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Abstract: The capabilities of temperature-monitored IR spectroscopy for studying the organic matter
and mineral composition of humic substances (HS) were tested. Temperature dependences of the
mid-IR spectra of humic substances heated in the air in the range 25–215 ◦C (298–488 K, with a
step of 2.5 ◦C)—for three commercially available samples isolated from brown coal (leonardite)—
were performed. The characteristic bands were identified, and their changes in band maxima
positions and intensities were compared. From the viewpoint of interpretation of HS components,
the spectra were divided into regions of quartz lattice region (800–260 cm−1), quartz overtone region
(1270–800 cm−1), humic substance organic matter region (1780–1270 cm−1), quartz combination
region (2800–1780 cm−1), CH-speciation region (3100–2800 cm−1), and hydrogen-speciation region
(4000–3100 cm−1) thus selected to contain the dominating type of bands. For the first time, a reversible
change in the frequencies of the band maxima in IR spectra upon heating was observed, which can
be interpreted as forming structures with a particular order in the studied humic substances in the
dry state. For a single sample, both the band-shift scale and the functional dependence of the various
bands on temperature differ significantly. The approach differentiates crystalline quartz bands,
amorphous silica, and HSOM/surface groups experiencing a different temperature behavior of the
band maxima and their intensities. Band-maximum temperature dependence can be considered
more stable to changes in experimental conditions than band maxima at a single temperature, thus
providing a more detailed HS structure analysis without HS decomposition or destruction.

Keywords: humic substances; FTIR; infrared spectroscopy; temperature infrared spectra; temperature-
induced evolution of band frequencies

1. Introduction

Humic substances (HS) are a predominant species of organic matter in natural (soil
and waters) and human-made environments such as sewage and landfills [1–4]. Many
studies deal with HS as antibacterial/antiviral, antioxidant, metabolic, immunomodulating,
and other medicines [5–7]. Additionally, HS are demanded in various branches of soil
science and agronomy: fertilizers, plant growth regulators, and mediators and detoxifiers
in the polluted ecosystems [6–11]. HS of various origins—soil, sediments, peat, lignites,
brown coal—are relevant resources [1,3] involved in soil [9,12], chemical, and biochemical
processes of brown coal treatment [13,14] and biomass treatment [15]. These processes
require a large volume of information of HS systems, which requires the development of
corresponding analysis and characterization methods.

IR spectroscopy is a developed method to study HS and is used to characterize and
assess functional (mainly carboxylic and hydroxylic) groups and whole HS organic matter
(HSOM) [16–21]. However, like in many other multicomponent samples, the bands of
different HS components and functional groups overlap, and a resulting HS IR spectrum
shows a small number of relatively uninformative broad overlapping bands. Thus, despite
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the simplicity and versatility of conventional IR spectroscopy, the information on HS by
this method is somewhat limited and usually constrained by qualitative comparison of
the functional group composition [17,18,21–25]. Nevertheless, with the potential of IR
spectroscopy, it is far from being exhausted for HS and can be seriously enhanced using
temperature-dependent IR studies.

Changes in the vibrational spectra of solid samples upon heating or cooling provide
information on polymorphic transformations, structural phase transitions, intramolecular
interactions, and second-order phase transitions. However, even if such changes are absent,
temperature-dependent IR spectra may reveal alterations in the band intensities, positions,
shape, and width [26]. Structural deformation by pressure or temperature usually results
in small changes in interatomic distances, significantly altering molecular and lattice
vibrations that can be monitored using FTIR and Raman spectroscopies [27]. In addition,
changes in the crystal structure usually shift the molecule center symmetry and may also
lead to changes in intermolecular forces and thus band frequencies [28].

According to Hooke’s law, the decreased nearest neighbor distances imply larger
force constants and higher frequencies. For crystalline forms, lattice potentials are partially
anharmonic; the mean interatomic distances and forces depend on the level of vibrational
excitation [29]. Thus, transitions between higher levels are less energetic than transitions
between lower levels, which causes a redshift of band maxima with temperature and band
broadening [29]. As a rule, the stronger the intermolecular interactions, the more significant
the shift. Combined internal and external mode bands move faster with temperature [26].
According to Tielens and Allamandola [30], absorption features sharpen with temperature
from the crystal lattice thermal shrinkage, but the integrated absorption strength stays
approximately constant [31]. The study of the temperature dependences of vibrational
spectra provides information on the structure of a solid sample and, on a decrease in
temperature, bands hidden or inactive at room temperature may be revealed. Different
modes (e.g., stretching versus bending vibrations) in a material may behave differently
upon cooldown since they may have different anharmonicity constants and interact with
different phonons, which may account for the observed behavior of amorphous magnesium
silicates [32].

Thus, the temperature dependence of band parameters in the IR spectrum of a solid
has a fundamental nature that is mainly associated with the structural deformation of its
crystal lattice. This effect has long been observed and studied in various minerals such as
silicates, analogs of interstellar dust forsterite, hydrous silicates at 4 K and 300 K [33], and
olivine and enstatite at 80 K and 300 K [32]. Mennella et al. [34] investigated the absorption
coefficient per unit mass for amorphous and crystalline fayalite, crystalline forsterite, and
two kinds of disordered carbon grains over the temperature range 24–295 K. They found
that the shift magnitude was 1–5 cm−1 at the maxima in the region of 100–500 cm−1.
The temperature effects on the IR modes in silicates are mainly due to the contraction
of the material structure at low temperatures [34]. The reduced interatomic distance
induces a more vital constant and a progressive shift to coupling to higher frequencies.
Bowey et al. [35] studied some silicates (olivine, orthopyroxene, clinopyroxene) at 295 K
and 3.5 K. A shift of the bands with temperature was also found. Of particular note is the
work by Johnston et al. [36], in which low-temperature FTIR spectra were used in resolving
dickite- and nacrite-like features present in the spectra of kaolin clays when cooled to <30 K.
These features were not resolved at room temperature and only partially resolved at liquid
nitrogen temperature (77 K). The room-temperature and low-temperature positions of the
n(OH) bands of kaolinite, dickite, and nacrite were linearly correlated with the interatomic
OH–O distances; this relationship served for polytype/disorder identification. An increase
in the thermal energy of a solid can provide information on the degree of anharmonicity of
the interaction potentials of atoms. For example, significant shifts in band positions for a
given temperature change indicate a softer, more anharmonic interatomic potential. These
types of effects have been studied in temperature-dependent IR bands and width trends in
apatite and kaolinite [37].
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Thus, temperature dependences of IR spectra are essential for many reasons. First,
the spectra in different phase states of a substance can be compared, thereby clarifying
the role of intermolecular forces. Second, the bandwidth and spectral resolvability are
temperature-dependent; hence temperature measurements improve the chemical analysis.
Finally, frequency correlations require temperature-dependent band shifts and intensity
changes to solve some theoretical problems [38].

For HS, the temperature dependence of IR spectra has hardly been studied, especially
in the region where there are no significant molecular structure changes. The early pa-
per [25] studied the moisture effects on IR spectra using a KBr transmission technique.
There are studies devoted to the change in the molecular structure of HS during heating to
simulate a fire [39]. HS IR spectra are measured upon heating from 325 ◦C [40]. Decarboxy-
lation was found as the primary dehydration reaction from 150 to 400 ◦C, and anhydride
was identified in HS from the FT-IR spectra at a higher temperature region, from 200 to
400 ◦C [41]. Along with other methods, IR spectra at 20–800 ◦C were obtained to study
the temperature effects on the stability of soil humic acids with main features only (OH
stretching at 3450 cm−1, methylene bands C–H at 2920 cm−1 and 2850 cm−1, the C=O
stretching vibrations due to carboxylic groups at 1720 cm−1, the band at 1620 cm−1 due to
C–C bonds) [42].

This work aims to demonstrate the capabilities of temperature-monitored IR spec-
troscopy for studying HS structure, both organic matter and mineral component compo-
sition. The IR spectra of several HS of leonardite were studied upon continuous heating
from 25 to 215 ◦C; all the experiments (temperature dependence, centrifugation, and matrix
assignment) were used previously but never combined.

2. Materials and Methods
2.1. Samples

Humic acid sodium salt (technical grade, Sigma-Aldrich Inc., St. Louis, MO, USA,
CAS Number: 68131-04-4) was used. Malcolm and MacCarthy [43] showed that this HS
is similar to leonardite humic acid and Wyoming dopplerite. Other samples are Powhu-
mus (potassium humate) from German leonardite (HUMINTECH, GmbH, Grevenbroich,
Germany) and Potassium humate from Sakhalin leonardite. These samples are further
referred to as Sigma-Aldrich, Powhumus, and Sakhalin from this point on. Kaolin came
from the Polog deposit (Ukraine, 97% of kaolinite in a purified sample) was used for
comparison. The samples were not purified and used in their native state. All the samples
were measured in five replicates. Bulk Si and Al in the studied samples were previously
estimated by ICP-AES [22].

2.2. FTIR Measurements

The analysis by IR spectroscopy was carried out on a Vertex 70 IR Fourier spectrometer
(Bruker Optik GmbH, Ettlingen, Germany) with a room temperature DLaTGS detector. A
GladiATR attachment of a single attenuated total internal reflection (ATR) with a software-
controlled diamond crystal heated in the range from room temperature to 215 ◦C (Pike
Technologies, Madison, WI, USA) was used. The parameters of measurements are summa-
rized in Table 1. The spectrometer and the attachment were purged with air with a dew
point of −70 ◦C (produced by a PG28L Purge Gas Generator, PEAK Scientific, Glasgow,
United Kingdom) at a rate of 500 L/h. The ambient temperature was maintained at 23 ◦C
with an allowable variation of ± 1 ◦C using an air conditioner. The post-registration process
was performed using OPUS 8.2 software (Bruker Optik GmbH, Ettlingen, Germany).
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Table 1. ATR–FTIR measurement conditions and parameters.

Spectral range, cm−1 4000–400
Resolution, cm−1 2
Background scan 128

Sample scan 128
Acquisition mode Double-sided, forward–backward

High-frequency limit 15000
Aperture setting 8 mm
Phase resolution 4

Phase-correction mode Mertz
Zero filling factor 2

Apodization function Blackman–Harris 3-term
Sample and background pre-amplification gain ‘Ref’ (without amplification)

Background signal gain Auto
Sample signal gain Auto

Scanner velocity 10 kHz
Detector Room temperature DLaTGS
Source MIR, globar

Beam splitter KBr

Background Diamond crystal with a lowered pressure
screw with a flat end

Before recording the spectra with heating, an empty ATR crystal spectrum was
recorded at 25 ◦C as a background. Then, a small amount of the sample was placed
on its surface, pressed with a screw, and a program of controlled heating was started at a
rate of 0.25 ◦C/min from 25 ◦C to 215 ◦C; spectra registration step is 2.5 ◦C. After heating
to 215 ◦C, the sample was cooled to 25 ◦C in the same manner at a 0.25 ◦C/min rate. The
resulting heating and cooling spectra were combined, a corresponding array of spectra of
an empty ATR crystal was subtracted from it, an ATR correction was performed, and the
maxima positions were determined. The sample was in the ambient atmosphere during
the measurement.

Extended ATR correction [44] was performed using the following conditions: ATR
crystal diamond, radiation incidence angle 45 degrees, number of ATR reflections, 1. After
ATR correction, a 13-point smoothing procedure was performed. Baseline correction was
not performed. Band maxima were determined using the standard band search method
using the OPUS software. The standard method is finding the x-position of the interpolated
maximum or minimum. The intensity is the corresponding y-value of the interpolated
maximum or minimum. The sensitivity parameter was 5% (in some cases 1%) to 20%. The
higher the threshold is, the fewer bands are displayed.

3. Results

The IR spectra of the studied HS samples are shown in Figure 1; more details are
given in the Supplementary Materials (Figures S1–S11, see below). The band frequency
shifts are visible, discussed below. The spectral series also show a rather complicated and
multidirectional change in the signal amplitude, i.e., the total absorbance of the spectral
bands; however, in the case of ATR measurements, it depends in a complicated way on the
refractive index of the sample and crystal, which also complicatedly depend on temperature
and vary nonlinearly. Therefore, the reasonable use of frequency changes and amplitude
requires separate measurements beyond this work scope.
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combination with IR analysis of samples after heating [47,48]; and combinations of TGA, 
DTA, and DSC [49–51]. Some authors point to the possibility of hydroxyl elimination in 
the temperature range up to 200 °C under air conditions for potassium humates extracted 
from coal [52,53]. However, even in this case, the major changes in the HS molecular skel-
eton begin at significantly higher temperatures. Hoffmann et al. [54] used TGA, DTA, and 
DSC to study, in particular, a Sigma-Aldrich sample. They noted that the decomposition 
of polysaccharides, the elimination of functional groups, and the subsequent destruction 
of phenolic compounds occur in the range of 200–400 °C. Boguta et al. [55] mentioned that 
the primary process at temperatures below 200 °C is dehydration. However, a small con-
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are illustrated with spectra in the Supplementary Materials (Figures S1–S8). The spectra 
of the samples after processing are shown in the main text. 

Extended ATR correction was used. However, since the ATR crystal absorption is 
close to 100% in the region 2400–1900 cm−1, this region is significantly noisy (Figure S1, 
Supplementary Materials). Additionally, it does not contain absorption bands for the 
studied HS samples. Therefore, this region is replaced by a straight line to apply the ex-
tended ATR correction procedure correctly. 

The ATR refractive index is determined by the crystal material and the accessory de-
sign (the angle and the number of reflections). Additionally, the average refractive index 

Figure 1. IR absorption spectra in the range 4000–400 cm−1 after ATR correction of (A) Sigma-Aldrich,
(B) Powhumus, and (C) Sakhalin humic substance samples. Temperature increases from 25 to 215 ◦C
from blue to orange lines.
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To assess the reversibility of the observed changes, we recorded not only the spectra
upon heating but also cooling the samples and compared the spectra before heating
and after cooling back to 25 ◦C (Supplementary Materials, Figures S9–S11). The main
differences are water absorption; its content has significantly decreased after the heating–
cooling cycle, as expected. The most significant change in all three samples upon heating
is the disappearance of the broad band in the region of 2400–3800 cm−1 due to water
evaporation. No new bands appeared in the spectra.

Other band–intensity ratios showed insignificant changes during heating and cooling,
which indicates the absence or insignificance of changes in the molecular structure of the
studied samples. This behavior agrees with thermogravimetric data: dehydration (temper-
ature interval I), from 70 to 110 ◦C; degradation of aliphatic structures and polysaccharides
(interval II), from 210 to 380 ◦C [45,46]; DSC under oxidative conditions in combination
with IR analysis of samples after heating [47,48]; and combinations of TGA, DTA, and
DSC [49–51]. Some authors point to the possibility of hydroxyl elimination in the tem-
perature range up to 200 ◦C under air conditions for potassium humates extracted from
coal [52,53]. However, even in this case, the major changes in the HS molecular skeleton be-
gin at significantly higher temperatures. Hoffmann et al. [54] used TGA, DTA, and DSC to
study, in particular, a Sigma-Aldrich sample. They noted that the decomposition of polysac-
charides, the elimination of functional groups, and the subsequent destruction of phenolic
compounds occur in the range of 200–400 ◦C. Boguta et al. [55] mentioned that the primary
process at temperatures below 200 ◦C is dehydration. However, a small contribution from
the organic-carbon decomposition processes is also possible in the 40–220 ◦C range. Thus,
it was worth noting that exothermic processes could slightly overlap endothermic effects.

3.1. Post-Registration Processing of IR Spectra

The post-registration processing algorithm may considerably change the spectrum.
Therefore, all samples were processed in a strictly identical way to minimize the effect of
mathematical processing on the results. For clarity, all post-registration processing stages
are illustrated with spectra in the Supplementary Materials (Figures S1–S8). The spectra of
the samples after processing are shown in the main text.

Extended ATR correction was used. However, since the ATR crystal absorption is
close to 100% in the region 2400–1900 cm−1, this region is significantly noisy (Figure S1,
Supplementary Materials). Additionally, it does not contain absorption bands for the
studied HS samples. Therefore, this region is replaced by a straight line to apply the
extended ATR correction procedure correctly.

The ATR refractive index is determined by the crystal material and the accessory
design (the angle and the number of reflections). Additionally, the average refractive
index of the sample must be known, and this value, on the one hand, significantly affects
the corrected spectrum shape; on the other hand, it is not known precisely for the test
sample. There are no data of the sample refractive index used for ATR correction in humic
substances in the literature.

For most organic materials, a sample refractive index of ca. 1.5, being a good starting
point, is recommended as an ATR-correction base value and generally provides excellent
correction performance [44]. Some materials, such as samples rich in amorphous carbon
such as high carbon-black rubbers, have higher indices, and a value of 2.0 is recommended
for these samples [56]. Thus, it is logical to expect an optimum refractive index for HS
between these values. According to the literature, the HS refractive index in the visible
region is 1.6 [57], 1.60–1.65 [58], or 1.63–1.70 [59]. Therefore, we varied the sample refractive
index for ATR correction in the range of 1.5–2.0 on the example of the Powhumus sample
(Supplementary Materials, Figures S3 and S4; the initial spectrum is shown in Figure S2).
Figure S2 shows that the corrected spectra at n = 1.5, 1.6, 1.8, and 1.9 are identical. At n = 2.0,
the spectrum undergoes significant distortions. At n = 1.7, the spectrum also differs from
other corrections, mainly in the band intensities. Besides, in regions of 4000–3800 cm−1

and 1900–1700 cm−1, where a strong distortion band caused by light scattering is observed,
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a value of 1.7 provides the highest degree of its compensation. Based on these experiments
and the literature data, we have chosen n = 1.7 for the ATR correction of all HS spectra in
this study.

The spectrum of kaolinite in the region of 3720–3600 cm−1 recorded under the same
conditions and on the same equipment as the HS samples compared with the HS spectra is
shown in Supplementary Materials, Figures S5–S8. In this case, the initial ATR spectrum of
kaolinite was corrected using two refractive indices, 1.5, which is more justified for this
mineral, and 1.7 for a correct comparison with HS spectra. For n = 1.5, the obtained values
of the band maxima at 3691.0, 3669.5, 3652.3, and 3620.0 cm−1 coincide entirely with the
position of the kaolinite bands at a temperature of 305 K [36]. For n = 1.7, the difference is
observed only for the first band and produces a shift to 3692.0 cm−1.

All spectra after ATR correction are presented as absorption vs. wavenumber. In this
case, the absolute value of absorption in ATR depends on many factors, including the
particle size, and is not of fundamental importance. After ATR correction, a smoothing
procedure was performed. Such processing turned out to be necessary since small noises
and, especially, weak water vapor bands introduced an error in some cases in determining
the band maximum and were not cut off by the maximum-finder algorithm. The band
maxima were determined before and after the smoothing procedure to assess its effect
on the band position and general trends. The fluctuations of the maxima (and, thus, the
relative band displacements) decreased significantly upon smoothing, but all the change
tendencies were preserved. The temperature dependence of the maximum frequency of
bands is nonlinear. Baseline correction was not performed since this operation introduces
an additional difficult-to-control distortion in determining the exact maximum position.

3.2. General Description of IR Spectra

The exact positions of the maxima, the wavenumber shifts in band maxima caused
by heating, and the band assignment are given in Table 2. It sums up the maxima at
25 ◦C, shifts when heated to 215 ◦C, and the difference between maxima at 215 and 25 ◦C.
A positive difference indicates a redshift (towards higher wavenumbers); a negative, a
blueshift (towards lower wavenumbers).

Table 2. Position, temperature-induced shifts, and assignment of the absorption bands in IR spectra of HS samples.

Sigma-Aldrich Powhumus Sakhalin
Assignment Ref.

ν (25 ◦C) ν (215 ◦C)–ν
(25 ◦C) ν (25 ◦C) ν (215 ◦C)–ν

(25 ◦C) ν (25 ◦C) ν (215 ◦C)–ν
(25 ◦C)

3691.4 −9.84 3692.8 −9.61 3695.9 −12.04

OH stretching of inner-surface hydroxyl
groups, in-phase vibration with a transition
moment nearly perpendicular to the (001)

plane of kaolinite
[60,61]

3666.7 * 3666.8 * - - OH stretching of inner-surface hydroxyl
groups, anti-phase vibration with transition
moment lying in the (001) plane of kaolinite3650.0 * 3651.1 * - -

3618.7 4.57 3618.9 5.02 3613.3 10.63 OH stretching of inner hydroxyl groups

2960 *** * 2960 *** * 2960 *** *
Asymmetric and symmetric C–H stretching

of aliphatic groups CHx
[18,62]2925.7 −1.59 2925.2 −0.13 2919.5 4.71

2854.9 0.47 2854.1 1.38 2850.7 2.60

1569.1 8.48 1571.2 11.15 1574.9 10.54

Aromatic C=C stretching of the phenyl ring,
CO carboxylate stretching; aromatic C=C

skeletal stretching vibrations, C=O of
quinone and/or H-bonded conjugated
ketones; –COO– symmetric stretching

[20]

1398.0 0.13 - - - -

1450 –CH deformation of –CH3 and –CH
bending of –CH;

1350 symmetric –COO~ stretch and/or –CH
bending of aliphatics

[20]
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Table 2. Cont.

Sigma-Aldrich Powhumus Sakhalin
Assignment Ref.

ν (25 ◦C) ν (215 ◦C)–ν
(25 ◦C) ν (25 ◦C) ν (215 ◦C)–ν

(25 ◦C) ν (25 ◦C) ν (215 ◦C)–ν
(25 ◦C)

- - 1378.1 −10.39 1375.3 −12.99

A combination band, and is primarily
attributed to CH absorption in aliphatics, as

well as to CO–CH3 vibrations in
lignin-derived phenols

[63]

1164.5 * 1164.5 * 1164.5 * C–OH stretching of aliphatic O–H [62]

1114 ** 1114 ** - - - Si–O stretching (longitudinal mode) of
kaolinite [61]

1085.2 −8.42 1089.5 −9.76 **
Alcoholic and polysaccharide CO stretch

and OH deformation; Si–OH bend in silicate
impurities

[62]

1031.5 −2.64 1032.1 −2.89 1032.2 −3.27 In-plane Si–O stretching (of kaolinite) [61]

1008.4 −3.17 1009.5 −3.06 1010.1 −1.48 In-plane Si–O stretching (of kaolinite) [61]

937.2 * 937.7 * 935 *** * OH deformation of the inner-surface
hydroxyl group of kaolinite [61]

912.4 −3.29 913.4 −3.16 912.6 −2.44 OH deformation of inner hydroxyl groups
of kaolinite [61]

875.0 −0.80 875.9 1.03 Si–O− or Si–O–Si bridge or carbonate,
calcite, or polyaromatic bend vibrations [60,64–67]

795.7 −3.38 796.4 −3.02 797.5 −3.46 Si–O in kaolinite [61]

778 *** * 778 *** * 778.5 * Aromatic CH out of plane bending [20]

749.9 2.74 749.9 * 750 *** * Si–O, perpendicular [61]

713 * - - - - Al–O vibrations or C4+ alkanes [68,69]

690 ** - 690 ** - 690 ** OH translation in kaolinite [70]

640 *** - 640 *** - - - Si–O [61]

534.9 −4.52 536.2 −4.94 532.6 −5.06 Si–O–Al deformation in kaolinite [61,70]

466.6 0.84 468.3 −0.44 468.9 −0.95 Si–O bending in kaolinite [70]

428.6 1.28 430.0 1.85 Si–O deformation of kaolinite [61]

* The band intensity is low; when heated, becomes comparable to the noise, making it impossible to register the maxima accurately.
** A relatively intense band with a flat top, impossible to determine the exact position of the maximum. *** A weakly expressed band on
the shoulder of another. - No band (indistinguishable from noise).

The mid-IR region bands commonly associated with characteristic HS and soil at-
tributes drop into three regions: 1200–400 cm−1, 2000–1400 cm−1, and 4000–2000 cm−1 [71]
corresponding to inorganic soil matrix, organic matter, and hydrogen-bond bands, re-
spectively. In our previous paper [72], we divided the whole mid-IR region for silicate
soils in a slightly different way: matrix fingerprint region, 1100–400 cm−1; matrix over-
tone/combination band region, 2500–1100 cm−1; and OH-region, 4000–2500 cm−1. Both
divisions roughly serve the same purpose, but the chemical speciation of various samples
shows that the region selection should be more detailed [72].

In this paper, we divided the mid-IR region 4000–260 cm−1 into even in more detail—
six regions to divide inorganic components and organic matter. Namely, these regions are
the quartz lattice region (800–260 cm−1); quartz overtone region (1270–800 cm−1); humic
substance organic matter (HSOM) region (1780–1270 cm−1); quartz combination region
(2800–1780 cm−1); CH-speciation region (3100–2800 cm−1); and hydrogen-speciation region
(4000–3100 cm−1). These regions were selected to contain the dominating type of bands
and be readily and reproducibly dividable in the same manner for all the similar samples,
and although some boundaries (e.g., 1260 and 1780 cm−1) may be provisional, they are still
generally reliable.

3.3. Primary Band Assignment

In the following description, we use the direction from low to high energies (low to
high wavenumbers). The dominating calibrations in each region go from fundamental
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matrix vibrations to variable amorphous and organic components and then to speciation
due to surface groups and coordination (Figure 1).

In the quartz lattice region (800–260 cm−1), most bands belong to quartz lattice,
797 cm−1, O–Si–O stretch, 697 cm−1 (probably, overtone ∼= 2 × 398 cm−1), 535 cm−1 (prob-
ably, overtone ∼= 2 × 265 cm−1), 510 cm−1, Si–O–Si bend; 460 cm−1, 450 (shoulder) cm−1,
430 cm−1, 420 cm−1, and 410 cm−1, O–Si–O bend [61,70]. Bands at 750 cm−1 and 455 cm−1

can be attributed to amorphous silica [61]. Broad bands with maxima at 640 cm−1 and
610 cm−1 are probably the manifestations of water librations [73]; they are present in
kaolinite and quartz (noisy in the latter case) or AlO bending [68]. Bands at 775 cm−1 and
715 cm−1 are absent in kaolinite spectra. The band at 715 cm−1 cannot be reliably attributed
and may manifest in-phase rock vibrations of AlO vibrations [68] or C4+ alkanes [69]. The
band at 775 cm−1 may belong to aromatic CH out-of-plane bending [20].

The quartz overtone band region (1270–800 cm−1) contains a broad, weak band at
1260 cm−1, which could be a quartz combination band (∼=460 + 797 cm−1) or Aryl–O
stretching of SOM [74]; broadband at 1120–1070 cm−1, O–Si–O stretch in crystalline and
amorphous SiO2 species; bands at 1035 cm−1 and 1010 cm−1, quartz lattice O–Si–O stretch;
1115 cm−1, 937 cm−1, and 915 cm−1 (OH deformation of inner-surface hydroxyl groups
of kaolinite [61]). The latter band is also the manifestation of the O–H bend of carboxylic
species [61].

Other SiO vibrations are amorphous SiO2 O–Si–O stretch (not present in quartz);
915–912 cm−1, amorphous silica, probably overtone ∼=2 × 460 cm−1 [75] or (O–H bend [76]);
890 cm−1, Si–O– [64], Si–O–Si bridge [65], or probably polyaromatic bend vibrations. Weak
bands at 855 cm−1 and 845 cm−1 may belong to Al–OH [77]. Comparing the spectra of HS
samples with kaolinite spectra in 1270–260 cm−1 (Supplementary Materials, Figures S5–S8)
reveals that bands at 1115 cm−1, 937 cm−1, 915 cm−1, 797 cm−1, 750 cm−1, 697 cm−1,
535 cm−1, 460 cm−1, and 430 cm−1 correspond to kaolinite, as well as bands at 1035 cm−1

and 1010 cm−1, although they are displaced more strongly in HS samples than other bands
in kaolinite. Bands at 1164 cm−1, 1085 (1089) cm−1, and 875 cm−1 are absent in kaolinite
spectra. The 1164 cm−1 band corresponds to C–OH stretching of aliphatic O–H, 1085 cm−1,
to alcoholic or polysaccharide C–O stretch and O–H deformation, or an Si–OH bend in
silicate impurities [62].

Bands at 875 cm−1 and 840 cm−1 (weak shoulder companion of the previous band; in
all three samples studied, the intensities of these two bands are correlated) are attributed
to silicate species by some authors (Si–O– [64] or Si–O–Si bridge [65]), characteristic of
large amounts of defects in crystalline quartz, usually in artificial samples [78–80]. How-
ever, these band intensities do not correlate with bulk Si and Al in the studied samples
by ICP-AES [22], which may prove that they are not related to silicates and aluminosil-
icates. Therefore, this band may also be attributed to carbonate [60] or calcite [66], as
previously reported for various silica-containing samples. An alternative to this attribution
is HSOM, most probably polyaromatic bend vibrations. However, the band at 875 cm−1 is
significantly more intense than those attributed to aromatic compounds [67].

In the HSOM region (1780–1270 cm−1), the bands at 1730 cm−1, 1720 cm−1, 1700 cm−1,
1695 cm−1, 1685 cm−1, 1650 cm−1, 1640 cm−1, 1620 cm−1, and 1550 cm−1 correspond to
an aromatic C–C stretch. Bands at 1750 cm−1, 1730 cm−1, and 1720 cm−1 (shoulder) are
attributed to carbonyl/carboxyl C=O [42]. The band at 1645–1640 cm−1, the shoulder band,
is the bend (v2) of the covalent bonds of liquid absorbed water [81]. The complex, broad
band at 1574/1569 cm−1 is an antisymmetric carboxylate stretch, with contributions from
hydrogen-bonded SiOH . . . H2O HO–H stretch (amorphous) [82–85]. A broad band at
1395/1380 cm−1 is the symmetric carboxylate stretch [20]. Other bands are 1470 cm−1,
1450 cm−1 (shoulder), O–H, C–H scissoring, antisymmetric methyl bend [20,65]; 1370 cm−1,
symmetric methyl bend; and 1310 cm−1 (shoulder), probably carboxyl C–O stretch [20].

In the quartz-combination-band region (2800–1780 cm−1), primary bands are 2650 cm−1,
carboxylic O–H stretch [86], and 2430 cm−1, probably, amines. In addition, residual bands
of CO2 at 2370 cm−1 and 2350 cm−1 are visible.
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The CH-speciation region (3100–2800 cm−1) is comprised of bands at 3020 cm−1

(3020–3100 cm−1), alkene/aromatic sp2 =CH2 stretch; 2970 cm−1 and 2880 cm−1, the
antisymmetric and symmetric stretch of methyl groups; 2925 cm−1 and 2850 cm−1, the
antisymmetric and symmetric stretch of methylene groups [18,62]. Bands of CHx groups
are on the shoulder of the OH continuum band. A broad band of 2400–3700 cm−1 with
a maximum of about 3370 cm−1 is a signature band of OH vibrations of water with
different hydrogen bonds. Additionally, in this region, vibrations of the OH group in
–COOH (3400–3200 cm−1) and –C–OH are present [16]. Thus, we can consider the bands
at 2925/2919 cm−1, 2854/2850 cm−1, 1574/1569 cm−1, 1395/1378 cm−1, 1164 cm−1, and
1085/1089 cm−1 and probably 875 cm−1, 775 cm−1, and 715 cm−1 mainly assigned to the
organic matter of HS samples.

The hydrogen-speciation region (4000–3100 cm−1) shows several bands. The bands at
3665 cm−1 and 3650 cm−1 (Figure 1) are weak in Sigma-Aldrich and Powhumus samples,
absent in the Sakhalin spectrum. Although they are identified in the spectra at 25 ◦C, upon
heating, their intensities become comparable to the noise, and it is difficult to determine
the exact maximum position. A comparison with kaolinite (Supplementary Materials,
Figures S5–S8) shows that all four bands in 3720–3600 cm−1 in the Sigma-Aldrich and
Powhumus samples refer to kaolinite fragments; the spectra coincide in the series of bands,
the ratio of their intensities, and the maximum wavenumbers. Johnston, Kogel, Bish,
Kogure, and Murray [36] showed that a more in-depth study of the structure of these
fragments requires cryogenic conditions, which was beyond the scope of this work. In this
region, the bands are much more broad and less intense in the Sakhalin spectrum than kaoli-
nite bands, and two of the four bands are visible. Other bands in the hydrogen-speciation
region are 3710 cm−1 (unbonded SiO–H stretch, tilted (kaolinite, clay) [82]; 3700–3680 cm−1,
hydrogen-bonded SiO–H . . . H2O stretch (amorphous species); 3665 cm−1, 3655 cm−1,
3645 cm−1, 3635 cm−1, and 3610 cm−1 non-silicate OH; 3650 cm−1 and 3630 cm−1, isolated
SiO–H in quartz [60,61]; and 3400 cm−1 and 3290 cm−1, condensed-phase antisymmetric
and symmetric hydrogen-bond ensembles.

3.4. Temperature Changes

As a review of existing data shows, a shift in the frequency of the bands with tempera-
ture arises if we exclude the cases of phase transitions or chemical changes when the length
of bonds changes, which is usually caused by deformation of the crystal lattice (including
deformation due to a temperature change) [26–31]. As a multicomponent mixture, HS does
not form a crystal lattice, which is consistent with the X-ray diffraction spectra, in which
there are no HS reflections. HS is predominantly in solid form under natural conditions
and is associated with clay minerals [87]. Thus, the behavior of HS either indicates the for-
mation of local structured fragments, which nevertheless are not found in the XRD spectra,
or remnants of mineral fragments, the bands of which are hidden by broad bands of HS.
The situation is complicated by the lack of a theoretical model, even for simple crystalline
phases, which would make it possible to predict such a frequency shift or relate it to the
lattice parameters. The work by Bronnikov et al. [88] deserves special attention. Several
polymers were studied, and a change (decrease) in the band frequency is interpreted as
stretching of the macromolecule skeleton (an increase in the C–C–C bond angles and the
lengths of the valence bonds in the skeleton). The magnitude of the band displacement is
related to the relative thermal elongation of the skeleton.

Thus, with a high degree of confidence, temperature-induced changes in the frequency
position in the HS spectra indicate the presence of ordered fragments in which phonon
vibrations can arise.

3.4.1. Quartz Lattice Region (800–260 cm−1)

Most bands in this region are fundamental lattice vibrations of quartz and other
structured components of the inorganic matrix. The lattice bend vibrations of Si–O–Si
(510 cm−1) and O–Si–O (460 cm−1, 450 cm−1, and 430 cm−1) do not show any shifts
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(Figure 2) following their behavior of first-order fundamental vibrations [89]. On the
contrary, lattice O–Si–O stretch vibrations at 797 cm−1 (Figure 3) exhibit a redshift of
3 cm−1, smaller than shifts of 1–2 cm−1 of bands in the region 1250–800 cm−1.
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The band at 535 cm−1 experiences a redshift, probably indicating a second-order
(overtone) band of the primary lattice vibration at 263 cm−1. The same can be assumed
for the intense signature band at 697 cm−1 as it has a counterpart lattice vibration at
398–400 cm−1 [80]. Bands of 535 cm−1 and 460 cm−1 are red-shifted compared to kaolinite
spectra, while the band of 455 cm−1, the principal band in kaolinite, is either insignificant
or much lower in intensity in HS.

The bands at 775 and 750 cm−1 do not belong to quartz lattice frequencies, and they
do not shift, which is clear from comparing with neighboring quartz bands. Likewise, the
band at 715 cm−1 is not attributed to any lattice bands of quartz or silicate minerals, and
its position does not change with temperature so that it can be the manifestation of OM,
in-phase rock CH2 vibrations of C4+ alkanes [69], or polyaromatic entities [67].

A rather broad band at 700–500 cm−1 with main components at 640 cm−1 and
610 cm−1 is attributed to water librations [73]. Its intensities decrease with temperature
(Figure 3), which contrasts with the behavior of other bands in this region. Both bands
disappear at temperatures of 75–80 ◦C. This behavior is in league with water bands at
1640 cm−1 and 3690 cm−1 and the hydrogen-bond ensemble (see Sections 3.4.3 and 3.4.5
below) attributed to loosely bound water. Water absorption decrease with temperature re-
veals a weak band at 670–665 cm−1, which does not shift with the temperature and may be
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attributed to CO2. A band at 425 cm−1 can be attributed to C–C vibrations, but this is rather
spurious due to its low intensity and only reliable appearance in the Sigma-Aldrich sample.

3.4.2. Quartz-Overtone-Band Region (1270–800 cm−1)

All bands in this region experience a redshift with similar parameters (Figure 4) ex-
cept for the carbonate band at 875 cm−1 (Figure 5). Following the literature [32], these
are overtone lattice bands in α-quartz shifting due to changing lattice parameters [90].
Broad bands at around 1030 cm−1 (Figure 6) and 1120–1070 cm−1 (Figure 7) can be con-
sidered the total SiO2 components as they are characteristic of both amorphous and crys-
talline species [32,68,80,90,91]. However, the band behavior at 1030 cm−1 is similar to that
of 1010 cm−1.
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However, the band at 1120–1070 cm−1 is absent in kaolinite, so it may be partially
attributed to HSOM (in-plane C–H bending of non-aromatic and cellulose species [92]).
Still, if we follow the concept of temperature-independent non-quartz vibrations, no such
components are found in this broad band. It can be deconvoluted into two components at
1110 cm−1 and 1070 cm−1 that experience similar and synchronous redshifts, so they must
be attributed to quartz overtone components. This band is roughly the same as the dual
structure of temperature experiments for quartz samples. The carbonate band at 875 cm−1

and its companion at 840 cm−1 is visible at low temperatures (Figure 4), less affected by
water bands, and does not decrease at the end of the temperature cycle.
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3.4.3. HSOM Region (1780–1270 cm−1)

All bands except for 1380 cm−1 (Figure 8) and 1580 cm−1 (Figure 9) are temperature-
independent, which is evidence that they are not overtone counterparts of matrix vibrations
of quartz and belong to isolated group vibrations. The pair of 1580 cm−1 and 1380 cm−1

(antisymmetric and symmetric carboxylate stretches, respectively) is dominated by com-
bination vibrations [93,94] and behaves as expected (such as hydrogen-bond ensembles),
Figure 10. The antisymmetric band exhibits a blueshift, while the counterpart symmetric
band shows a redshift. The antisymmetric band blueshift is significantly higher than the
redshift in the symmetric vibration, which may be accounted for the effect on the high-
wavenumber edge of this band from decreasing water amount with temperature. The latter
fact is confirmed by the change in the slope of the temperature change of 120 ◦C.

The absence of temperature-dependent vibrations around 1700 cm−1 at low temper-
atures shows that HS carboxylic groups are mainly carboxylate species. Such significant
shifts in carboxylate bands show some similarity with Si–OH bands in the hydrogen-
speciation region (see below, Section 3.4.5). The series increasing bands at 1750 cm−1

and 1730–1720 cm−1 (carboxylic C=O) with the temperature (Figure 9) may be evidence
of increasing amounts of the carboxylic acid species, which is confirmed by the corre-
lated increase in the band at 1260 cm−1 characteristic to carboxylic C–OH. Additionally,
other small increasing bands at 1700 cm−1, 1695 cm−1, 1685 cm−1, 1650 cm−1, 1640 cm−1,
and 1620 cm−1, which are present for all HS samples, could be different carboxyl anions
appearing at high temperatures as well.
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The water band position at 1640 cm−1 at the shoulder does not prevent the analysis
of the principal band. The position of the center of the broad band of water around
1645–1640 cm−1 may be evidence of the loosely absorbed water [95]. The temperatures at
which the band at 1640 cm−1 decreases are not synchronous with other changes in this
area, whereas they are similar to the behavior of the bands in the water libration area
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(700–500 cm−1, Figure 3), hydrogen-bond ensemble, and Si–OH bands in the speciation
region (see below).

3.4.4. Quartz-Combination-Band and CH-Speciation Regions

All bands are temperature-independent in the quartz-combination-band region
(2800–1780 cm−1), Figure 11. All four signature bands in the CH-speciation region are
stable as expected for first-order isolated vibrations [74]. The estimation ratio of methylene-
to-methyl shows 2:1, provided the absorption coefficient is the same [96]. Alkene/aromatic
CH2 bands at 3100–3030 appear clearly in the whole region, but the whole structure is more
resolved at temperatures over 85 ◦C. The decrease of the hydrogen-bond ensemble can
account for this behavior. The intensities of these bands start to disappear at temperatures
over 150 ◦C due to the volatilization of aromatic components. Small blue and redshifts, re-
spectively, are observed for asymmetric and symmetric C–H stretching of aliphatic groups
as expected (Table 2).
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3.4.5. Hydrogen-Speciation Region (4000–3100 cm−1)

The band at 3692 cm−1 (3700–3680 cm−1) shows a complex behavior with a general
trend in the energy increase (Figure 12). This band experiences the most significant redshift
by modulus (by 10 cm−1 for Powhumus and Sigma-Aldrich) among all the spectrum bands.
The trend can be divided into three parts, a nearly stable band position (from 20 to 55 ◦C),
a sharp twofold decrease in intensity with a redshift by ca. 2 cm−1 from 55 to 105 ◦C, and
a monotonous redshift in the band maximum from 105 to 250 ◦C, without a change in
the band intensity. In addition, the shift in the band at 3692 cm−1 is accompanied by the
appearance of red-shifting weak bands at 3710 cm−1 and 3715 cm−1 that can be attributed
to unbonded SiO–H stretch tilted vibrations in amorphous silica [82].

A band at 3620 cm−1 experiences a mirror-like blueshift behavior synchronous with
the band at 3692 cm−1, although the whole shift is 5 cm−1. Both bands at 3700–3680 cm−1

and 3620 cm−1 are observed in kaolinite and attributed to amorphous and quartz SiO–H
bands [82]. Noteworthy is that the data on the bulk species of these bands (crystalline
or amorphous) are contradictory [82], although all the authors claim these bands belong
to hydrogen-bonded vibrations (Figure 13). According to the behavior of these bands,
they are interconnected, and the initial part of the plots shows that they are attributed to
loosely bound molecular water, which results in the initial slow shift followed by the more
tightly bound water, which results in its loss from the amorphous silica matrix and more
substantial shifts at higher temperatures.
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The band at 3695 cm−1 seems unusual as dehydration results in the redshift despite
expected loss in coordination and a blueshift [97]. This feature may be accounted for a
change in coordination rather than isolation due to hydration. Another reason for such a
behavior can be the ionic character of the related species so that the dehydration results in
a more organized character of these bonds.

Bands at 3655 cm−1, 3645 cm−1, 3665 cm−1, 3635 cm−1, and 3610 cm−1 are assigned
as OH of alcohol/phenolic species [74]; the latter three are equal in intensities, which
slightly increase with temperature and do not shift. Therefore, they are not coincident with
the bands attributed to pure kaolin samples. On the contrary, a change in the region of
3660–3640 cm−1 cannot be attributed to a simple shift. This behavior is different for all
three samples due to the formation of isolated OH species from the neighboring species,
resulting in a rather acute redshift by 5 cm−1.

Condensed-phase antisymmetric (3400 cm−1) and symmetric (3290 cm−1) hydrogen-
bond ensembles behave as predicted: the energy of antisymmetric vibrations increases and
the energy of symmetric vibrations decreases [98] monotonously.

3.5. Differences between HS Samples

The samples have almost the same set of prominent bands, differing mainly in their
intensity ratios. The behavior of all quartz and silica bands for all the samples is the same;
all the signature bands of quartz and kaolinite are attributable; the difference is only the
relative intensity or the shape (band or shoulder). No significant differences between the
samples were found in the quartz-combination-band (2800–1780 cm−1) and CH-speciation
(3100–2800 cm−1) regions.
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The bands at 715 cm−1 and 425 cm−1 are reliable only in Sigma-Aldrich; the CO2 band
at 667 cm−1 is much broader in Powhumus and is very weak in the Sakhalin sample. In the
Sakhalin sample, the band with a maximum at 875 cm−1 is absent; in the rest of the samples,
it differs in intensity much more strongly than the other bands. The bands at 875 cm−1

and 840 cm−1 in Sigma-Aldrich are more intense than in Powhumus and Sakhalin (barely
identified in the latter sample).

All the primary and minor bands in the HSOM region are the same for all three
samples, but the intensity ratio for carboxylate bands of Powhumus and Sakhalin is
different from Sigma-Aldrich. This difference may result from different HA counterions,
potassium for the former two, and sodium for Sigma-Aldrich. This ratio inversely correlates
with the band at 875 cm−1. The symmetric carboxylate stretch band for Sigma-Aldrich
does not experience a significant shift with temperature.

The bands at 3665 cm−1, 3655 cm−1, 3645 cm−1, 3635 cm−1, and 3610 cm−1 are the
same for all the samples; however, the behavior of the broad band at 3700–3680 cm−1 is
somewhat different. Comparing the three HS samples shows that this band is a poorly
resolved or unresolved band with maxima at 3685 cm−1 and 3695 cm−1. It is not apparent
in Sigma-Aldrich and Powhumus but is seen in the Sakhalin sample and confirmed (though
with a high overall error) by centrifuged samples.

Thus, the overall anomalously large redshift is apparent. A decrease in the band at
3695 cm−1 and an increase in the band at 3685 cm−1, along with an intensity decrease in
the hydrogen-bond ensemble band edge, visually shifts this band to lower wavenumbers.

3.6. Uncentrifuged and Centrifuged Samples

The decrease in intensities of most quartz lattice bend vibrations, which are removed
upon centrifugation (see Figures 1 and 14), is shown, while the bands corresponding to the
generic SiO2 vibrations or amorphous silica (1030 cm−1, 915 cm−1, 797 cm−1, 697 cm−1,
535 cm−1, and 465 cm−1) remain. This decrease is confirmed by changes in intensities of
other bands attributed to crystalline/amorphous SiO2 (see below, Section 4.1.3). As well, in
the quartz-overtone-band region, most bands attributed to crystalline quartz disappear after
centrifugation, while SiO2 bands characteristic of amorphous species remain. The intensity
of bands that may be attributed to polyaromatic compounds significantly decreases after
centrifugation (reliably confirmed for Powhumus HS only).
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Centrifugation does not change the overall picture but reveals the band complex
structure at 1590 cm−1. Thus, probably partly, this band contains hydrogen-bonded
amorphous SiOH . . . H2O HO–H stretch. The broad carboxylic O–H stretch is present
in both uncentrifuged and centrifuged samples, which may be proof of its nature. The
band is weak, but its intensity increases along with other carboxylic bands in increasing
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temperature. A broad and weak band at 2430 cm−1 is also present in both samples, but its
assignment to amine vibrations is not proven due to its low intensity.

No significant differences except for the spectra of centrifuged samples at high temper-
ature reveal fine structures of bands (3020–3100 cm−1) that may be attributed to aromatic
stretch and confirm other bands attributed to aromatic species. Hydrogen-speciation re-
gion (4000–3100 cm−1): all SiO–H bands significantly decrease in intensity; the bands at
3665 cm−1, 3655 cm−1, 3645 cm−1, and 3635 cm−1 remain approximately the same.

As a whole, the comparison of the temperature behavior of centrifuged and uncen-
trifuged samples shows that the effect of hydrogen-bond ensemble affects the region up to
3700 cm−1 more or less monotonically (a constant decrease with the temperature, while the
edge of this continuum decreases significantly, which may affect the shape and behavior of
the bands at 3700 cm−1.

4. Discussion
4.1. Components
4.1.1. HSOM

Thus, the comparison of spectra of different samples and in the studied temperature
range shows that aliphatic compounds/groups are represented by all signature bands.
They are methylene and methyl stretch at 3000–2800 cm−1 (Figure 11), CH2 scissoring
at 1460 cm−1 (Figure 8), probably CH2 wagging/twisting at 1310 cm−1 (Figure 8), and
in-plane bend vibrations at 715 cm−1 (Figure 3). All bands attributed to aliphatic com-
pounds/groups are temperature-independent.

The presence of aromatic compounds is possible due to the existence of almost all
characteristic bands: (1) –C=C– stretch [99] at 1540–1560 cm−1 (Figure 9); (2) substi-
tuted/polyaromatic bands at 1660–1700 cm−1 (Figure 9), and (3) the band of =C–H stretch
at 3020 cm−1 (Figure 11). In addition, aromatic in-plane =C–H bend in 1090–1060 cm−1

may contribute to the broad complex band at 1110–1070 cm−1 (Figure 7). All bands at-
tributed to aromatic compounds are temperature-independent. An exciting feature of
aromatic bands is their appearance after eliminating the loosely bound molecular water
(3400–3000 cm−1, 1660–1630 cm−1: Figure 9, and 650–600 cm−1: Figure 3.) followed by
a synchronous decrease (though relatively small) in the band intensities upon temper-
atures of 150 ◦C. As aromatic compounds are stable at the used range of temperatures,
such behavior may evidence the volatilization of aromatic compounds, i.e., low-molecular
entities containing aromatic compounds. Such behavior was shown for all three HS
samples for 3400–3000 cm−1, while changes at 1660–1630 cm−1 were only reliably found
for Powhumus.

Concerning functional groups, as expected, HS is dominated by the carboxylate bands,
which form an antisymmetric/symmetric pair. According to the existing studies [100],
the maxima of HSOM carboxylate bands correspond to α-substituted aliphatic carboxylic
acids and possibly halogen-substituted and aromatic carboxylic acids. The temperature
behavior shows the appearance and synchronous growth of a series of nearly located bands
at 1740–1300 cm−1 (Figures 8 and 9) that can be considered isolated unbonded carboxyl
species, though they also manifest aliphatic and aromatic group vibrations. No other
functional groups can be reliably attributed.

The absence of the carboxylic acid band at 1700 cm−1 and two broad dominating
carboxylate bands shows that the latter is the major carboxylic species in these samples. The
presence of carboxylic O–H fully confirms the low-energy-range bands. The aliphatic-to-
aromatic ratio in the CH-speciation region (3100–2800 cm−1) can be estimated in principle,
but this would result in relatively high uncertainty due to overlapping bands of aromatic
bands with other constituents. At least four kinds of Si–OH groups and three types of
water can be attributed in HS, summed up below (Section 4.1.3).
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4.1.2. Water

Three types of water can be attributed to HS. First is loosely bound molecular water
that dehydrates below 200 ◦C and is a minor component in the studied samples. The
bands are 3400 cm−1 and 3290 cm−1 (Figure 11), the bend at 1640 cm−1 (Figure 9) [101],
and, though with some doubts, librations at 640 cm−1. The bands decrease synchronously,
insignificantly affect other bands, and do not depend on sample centrifugation.

Another type of water is tightly bound molecular water that dehydrates above 350 ◦C.
This kind of water is bonded to surface –Si–OH groups. The 3740 cm−1 and 3660 cm−1

bands due to surface Si–OH appeared upon the dehydration of this type of water. These
bands are absent in centrifugated samples. Finally, there is water tightly bound to HSOM,
according to the behavior of weak bands at 3660–3640 cm−1; this type of water is not bound
to OH groups and instead provides the coordination of the carboxylic groups. The same
type of water is also expected for temperature changes in carboxylate bands and causes the
appearance of C=O and C–OH bands. Significant shifts in carboxylate bands could result
from two simultaneously acting factors: an intrinsic change in vibrations and the blueshift
due to the decrease in the hydrogen bond coordination effect of carboxylate anion with
water molecules [28].

4.1.3. Quartz Bulk

The behavior of SiO2 in HS is as expected [32], and all the bands attributed to quartz
fall into three categories. First are fundamental frequencies of α-quartz, which are stable,
temperature-independent, and coincident with natural α-quartz samples at 700–400 cm−1.
Second, lattice O–Si–O stretch vibrations at 797 cm−1 exhibit a small temperature redshift
due to changes in the lattice parameters. Finally, most of the intense combination and
overtone bands of bulk quartz in the region 1100–600 cm−1 experience a significant redshift
due to the changes in the lattice parameters and the theory of the second-order bands’
temperature behavior [90]. Along with a decrease in the bond length, the energy of the
associated phonon increases. Frequency increases as pressure increases or temperature
decreases, and therefore, the wavelength of the band must decrease. Tetrahedral Si–O
bond lengths and bond angles are relatively incompressible compared to the spacings
between the oxygen and metal ions and inter-tetrahedral oxygen atoms, so there is slight
variation in the wavelength corresponding to the 10 mm stretching and 20 mm bending
features with temperature (e.g., [32]). In contrast, the volumes of the divalent cation sites
are more compressible. Therefore, one would expect to see a more significant change in
the wavelengths of bands associated with the cation sites. Under the conditions of ATR
experiments, most bands are fundamental or overtones, while the intensity of combination
bands at 2000–1800 cm−1 seen in DRIFT [102] and PAS–FTIR [72] are not seen (Figure 1).

The reliably stable fundamental frequencies of quartz matrix and characteristic red-
shifts of the combination and overtone bands make it possible to distinguish signature
bands of HS organic matter even at relatively low temperatures at such a heating experi-
ment, meaning no severe sample degradation.

4.1.4. Quartz Surface (Si–OH) Groups

At least four kinds of Si–OH groups can be attributed: (1) Si–OH groups are located at
the silica surface, and open structural defects in quartz are bound to water [97]. The band
is at 3620 cm−1 at 20 ◦C and shifts to 3625 cm−1 with increasing temperature (Figure 10).
Dehydration is the easiest among the three hydroxyl groups. (2) Si–OH groups close to-
gether to be hydrogen-bonded to each other. This group probably represents the absorption
band at 3660 cm−1, which does not shift significantly with temperature. The organic OH
groups can also cause this band. (3) Non-water coordinated Si–OH groups (overlapped
band at 3695–3685 cm−1 with an anomalous behavior). The coordination of water most
probably causes this band, and the changes with temperature result from the change in
coordination. (4) Isolated surface Si–OH groups free of hydrogen bonding (the absorption
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band at 3715 cm−1). At 25 ◦C and on the increase to 215 ◦C and dehydration of loosely
attached water molecules, the band grows gradually with a slight redshift to 3712 cm−1.

4.2. Comparison of HS Samples

The three samples are remarkably similar, and the majority of conclusions and as-
sumptions are made by all the three samples and their comparison as a group with either
quartz or kaolinite samples. Sigma-Aldrich, Powhumus, and Sakhalin samples have almost
identical bands, differing mainly in intensity ratios. Mostly identical are quartz lattice fun-
damental vibrations and confirmed or probable overtones and bands corresponding to total
SiO2 or amorphous species. In the HSOM region, all the samples show the same degree of
ionization of HSOM acidic groups (carboxylate bands) and minor series of bands corre-
sponding to carboxylic or aromatic bands and their temperature behavior. Additionally,
the spectra show many similarities in (i) the types of bound water and the corresponding
temperature behavior; (ii) methyl/methylene ratio and alkyl/aryl CH2 groups; and (iii)
the behavior of the complex hydrogen-bonded bands at 3695–3685 cm−1 and 3620 cm−1

and series of minor bands corresponding to OH-groups in the hydrogen-speciation region.
With the blueshift and the intensity decrease in the band at 3620 cm−1 (Section 3.5), we
concluded that a single mechanism could cause this area’s behavior. In our opinion, a
possible mechanism can be a change in the character of bonding groups upon heating,
when they do not shift to unbound groups with a well-defined, strong blueshift but change
from water-bonded to HSOM-bonded or neighboring-group bonded.

Still, these three HS samples have different features. The Sigma-Aldrich sample is
different from two other HS samples by positions and the ratio of carboxylate anion bands
at 1580 cm−1 and 1380 cm−1, a more pronounced band at 2650 cm−1, a stronger carbonate
band at 875 cm−1, and fewer bands in the region below 450 cm−1. The intensity difference
at 875 cm−1 and 840 cm−1 in Sigma-Aldrich compared to Powhumus and Sakhalin may be
due to the counterion (Na+ and K+, respectively).

The Sakhalin sample is different from two other HS samples by (i) the maximum
number of bands in all the regions, (ii) a different ratio of bands at 3690–3680 cm−1 (surface
SiO–H groups), (iii) almost insignificant band at 875 cm−1, (iv) a different ratio and resolved
character of the complex band at 3695–3685 cm−1, and (v) the resolved character of the
carboxylate band at 1580 cm−1. Powhumus sample shows some similarities with either
Sigma-Aldrich or Sakhalin samples. In the quartz and hydrogen-speciation regions, this
sample is similar to Sigma-Aldrich, while in the HSOM region, to the Sakhalin sample.

4.3. Summary

Thus, the features of this approach can be summed up as follows. First, it provides a
more detailed HS (and on its basis, probably soils) analysis without total HS decomposition
or HSOM destruction. The temperature experiment agrees with the existing literature on
quartz species [32,90,91,97,103–105] and provides the differentiation of crystalline quartz
bands, amorphous silica, and HSOM/surface groups. As a bonus, some similarities in the
behavior of bands attributed to quartz species may suggest attributing them to overtone or
fundamental frequencies of quartz. Second, the temperature experiment combined with
centrifugation may help differentiate crystalline/amorphous matrix species and HS species
connected to them. Additionally, the used time-resolved heating mode similar to TGA
differentiates water elimination, volatilization of HS, and coordination changes, though for
the remaining solid samples.

The disadvantages of the proposed can be summed up as follows. First of all, there are
possible deficits in the approach that other studies can overcome. There are many relatively
spurious band assignments with double and triple choices of HSOM, matrix, and inorganic
surface groups, and all these assignments may be doubted (except quartz and major bands)
and thus result in incorrect statements regarding the sample composition. For instance,
aluminosilicate and silicate species cannot be reliably distinguished due to spurious data.
In this study, we double-checked them using both the general spectrum interpretation
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and heating behavior and bulk composition of corresponding elements (Si, Al). In our
opinion, in all the cases, other methods such as XRD, NMR, AES, or chemical speciation
(titration, ion exchange) should be used to correct the band attribution. The models other
than quartz are needed to account separately for silicate surface groups, purified HSOM,
and their potential interaction. No objective evidence of the chemical interaction of HSOM
and matrix is found in the present state. As well, non-HSOM acidic surface groups are
not revealed, although they may be present. Finally, almost all aryl groups are due to
highly molecular HS or polyaromatics, or some aromatics are volatilized (along with water
vaporization or afterward), resulting in relatively ambiguous data.

Apart from this, some more ‘technical’ drawbacks are due to the limited number of
sample origins used in this study. Thus, a more detailed study is needed to distinguish
quartz and other silicate minerals; the most challenging band at 875 cm−1 reveals too
many candidates, and more samples are needed to conclude that this is undoubtedly the
carbonate band. Furthermore, more evidence is needed in the hydrogen-speciation region
and probably in NIR, as band assignment is now ambiguous. Additionally, relative to HS
samples, the relevance of potassium and sodium effects on FTIR spectra is left unanswered,
as well as other elements, including Ca, Fe, or Al. This could be the subject of the following
study. Finally, the approach has another ‘technical’ drawback associated with the relative
duration of measurements. However, it is comparable to the duration of thermogravimetric
measurements and, in principle, can be further reduced by a factor of 2–4 due to a decrease
in the number of scans and an increase in the heating rate. However, optimization of
measurement conditions is a challenge for future research.

Additionally, low temperatures could be used to prove that the existing temperature
behavior is not connected to water, while higher temperatures compared to the used
range can be applied to account for irreversible changes in HSOM. These effects and other
uncertainties in spectra would require more statistically wise studies with due account to
the reproducibility of the changes upon temperature.

Apart from the concept of HSOM analysis by the proposed approach, the quartz lattice
region (800–260 cm−1) can be used as a basis for estimating the amounts of crystalline forms
of SiO2 and its ratio with amorphous Si-containing forms. The drawback is that all the
bands are temperature-independent, so matrix vibrations are hard to distinguish from or-
ganic matter and other components. In the quartz-overtone-band region (1270–800 cm−1),
the comparison of fundamental and overtone regions may be used to attribute the bands in
the quartz spectrum more finely and compare the crystalline and amorphous species. The
bands in this region that do not experience a redshift may be assigned to HSOM. The band
at 1120–1070 cm−1 is most problematic as its structure is not revealed fully, either from
temperature-based or centrifugation experiments. In HS, it is the least informative region;
the only organic constituent may be ambiguous; the characteristic bands of structured
quartz 2015 cm−1, 1970 cm−1, and 1880 cm−1 [102,105,106] are not seen, which correlate
well with data on the low sensitivity of ATR to quartz overtones [72].

5. Conclusions

Thus, temperature-monitored IR spectroscopy of humic substances provides a more
detailed analysis without sample decomposition or HSOM destruction due to different
temperature behavior of the maxima and intensities of bands of different components.
Therefore, it may be considered a basis for a procedure capable of differentiation of crys-
talline quartz and amorphous inorganic bands and organic and functional groups of
HS systems. Still, some studies are required to expand and strengthen the approach,
which should involve the more certain assignment of bands, first of all, complex bands in
1700–1100 cm−1 region, and the use of independent physical and chemical methods along
with temperature-based IR measurements.

Still, even in the present state, band-maximum temperature dependence can be con-
sidered more stable to changes in experimental conditions than band maxima at a single
temperature and serve as a new quantitative parameter characterizing HS using IR spec-
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troscopy. Furthermore, as the main findings of this paper show independence on the HS
origin, they can be used in studies involving other types of HS, especially for soils and
polluted environments. Additionally, this approach can be used for chemical weathering
in soils. The outlooks of this approach may also include studying the changes in HS
composition and structure in processed samples used in biotechnology [2,14,15], medicine,
and eco-chemistry [4]. Finally, correlation spectroscopy seems expedient for temperature
variation to account more correctly for synchronous effects.
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sample after ATR correction using various refractive indices. Figure S5: IR Absorption spectra in
the region 3740–3560 cm−1 after ATR correction. Figure S6: IR Absorption spectra in the region
1900–1200 cm−1 after ATR. Figure S7: IR Absorption spectra in the region 1200–820 cm−1 after
ATR correction. Figure S8: IR Absorption spectra in the region 820–400 cm−1 after ATR correction.
Figure S9: IR Absorption spectra in the region 4000–400 cm−1 after ATR correction of the Powhumus
sample before and after heating and cooling. Figure S10: IR absorption spectra in the region
4000–400 cm−1 after ATR correction. Figure S11: IR absorption spectra in the region 4000–400 cm−1

after ATR correction of the Sakhalin sample before heating after heating and cooling.
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