600-3750 cm
are often used to distinguish kaolinite-group minerals. Kaolinite shows three or four peaks
in this range, with the strongest near 3700 cm~! and a weak peak in the middle. Dickite
has three, which weaken in turn. We could observe more vibration modes after fitting the
spectrum (Table 2 and Figure 3) [12,17]. It is worth noting that there was no change in the
dipole moment at the positions near 3685 cm ! in kaolinite and 3645 cm ™! in dickite, which
should show no peak; however, weak peaks were fitted at the corresponding positions. This
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may have been caused by the structural ideality, which decreased due to the isomorphism,
and then the dipole moment changed slightly.
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Figure 1. Powder XRD patterns of the samples.
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Figure 2. MIR spectra of the kaolinite and dickite samples.
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Figure 3. MIR spectral component analysis of the OH stretching region.

3.3. Raman

Raman spectroscopy has proven most useful for the elucidation of the kaolinite hy-
droxyl structure [18]. Raman spectra can detect the vibrations of nonpolar groups that
cause a change in polarizability; these vibrations may be non-infrared-active. Thus, it can
be a supplement to the infrared spectra. Kaolinite and dickite show 3685 and 3645 cm !
outer OH stretching vibration Raman peaks, respectively (Figures 4 and 5), which cannot
be observed in normal infrared spectra. Although there is no infrared activity, it will still
affect the combination bands and overtone.
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Figure 4. Raman spectra of the kaolinite and dickite samples.
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Figure 5. Raman spectral component analysis of the OH stretching region.

Table 2. The MIR and Raman bands related to kaolinite mineral samples and their assignments

(cm™ ).
Band Assignment [19-32] Active BL-DSL-4 QJ-1 QJ-8 GS-1 GS-4 GS-8
Lattice vibration R 122 118 122 122 120 118
Si,O5 out of plane R 131 127 131 131 132 131
v (e) of AlOg octahedron R 140 142
Aqg(v1) of AlOg octahedron R 196 194 198 198 198 195
O-H-O stretching vibration R 243 241 241 241 241 238
O-H-O stretching vibration R 268 266 268 266 266 263
Si-O stretching vibration R 334 332 334 334 334 331
Si-O stretching vibration IF 412 412 412 411 412 412
Si-O bending vibration IF, R 431 432 431 429 428 428
Si-O bending vibration IF, R 472 473 472 471 471 471
Si-O-Al vibration IF 541 542 541 539 541 540
Si-O-Al vibration IF 694 692 695 694 695 692
Si-O-Al vibration IF, R 754 754 754 754 754 752
Si-O stretching vibration IF, R 794 795 794 794 794 795
Outer Al-OH bending vibration IF, R 914 914 914 913 913 912
Inner Al-OH bending vibration IF 937 937 938 937 937 937
Si-O-Al vibration IF 1007 1009 1009 1004 1003 1001
Si-O-Si vibration IF 1033 1034 1034 1033 1034 1036
Si-O stretching vibration IF 1099 1094 1100 1097 1100 1092
Si-O stretching vibration IF 1115 1117 1116 1116 1117 1118
Outer OH2, OH4 stretching vibration IF, R 3620 3620 3620
Inner OH1 stretching vibration IF, R 3622 3622 3623 3622 3623 3622
Outer OH2, OH4 stretching vibration R 3645 3645 3645




Crystals 2022, 12, 907

70f13
Table 2. Cont.
Band Assignment [19-32] Active BL-DSL-4 QJ-1 QJ-8 GS-1 GS-4 GS-8
Outer OH2, OH4 stretching vibration IF, R 22% gggg gg% 3654 3655 3654
Outer OH3 stretching vibration R 3685 3683 3683
Outer OHS3 stretching vibration IF, R 3696 3695 3697 267)?491 ;;(1)2 g;tljg

3.4. Characteristics of NIR

The main NIR spectral characteristics of kaolinite and dickite are located in the
4000-4800 cm~! and 7000-7600 cm ™! regions (Table 3 and Figures 6-8).
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Figure 6. NIR spectra of the kaolinite and dickite samples. (a) The range of the OH combination
bands (4000-4800 cm ™~ 1); (b) the range of the OH stretching overtone bands (70007600 cem™ ).
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Figure 8. NIR spectral component analysis of the OH stretching overtone bands.

There are multiple weak peaks in the range of 40004400 cm !, assigned to the
combination of lattice deformation vibrations and OH stretching vibrations. In the range
of 4500-4700 cm !, kaolinite and dickite both fit five peaks with similar positions. The
maximum peaks are located near 4530 cm !, which is a common characteristic of kaolinite-
group minerals. A shoulder peak is present on the side of the higher wave number; the
kaolinite shoulder is near 4613 cm ™!, and the dickite shoulder is near 4587 cm~—!, which
can be used to distinguish the two minerals.

All samples have a large number of disordered but clear peaks in the range of
7000-8000 cm~!. According to the theoretical calculation and the change in intensity
before and after heating, a series of spectral peaks after 7250 cm~! is considered to be
caused by H,O in the crystal structure of clay minerals. HyO causes many disordered
peaks in this region, which are also common in serpentine, montmorillonite, and other
phyllosilicates [6,33,34]. The first fundamental overtone of the OH stretching vibrations is
in the range of 7000~7250 cm ™!, and a strong peak and multiple weak peaks were obtained
after fitting. The strong peaks of both minerals are near 7068 cm !, and there is a secondary
peak at 7177 cm~! for kaolinite, but not for dickite. GS-1 has a very weak spectral peak at
7155 cm 1, while the peaks of G5-4 and GS-8 are too weak to be shown here.

Table 3. The bands in the range of 4000-8000 em ™! for related samples and their assignments (em™1).

Assignment Kaolinite [23]  Kaolinite [35] BL-DSL-4 QJ-1 QJ-8 GS-1 GS-4 GS-8
4020 4022 4023 4019 4020 4023
Combination of OH 4093 4093 4093 4097 4096 4097
stretching and lattice 4195 4197 4197 4197 4197 4197 4197
vibration 4249 4247 4248 4247 4245 4246 4247
4312 4332 4330 4328 4335 4337 4336
4527 4530 4530 4530 4530 4530 4531 4531
Combination of OH 4558 4560 4565 4562 4567 4567 4564
stretching and 4590 4587 4585 4587 4588 4589 4588
bending vibration 4610 4613 4609 4610 4610 4614 4610
4632 4633 4634 4631 4633 4636 4638 4635

Combination of inner
4729 4732 4733 4731 4734 4733

OH stretching and
lattice vibration
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Table 3. Cont.
Assignment Kaolinite [23]  Kaolinite [35] BL-DSL-4 QJ-1 QJ-8 GS-1 GS-4 GS-8
7067 7069 7068 7068 7068 7068 7070 7070
7099 7092 7089 7087 7098 7095 7110
7118 7113 7115 7113
The first fundamental 7124 7135 7135 7135 7133 7131 7131
overtone of OH 7156 7148 7158 7158 7156 7155 — —
stretching vibration 7168 7175 7177 7177 7176 7175 7177 7178
7182 7203 7196 7195 7196 7193 7197 7195
7222 7218 7217 7220 7217 7220 7217
7232 7235 7234 7235
4. Discussion
Assignment of OH Vibration in NIR Spectra
The band frequency relationships between the MIR and NIR spectra were determined
via trial-and-error summations. Combined with the data obtained in this experiment, we
determined suitable peak assignments as far as possible.
The bands of kaolinite-group minerals in the region of 4000-5000 cm ! correspond
to the combination of OH stretching vibration and lattice vibration or bending vibration
(VOH + 80H). The band at 4530 cm ™! is attributed to the combination of the band near
3622 cm !, assigned to inner OH stretching vibration, and the peak near 914 cm !, assigned
to Al-OH bending vibration. The characteristic peaks near 4613 cm ™! for kaolinite and
4587 cm~! for dickite correspond to the 3696 cm~! and 914 cm~! combination and the
3654 cm~! and 937 cm ! band combination, respectively. The specific corresponding values
are shown in Table 4. All of the errors are within 10 cm ! [36], and the strength is also
in agreement.
Table 4. The major NIR bands in 4500~4700 cm~! for related samples and their corresponding MIR
peaks (cm ™).
Measured Fundamental Theoretical A Measured Fundamental Theoretical A
Peak Peaks Peak Peak Peaks Peak
BL-DSL-4 4530 3622 + 914 4536 6 GS-1 4530 3622 + 913 4535 5
4560 3653 + 914 4567 7 4567 3654 + 913 4567 0
4587 3670 + 914 4584 -3 4588 3654 + 937 4591 3
4613 3696 + 914 4610 -3 4610 3699 + 913 4612 2
4634 3696 + 937 4633 -1 4636 3699 + 937 4636 0
QJ-1 4530 3622 + 914 4536 6 GS-4 4531 3623 +913 4536 5
4565 3652 + 914 4566 1 4567 3655 + 913 4568 1
4585 3669 + 914 4583 -2 4589 3655 + 937 4592 3
4609 3695 + 914 4609 0 4614 3705 + 913 4618 4
4631 3695 + 937 4632 1 4638 3705 + 937 4642 4
QJ-8 4530 3623 + 914 4537 7 GS-8 4531 3622 +912 4534 3
4562 3654 + 914 4568 6 4564 3654 + 912 4566 2
4587 3672 + 914 4586 -1 4588 3654 + 937 4591 3
4610 3697 + 914 4611 1 4610 3700 + 912 4612 2
4633 3697 + 938 4635 2 4635 3700 + 937 4637 2

Both minerals have a weak peak near 4730 cm !, which may be the combination of the
OH stretching vibration near 3620 cm~! and Si-O stretching vibration near 1100 cm~! [11].

The absorption in the range of 70008000 cm ! corresponds to the first fundamental
overtone of OH stretching vibration (2vOH). The strongest peaks of both minerals are near
7068 cm !, assigned to inner OH stretching vibration. The secondary peak of kaolinite near
7177 cm~! corresponds to the outer OH stretching vibration, which is a non-infrared-active
band shown in the Raman spectrum. The non-infrared-active band of dickite is located at
3645 cm ™!, corresponding to the weak peak near 7100 cm~!. The specific corresponding
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values of the two minerals are presented in Table 5. Bishop [32] showed the overtone of the
OH stretching vibration of kaolinite near 7232 cm ™!, but only the dickite samples showed a
similar weak peak in this study. The average factor between the OH stretching vibration and
its overtone is 1.95 (£0.003) (Figure 9), not simply two-fold but slightly less, as explained
by quantum mechanics [35]. Petit [37] proposed a constant k based on anharmonicity, and
k= —171 cm~! for kaolinite minerals. He considered that the relationship between OH
stretching vibration and its overtone should be two-fold minus this constant k. However,
this method has an error in this study and cannot well explain the relationship.

Table 5. The major NIR bands in 7000~7250 cm ™! for related samples and their corresponding MIR
peaks (cm™h).

Measured

Fundamental Measured

Peak Peaks Factor Peak Fundamental Peaks Factor
BL-DSL-4 7068 3622 1.9514 GS-1 7068 3622 1.9514
7092 (3622 + 3653)/2 1.9497 7098 3645 * 1.9473
7113 3653 1.9472 7133 3654 1.9521
7135 3670 1.9447 7155 (3645 * +3699) /2 1.9485
7158 (3653 + 3685 *)/2 1.9504 7175 (3653 +3699)/2 1.9518
7177 3685 * 1.9476 7193 (3653 +3714)/2 1.9528
7196 (3685 * +3696) /2 1.9499 7217 3699 1.9511
7218 3696 1.9529 7235 3714 1.9480
QJ-1 7068 3622 1.9514 GS-4 7070 3623 1.9514
7089 (3622 + 3652)/2 1.9491 7095 3645 * 1.9465
7115 3652 1.9482 7131 3655 1.9510
7135 3669 1.9460 — — —
7158 (3652 + 3683 %)/2 1.9509 7177 (3655 + 3705)/2 1.9503
7177 3683 * 1.9487 7197 (3655 + 3715)/2 1.9531
7195 (3683 * +3695)/2 1.9504 7220 3705 1.9487
7217 3695 1.9532 7234 3715 1.9472
QJ-8 7068 3623 1.9509 GS-8 7070 3622 1.9520
7087 (3623 + 3654)/2 1.9478 7110 3645 * 1.9506
7113 3654 1.9466 7131 3654 1.9516
7135 3672 1.9449 — — —
7156 (3654 + 3683 %) /2 1.9488 7178 (3654 + 3700)/2 1.9521
7176 3683 * 1.9484 7195 (3654 + 3712)/2 1.9536
7196 (3683 * +3697)/2 1.9501 7217 3700 1.9505
7220 3697 1.9529 7235 3712 1.9491
* Non-infrared-active, only observed in Raman spectra.
7250 7250
(a) (b) 3
L]
200 T y = 1.9493x Ll y=19505x 4B
R#*=0.9697 R#=0.9833
7150 S| Tt ]
mQJ-1 WGS-4
7100 F (4058 I 7400 | [ AGs8 |
7050 7050 |
7000 . L ; 7000 L . :
3600 3630 3660 3690 3720 3600 3630 3660 3690 3720

Figure 9. Relationship between the overtone vibrations and stretching vibrations of OH: (a) relation-
ship for kaolinite; (b) relationship for dickite.
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In addition to the fundamental overtone generated by OH stretching vibration, kaolin-
ite and dickite have three bands each that cannot match a single OH stretching vibration.
Comparing the NIR spectra of the samples before and after drying, it is found that there is
no obvious change, so the influence of adsorbed water is excluded. The combination of dou-
ble OH stretching vibration can lead to better matching results (Table 5: fitted peaks near
7092, 7158, and 7196 cm ! for kaolinite and fitted peaks near 7155, 7175, and 7193 cm ! for
dickite), which is also proposed in the results of Petit [37]. This combination is related to
the band position of OH stretching vibration, where adjacent peaks can produce combined
absorption, but there is no intuitive correlation with band type or assignment. This has not
been mentioned in previous studies.

The non-infrared-active bands at 3683 cm ! for kaolinite and 3645 cm~! for dickite do
not have corresponding peaks in the range of OH combination but have their own overtone
and combined overtone above 7000 cm~!. This also provides a new method to identify the
vibration of non-infrared-active bands, i.e., considering whether there is a corresponding
fundamental overtone in the NIR region.

5. Conclusions

1.  The common characteristic peaks in the near-infrared spectra of kaolinite-group min-
erals are located near 4530 and 7068 cm ™!, corresponding to the combination of inner
OH stretching vibration and outer OH bending vibration and the first fundamental
overtone of inner OH. Next to the characteristic peak, kaolinite has two secondary
peaks near 4610 and 7177 cm ™!, corresponding to the combination of outer OH stretch-
ing vibration and bending vibration and the overtone of outer OH stretching vibration.
The secondary peak of dickite is near 4588 cm ™!, corresponding to the combination of
outer OH stretching vibration and inner OH bending vibration. There is no secondary
characteristic peak in the first fundamental overtone region of dickite.

2. The OH combination vibration of kaolinite-group minerals is located at 40004800 cm .
The OH stretching vibration will be combined with the lattice deformation vibration,
OH bending vibration, and Si-O vibration to form new vibration absorption. More-
over, 7000-7250 cm ! is the first fundamental overtone region for the OH stretching
vibration, with a strong absorption peak and several weak peaks. Kaolinite and dickite
each have three different combined overtones for the OH stretching vibration, which
are composed of adjacent OH stretching vibrations.

3. The non-infrared-active OH stretching vibration of kaolinite and dickite showed an
infrared-active absorption peak in the overtone region. It can be used to identify
vibration types that cannot be observed by MIR spectra.

4. Due to the influence of non-ideal conditions, the actual peak position of the overtone
peak is lower than the theoretical position. The factor of the first fundamental overtone
of the OH group stretching vibration is approximately 1.95.
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