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Abstract: A sequential chemical extraction with a defined series of eluotropic organic solvents with
an increasing polarity (trichloromethane < ethyl acetate < acetone < acetonitrile < n-propanol <
methanol) was performed on peat-bog humic acid. Six organic fractions were obtained and
subjected to a physicochemical characterization utilizing methods of structural and compositional
analysis. Advanced spectroscopic techniques such as Attenuated Total Reflectance (ATR-FTIR),
total luminescence, and liquid-state '3C NMR spectrometry were combined with elemental analysis
of the organic fractions. In total, the procedure extracted about 57% (wt.) of the initial material; the
individual fractions amounted from 1.1% to 19.7%. As expected, the apolar solvents preferentially
released lipid-like components, while polar solvents provided organic fractions rich in oxygen-
containing polar groups with structural parameters closer to the original humic material. The
fraction extracted with acetonitrile shows distinct structural features with its lower aromaticity and
high content of protein-like structural motifs. The last two—alcohol extracted —fractions show the
higher content of carbohydrate residues and their specific (V-type) fluorescence suggests the
presence of plant pigment residues. The extraction procedure is suggested for further studies as a
simple but effective way to decrease the structural complexity of a humic material enabling its detail
and more conclusive compositional characterization.

Keywords: transitional peat-bog; Eutric Histosol; humic acid; organic fraction; sequential chemical
extraction; absorption parameters; FTIR; excitation-emission matrix; '*C NMR; aromaticity;
molecular weight

1. Introduction

Natural organic matter (by which only the non-living part should be understood
here) is an extremely complex pool of organic substances. Traditionally, its non-aqueous
part was and is studied after extraction by an alkaline agent from solid natural matrix-
like soil, peat, or coal. The alkaline extraction is criticized by some for its potential change
in the structure and composition of isolated matter [1] but this view is refuted by others
[2] and this debate remains still open [3]. Although there are attempts, increasing in
number, to study the natural organic matter directly in its natural environment, i.e.,
without extraction [4], isolation of organics from natural matrix remains an important part
of natural organic matter research, which is motivated mainly by efforts to reduce the
inevitable structural complexity of the natural organic matter before subjecting it to the
intended analyzes.
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Besides alkaline extractants, various alternatives have been proposed and tested
which were believed to be gentler or more specific to a certain class of organic matter
constituents [5]. Hayes [5] overviewed solvent systems used for the isolation of organic
components from soils. He states that, in contrast to the traditional mixture of aqueous
base and pyrophosphate, organic solvents are much less used, usually because of
problems with recovering solutes. As the important parameters of organic solvents, Hayes
presents the relative permittivity, the dipole moment, and the ability to make and break
hydrogen bonds. Parameters like the boiling point, density, or viscosity are said to be of
minor importance for the isolation but may be relevant in the recovery of the extracted
solutes. A useful concept for predicting solubility is the solubility parameter concept
developed mainly by Hildebrand et al. [6] and Hansen [7].

The aforementioned review [5] reports mainly on experience with the dissolution of
classically isolated humic acids (HAs) in various organic solvents. Nevertheless, there is
also a long history of work focused on the extraction or fractionation of organic matter
directly from its raw natural sources. Senesi et al. [8] were the first researchers to use
sequential extraction using organic solvents of increasing polarity to separate directly
from soil organic matter fractions and characterize them chemically and spectroscopically.
Independently on the source soil, chemical and structural properties of the extracted
organic fractions varied according to the progression of the solvent series, with some
similarities between the two successive extracts. Later on, Piccolo [9] extracted humic
substances from three soils with several dipolar aprotic solvents (dimethylsulfoxide,
dimethylformamide, acetone) applied in mixtures with dilute HCl. These mixtures were
selected based on a preceding study that found their highest extracting capacity among
various organic solvents. It is believed that the high dipole moment of the selected
solvents permits disruption of the intermolecular hydrogen bonding in a natural matrix
and to separate humic substances by the formation of strong hydrogen bonds with the
solvent. The presence of HCl should help to break the polyvalent salt bridges with the soil
mineral constituents and to keep humic substances in the protonated form which supports
their solubilization by hydrogen bonding. The used solvent mixtures revealed lower
extracting efficiency in comparison to the traditional alkaline extractants, but their extracts
were of higher purity. The extracts were less contaminated with silicate compounds,
contained a higher amount of organic carbon and oxygen-containing functional groups,
and were richer in aliphatic components [10].

Aside from the extraction studies using organic solvents, numerous efforts were
made also with fractionation procedures based on the traditional alkaline extraction
process. Li et al. [11] used the traditional alkaline extraction but in a repetitive way and
obtained eight humic fractions from the peat sample. The authors observed large
variations in molecular, chemical, and functional properties among these fractions. For
example, the O/C atomic decreased from the first to the last fraction as well as the contents
of oxygen-containing and aromatic functional groups. On contrary, the contents of
aliphatic groups increased in the same direction. The authors suggested the existence of
two major subunits in the extracted HAs. An aliphatic subunit is derived
biogeochemically from lipid-rich plant cell constituents and an aromatic subunit
originating from lignin or plant tissue materials. The aliphatic subunit is less soluble in
alkaline solution whereas the aromatic subunit is easily extracted due to its very good
solubility in bases. The aliphatic subunit should have a major impact on the binding of
less or nonpolar pollutants because of its relatively hydrophobic character. Each of the
isolated fractions is then a specific mixture of these two subunits. Furthermore, Olk [12]
reported on basic fractionation of soil organic matter into an unbound (mobile) fraction
and a fraction bound to polyvalent cations. The fractionation was performed during the
standard alkali extraction by a specific ordering of the extraction and acid-wash steps. The
unbound fraction was found to cycle faster under land use than the cation-bound fraction.
Shirshova et al. [13] isolated five fractions of humic substances from soil using three
protocols. The protocols differed in the soil pre-treatment with the benzene-methanol
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mixture and in the use of sulfonate or carboxylate resins as an additional soil-pretreatment
agent or as extractants. Resin-extracted materials were richer in carboxylic and phenolic
groups and exhibited a higher fluorescence emission maximum.

Recently, an elaborate sequential extraction technique based also on organic liquids
was designed and called the humeomics approach [14]. Humeomics is based on the
supramolecular conception of humic substances [15] and designed as a sequential
extraction procedure that releases constituents of humic supramolecular aggregate bound
by weak intermolecular forces and ester or ether linkages. During each fractionation step,
aqueous and organic fractions are obtained which are characterized for their structure by
advanced analytical techniques. The humeomics extraction was applied to humic
substances previously isolated from soil by the standard alkaline extraction [14] as well as
directly on soil [16]. The authors report that the humeomics approach extracted about
2.35% higher yields of extracted soil organic carbon than the traditional alkaline
extraction.

In this work, we applied an original sequential fractionation approach using organic
solvents of increasing polarity on peat HA and subjected the obtained organic fractions to
a complex physicochemical characterization utilizing methods of structural and
compositional analysis. Peat HA was selected as a representative of the commonly studied
isolates from natural organic matter. Fractionation according to the polarity of its
constituents is put forward as a logical, easy to implement but yet still underestimated
tool for reducing the structural complexity of an organic matter from various sources and
of various origins.

2. Materials and Methods
2.1. Origin and Isolation of Humic Acids

The sample of peat used in this study was obtained from the peat-bog Branna
(48°57'10.953" N; 14°48'20.587" E) located in the Trebon basin, South Bohemia, Czech
Republic. The transitional peat was classified to the FAO soil classification system as a
Eutric Histosol which corresponds to the Czech classification equivalent of an
Organozem. The peat soil was characterized by dark brown to black color, advanced
decomposition of original plant materials (i.e., sapric type of peatland), and bulk density
of the homogenized sample was determined to be approximately 0.47 g mL-. A
representative sample was collected from the surface layer 0-30 cm. The peat was used
after drying at 105 °C for 24 h then let to equilibrate with ambient laboratory atmosphere
at about 25 °C which resulted in the final equilibrium moisture content of about 8.2% by
weight. The ash content was determined using a Q50 TG analyzer (TA Instruments, New
Castel, DE, USA). The residual weight at 1000 °C (i.e., ash content) was determined of
54.1% by weight.

The detailed information on the isolation procedure of humic acid (SBPHA) from the
peat sample is described in the Supplementary Materials (see Page S1).

2.2. Sequential Chemical Extraction

The as-extracted peat HA was subjected to the sequential chemical fractionation
using organic solvents of increasing polarities [17] in the following order:
trichloromethane (TCM), ethyl acetate (EAC), acetone (ACE), acetonitrile (ACN), 1-
propanol (PRO), and methanol (MET). The physicochemical properties of used organic
solvents are shown in the Supplementary Materials (see Table S1).

Briefly, HA was homogenized and 3500 mg was then inserted in a thimble, and
Soxhlet sequential extracted for 48-120 h. The organic fractions extracted from the peat
HA were concentrated using a rotary evaporator, and the yellow to dark brown extracts
were dried in a vacuum desiccator using anhydrous sodium sulfate as a drying medium.
The solid organic fractions will be referred to in the following text using the abbreviations
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of solvents and a number indicating the order of the extraction step (i.e., from TCM1 to
METé6).

2.3. Organic Fractions Analysis
2.3.1. Elemental Composition

Thermogravimetry of the extracted organic fractions was performed using a Q5000
TG analyzer (TA Instruments, New Castel, DE, USA). Approximately 5 mg of sample was
weighed into a platinum pan. During the analysis, the residual sample weight was
recorded continuously (with +0.1% mass accuracy) as the sample was heated at a heating
rate of 10 °C min™ from ambient temperature to 1000 °C under air atmosphere. Moisture
content was determined from the relative weight loss at 105 °C, while the residual weight
at 1000 °C, was assigned to the ash content.

The relative content of organic elements in the solid organic fractions was determined
using an EA 3000 CHNS/O analyzer (Euro Vector, Pavia, Italy). Approximately 0.5-1.0
mg of the sample was weighed in a tin capsule, the capsule was packed and combusted
at 980 °C in the analyzer using oxygen as the combustion gas and helium as the carrier
gas. Calibration of the determination of relative contents of carbon (C), hydrogen (H),
nitrogen (N), and sulfur (S) from the obtained gas chromatograms were provided using
sulfanilamide as a reference standard sample. The relative oxygen content was calculated
from the residual combustible mass, and the data obtained were corrected for moisture
and ash content. The analysis was triplicated for each extracted fraction. The sulfur
content was under the limit of detection (0.5 wt.%) in all tested samples (SBPHA and
organic fractions).

2.3.2. UV/Vis Spectrometry

The UV/Vis absorption spectra of alkaline aqueous solutions of the individual
organic fractions at a concentration of 10 mg L' were recorded on Hitachi U-3900H double
beam UV/Vis spectrometer (Hitachi, Tokyo, Japan) in the spectral range between 200 and
800 nm. Standard phosphate buffer (0.1 M NaH2PO4, Na2HPOs4) was used as a solvent of
the fractions as well as a blank solution.

2.3.3. ATR-FTIR Spectrometry

The Attenuated Total Reflectance (ATR-FTIR) technique was used for a deeper
structural characterization of organic fractions. Fourier transform infrared (FTIR) spectra
of the fractions were recorded on Nicolet iS50 spectrometer (Thermo Fisher Scientific,
Waltham, USA) using the Attenuated Total Reflectance (ATR) measuring technique
(single-reflection built-in diamond ATR crystal). All measurements were taken at 25 °C in
the spectral range 4000-400 cm™ at 4 cm™ resolutions as an average of 256 scans. A
background spectrum was collected from the clean dry surface of the ATR crystal in an
ambient atmosphere. Raw absorption infrared spectra with no artificial processing (such
as baseline or ATR corrections, atmospheric suppression) are presented and evaluated.

2.3.4. Fluorescence Spectrometry

For fluorescence analysis, organic fractions were dissolved at a concentration of 10
mg L1 of organic carbon in standard phosphate buffer (pH = 7). All spectra were obtained
by FluoroLog fluorescence spectrometer (Horiba Scientific, New Jersey, USA) with a scan
speed of 600 nm min™, using excitation and emission slit bandwidths of 5 nm. Excitation
emission matrix (EEM) spectra were obtained by scanning the emission and excitation
wavelengths over the range 300-600 nm and 240-550 nm, respectively, with the
wavelength increment of 5 nm. The temperature of the sample cell was kept at 20 °C
during the measurement. The background EEM spectrum of ultra-pure water (Milli-Q)
was recorded and subtracted from the EEM spectra of the analyzed samples to eliminate
the spectral signs of 1st- and 2nd- order Raman scattering. Primary and secondary inner
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filter effects were corrected according to the method proposed by Lakowicz [18]. For this
purpose, absorbance spectra of the analyzed samples were recorded on Hitachi U-3900H
UV/Vis spectrometer.

2.3.5. Liquid-state *C NMR Spectroscopy

13C NMR spectra of the fractions were obtained using a liquid-state NMR technique
using a Bruker Avance 500 DRX NMR spectrometer (Bruker, Karlsruhe, Germany) with
the working frequency of 125.77 MHz. Organic fractions were dissolved at a concentration
of 20 mg mL"' of organic carbon in 0.5 M NaOD. All liquid-state spectra were obtained
with the following settings of 3C NMR spectrometer: temperature 25 °C, number of scans
25 000, excitation pulse 10.5 us, acquisition time 0.52 s, spectral width 31 250 Hz pulse
repetition delay 2.0 s and NMR-cell diameter 5 mm. The aromaticity fa of the organic
fraction was calculated from the C NMR spectra as a ratio of the areas of two chemical-
shift regions I(106-165 ppm)/L(0-165 ppm) [19] by integrating their relevant intensities.

2.3.6. Statistical Analysis

The relationships between the spectroscopic properties and other physicochemical
indicators of organic fractions and peat HA were examined by principal component
analysis (PCA). The main goal of statistical data processing was to find similarities and
dissimilarities between the organic fractions and the original unfractionated peat HA.
Origin 2019b (OriginLab, Northampton, MA, USA) was used to process data for PCA and
create a bi-plot graph i.e., two-dimensional projection.

3. Results and Discussion
3.1. Yields, Ash Contents, and Elemental Analysis

The extraction yields, elemental composition, ash content, and atomic ratios (H/C,
O/C, and C/N) of individual organic fractions, sequentially extracted from peat HA, are
presented in Table 1, together with the relevant properties of the unfractionated HA.

Table 1. Extraction yields, ash contents, elemental compositions, and atomic ratios of organic fractions extracted from peat
humic acid (HA). Relevant parameters of compositional analysis for original HA (SBPHA) are included for comparison.

Yield Ash C H N 0)

(wt.%) 1 (wt.%) 1 (at.%) 2 H/C o/c N/C

SBPHA - 0.7 35.00 +0.24 49.84 + 0.16 1.12+0.09 14.03 142 040 0.032
TCM1 3.76 0.07 £0.02 30.83 +0.11 67.10 £ 0.32 0.15+0.02 1.92 218 0.06 0.005

EAC2 1.10 1.81+£0.09 33.30£0.16 65.65 £ 0.28 0.63 £ 0.05 042 197 0.01 0.019

ACE3 13.00 0.34+0.04 43.78 £0.20 34.62+0.13 0.82+0.056 20.77 0.79 0.47 0.019

ACN4 7.83 4.10+0.08 30.52 +0.34 49.87 +0.19 330+£010 1631 1.63 0.53 0.108
PRO5 19.74 0.83+0.17 37.22+0.21 44.23 +0.36 094+0.07 1761 1.19 047 0.025

MET6 11.91 2.99+0.12 34.62 +0.37 46.18 + 0.22 143+0.12 17.77 1.33 0.51 0.041

Tweight content calculated on a moisture-free basis. 2atomic percentages calculated on a moisture-free and ash-free basis.
Values of ash content and elemental compositions are means + SD (1 = 3).

The extraction yield of organic fractions ranged from 1.1% to 19.7% (relative to the
initial weight of the unfractionated HA) varying with the polarity of the organic agent
used. The highest extraction yields (13.0% and 19.7%, respectively) were obtained for
organic fractions extracted with acetone (ACE3) and 1-propanol (PROS5). In contrast, the
lowest yield of organic compounds (1.1%) was obtained in the case of the organic fraction
EAC2 extracted using ethyl acetate, which may be caused by the similar values of polarity
indices of the first two applied solvents (TCM and EAC). The enhanced release of organic
constituents from HA to more polar extractants is not surprising with respect to HAs” high
relative content of polar structural constituents rich in the oxygen-containing functional
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groups (such as carboxylic, phenolic, and carbonyl groups). It should be noted that the
applied extraction procedure most likely releases only free organic compounds and/or
weakly bound molecules from the complex organic matrix as indicated by the significant
amount of an insoluble residuum in Soxhlet thimble after completion of the last extraction
step. The content of residual, not-extracted organic compounds in peat HA was 43%
(relative to the initial weight of unfractionated HA).

The organic elemental compositions of all obtained fractions are summarized in
Table 1 in the form of an atomic percentage (calculated from the determined weight
content based on dry-ash free organic content). Generally, the carbon content increased
unevenly with increasing the polarity of the organic agent, while the hydrogen content
decreased. The highest atomic content of carbon (43.78%) was found for organic fraction
extracted using acetone (ACE3). Nitrogen represents a minor component of all obtained
fractions and its content ranged from 0.15% to 3.30%, deviating on both sides from the
nitrogen content of the original HA (1.12%). As expected, non-polar organic fractions (i.e.,
TCM1 and EAC2) were relatively poor in oxygen. In general, the elemental composition
of these two fractions was similar to that of lipid compounds extracted from various
lignite and peat materials in other studies [20,21].

Atomic ratios are often used as basic markers of the main structural character of the
analyzed material. For instance, H/C atomic ratio is considered an indicator of aliphaticity.
For the isolated peat HA fractions, the value of the H/C ratio varied within a range from
0.79 to 2.18. The highest values of this parameter were obtained for the first two fractions
(TCM1 and EAC2), which could be attributed to their prevailing aliphatic character and
content of compounds with long carbon chains such as fatty acids and their esters. In
contrast, the lower values of the H/C atomic ratio determined for the other samples
indicate the presence of organic compounds with a higher degree of aromaticity.

As another fundamental compositional marker, O/C atomic ratio reflects the amount
of oxygen-containing functional groups (e.g., carboxylic, phenolic, and carbonyl) in an
organic matter. For our organic fractions, the determined values of the O/C ratio covered
a broader range (0.06 to 0.53) than those reported in the literature [13]. In general, higher
values of the O/C atomic ratio in humic substances indicate a high relative content of
oxygenated compounds such as aromatic carboxylic acids, phenols, and/or polar
substituted carboxylic compounds (e.g.,, amides). For the samples extracted using
acetonitrile and methanol (ACN4 and MET6), a combination of the highest determined
O/C ratios with relatively high H/C can be attributed to a presence of oxygen bonded alkyl
groups, such as alkyl ethers and esters originated from lignin and/or polysaccharides
residues. The O/C values of the most polar fractions are also in good agreement with the
O/C ratio of the unfractionated HA material (0.40).

Finally, N/C atomic ratio reflects the amount of nitrogen in organic fractions and is
commonly used as a proxy for the maturity of the organic material. Increasing N/C is
usually attributed to a decrease in C rates in the decomposition process and higher values
of the ratio are hence related to higher humified materials and vice-versa [22]. The N/C
ratio values vary significantly among the analyzed HA fractions, ranging from 0.005 to
0.108, while the original HA show an N/C ratio of 0.032. While the lowest content of
nitrogenous constituents was found for the fraction isolated with the most apolar solvent
(TCM1), the highest content of nitrogen was detected in the fractions ACN4 and METS6.
As far as these fractions were relatively rich also in oxygen, the nitrogen is likely
introduced in these fractions mainly in form of amide groups of the protein-like
compounds. This result is in good agreement with the FTIR spectrum (ACN4) listed in
Figure 1. The van Krevelen diagram of atomic H/C ratio versus atomic O/C ratio for the
original HA and organic fractions is provided in Figure S3 (Supplementary Materials).
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Figure 1. Attenuated Total Reflectance (ATR-FTIR) spectra of organic fractions extracted from peat
HA, (a) spectral range of 4000-400 cm™" and (b) spectral range of 900—400 cm™! for the visualization
of less intense absorption bands.

3.2. UV/Vis Spectrometry

No distinctive spectral features were observed in the measured UV/Vis spectra of all
tested samples. In other words, the curves of UV/Vis spectra were characterized without
visible local maxima and/or shoulders whereas their absorbance quasi-exponentially
increases with decreasing wavelength (not shown). The UV-spectral behavior of organic
fractions in this study was rather different from the behavior reported for organic extracts
isolated from commercial humic substances where absorption peaks and/or shoulders in
the 200-350 nm wavelengths range were reported [23].

All organic fractions obtained and analyzed in this study absorb significantly in the
ultraviolet region. Significant absorption in this part of the electromagnetic radiation
indicates that the vast majority of the types of chromophores include aromatic rings with
various degrees and types of substitution [24]. In the context of basic molecular structure,
these are compounds such as monosubstituted and polysubstituted phenolic substances
derived from lignin residues, tannins, hydroxyl- or polyhydroxy- coumarins, etc. and
various monoaromatic and/or polyaromatic acids [25]. Although UV/Vis spectra of humic
substances, because of their characteristic featureless nature, might be considered of
limited usefulness for a detailed interpretation of the molecular structure, the number of
scientific studies have already illustrated that advanced analysis of these spectra, such as
determination and interpretation of specific absorption parameters, may contribute
significantly to understanding chemical structure and properties of complex organic
compounds (e.g., humic substances, dissolved organic matter) and that they may suitably
complement the information obtained using other analytical techniques such as
potentiometric titration, light scattering methods, NMR, etc. [5,26,27]. Therefore, selected
absorption ratios (E2/E4 and Eer/Esz) and SUV A2s: parameters were used to characterize
organic fractions obtained in this study.

Well known and traditionally used Es/Es ratio (the ratio of absorbance at 465 nm to
that 665 nm), which is also referred to as color coefficient Que [28], reflects the degree of
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aromaticity and the average molecular weight of humic substances of different origins
[29-31]. Unfortunately, the absorption in the 550-700 nm wavelength region of the
fractions studied was too low to allow calculation of the E4/Es ratio, thus the E2/E4 ratio
(the ratio of absorbance at 265 nm to that 465 nm) was used in analyzing the fractions, as
it is consistent with the E4/Es [32]. As can be seen in Table 2, the E2/E4 ratio values ranged
from 7.18 to 12.00 and followed a downward trend with increasing polarity of the organic
solvent. Furthermore, E2/E4 ratios likely indicate that high-molecular fractions (i.e., humic-
like compounds) were extracted only with the most polar solvents (from ACN4 to MET6).
Concerning the lowest E2/E4 ratio determined for the unfractionated HA (5.53), it could be
deduced that all the organic solvents preferentially extract less aromatic organic
constituents with a lower molecular weight. Nevertheless, as far as the value of E2/E4 ratio
is increased also by the specific absorption of -C=0O groups [33], it cannot be used as a
reasonable marker of aromaticity and molecular weight among organic materials with
widely differing content of oxygen-containing groups.

Table 2. Parameters calculated from UV/Vis and FTIR spectra.

UV/Vis Ratios UV Parameter FTIR Intensity Ratios

Ee1/Eg: E2/E4 SUV A1 Ia/Icoon?  Icmo/Icus®
SBPHA 0.74 +0.06 5.53 +0.12 5.68 1.26 1.06
TCM1 0.51 +0.02 11.87£0.15 0.24 0.22 1.81
EAC2 0.70 £ 0.02 12.00 + 0.06 0.66 0.34 1.87
ACE3 0.74 £ 0.01 9.77 £0.11 5.89 0.80 1.11
ACN4 0.66 +0.00 9.53+0.10 2.03 1.44 1.11
PRO5 0.74 +0.04 7.64+0.14 6.40 1.06 0.98
MET6 0.83 +0.02 7.18 +0.22 5.79 1.21 1.04

Values of UV/Vis ratios are means + SD (1 = 3). ! calculated as absorbance at 254 nm divided by the
concentration of total dissolved organic carbon in the solution (in mg L). 2FTIR ratio calculated
as the ratio of intensity at 1610 cm™ to an intensity at 1710 cm™. 3FTIR ratio calculated as the ratio
of intensity at 2920 cm™ to an intensity at 2965 cm™.

Therefore, we calculated also the SUV A4 parameter (the ratio of absorbance at 254
nm to total organic carbon) which was found to positively correlate with the aromaticity
and molecular weight of humic substances without the interference of the carbonyl
content [32]. In our study, the values of the SUV Az ranged from 0.24 to 6.40 (see Table 2)
and followed an upward trend with increasing polarity of the organic solvent, except for
the fraction ACN4. These results agree with Ez/Es in that significantly lower aromaticity is
indicated for the organic fractions which were isolated in the first two steps of the
extraction procedure. On the other hand, the organic fractions extracted with the acetone
and alcohol solvents (ACE3, PRO5, and MET6) show SUV Azs values close to that of the
SBPHA (5.68) indicated a similar degree of aromaticity and molecular weight as the source
HA. Interestingly, a significantly lower SUV Azs4 value of ACN4 fraction indicates lower
aromaticity of this fraction, not revealed by E2/E4. In this perspective, SUV A2 seems to be
a more suitable proxy for the determination of aromaticity of the obtained organic
fractions.

The Eer/Es: ratio (the ratio of absorbance at 253 nm to that 220 nm) is higher for
compounds in which the aromatic structural units are predominantly substituted with
oxygen-containing functional groups (e.g., hydroxyl, carbonyl, ester, and especially
carboxyl groups), whereas lower values are associated with aliphatic substituents [24,34].
For the studied organic fractions, the Eer/Es. ratio values ranged from 0.51 to 0.83 (see
Table 2). Fractions isolated between the second and the fifth extraction step show Eer/Es:
values close to that of the unfractionated HA (0.74) indicating a similar type of
substituents on the aromatic structures as distributed in the original peat HA. On the other
hand, the organic fractions extracted with the least polar (TCM1) and the most polar
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(MET®6) solvent, show Eet/Es: values indicating considerably higher content of aliphatic
(TCM1) and oxygen-containing (MET6) substituents, respectively, as compared to the
original HA.

The optical parameters used in this work or numerous others proposed in the
literature [32-35] do not represent the only way of extracting structural information from
UV/Vis spectra of humic substances and their constituents. For instance, second-order
derivative UV/Vis spectra provide enhanced spectral resolution [36] and may hence be
useful in the evaluation of weak and broad absorption bands such as the
perylenequinone-type bands appearing in Vis spectra of humic acids as a result of fungal
activity contributing to the humification process [37].

3.3. ATR-FTIR Spectrometry

The ATR-FTIR technique was chosen as it requires no mechanical pressing treatment
of the sample which is necessary for the KBr transmission technique and, therefore, less
opportunity is given for experimental artifacts such as pressure-induced deprotonation
and/or decarboxylation of acidic functional groups [38]. The ATR-FTIR spectra of organic
fractions are presented in Figure 1la,b. Interpretation of their absorption bands has been
carried out according to the literature data [8,39,40].

The spectra of all fractions show several common features but also relevant
differences. The first set of spectral attributes includes bands assigned to O-containing
functional groups: (a) The broad absorption band centered at about 3240 cm corresponds
to O-H stretching of various functional groups (including the carboxylic), which are
connected with an intermolecular hydrogen-bond. This band is well pronounced in FTIR
spectra of all extracts except for the one extracted with the least polar solvent (TCM1)
where the absorption is markedly suppressed. (b) A sharp band with variable intensity
located at around 1710 cm™ is attributed to symmetric C=O stretching in carboxylic
groups. This band is common for all extracted fractions, whereby in the spectrum of TCM1
it is accompanied also by the band at 1734 cm™! assigned carbonyl stretching in esters. The
presence of the protonated carboxylic groups is often manifested also by a broad shoulder
centered at about 2660 cm™ resulting from the O-H stretching vibrations of the hydrogen-
bonded dimers of COOH [41]. This weak band/shoulder is recognizable in fractions
EAC2, ACE3, PRO5, and MET6, while it is reduced in the TCM1 and ACN4 fractions,
where the formation of hydrogen-bonded dimers of carboxylic acids is reduced by their
partial conversion to esters and carboxylates (see part (d) of this paragraph), respectively.
(c) A characteristic band at 1660 cm™ can be assigned to stretching C=O groups in
secondary amides (amide I) of the protein-like structures. This band is apparent only in
the spectra of EAC2 and ACN4 samples. The assignment of this absorption band to amide
groups is supported by the presence of accompanying amide II bands (1570-1540 cm™) in
deconvoluted spectra in the overlapping region 1750-1500 cm! (see Figure S4 in
Supplementary Materials) (d) The deformation vibrations of carboxylate groups occur in
the spectra as a weak band and/or shoulder at around 1395 + 5 cm™ [42]. This absorption
band is well-identified only in the spectra of ACN4 and, considering the high relative ash
content of this sample, it probably represents the presence of metal chelates in this
fraction. (e) A weak band or shoulder at 1420 cm™ can be ascribed to C-O-H in-plane
bending in carboxylic groups. This band is easily recognized in the less polar fractions
(TCM1, EAC2, and ACE3) while it is overlapped with other oxygen-containing functional
groups in the more polar ones (ACN4, PRO5, and METS). (f) Further differences among
the isolated fractions concerning O-containing groups can be deduced from the deeper
evaluation of fingerprint regions 1300-1125 cm™ and 1120-1050 cm™. The first region
(marked grey in Figure 1a) is characterized by a sharp and intensive C-O stretching band
at 1260 cm™ (aryl ethers) and relatively intensive bands and/or shoulders at 1220 cm™ (C-
O stretching and O-H bending of carboxylic groups, C-O stretching in phenoxy structures
and ethers) and 1175 cm™ (C-O stretching of phenols and ethers). Unlike other samples,
ACN4 did not contain the vibration at 1220 cm™, as a result of the lower content of
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protonated carboxyls. The latter fingerprint zone (marked blue in Figure 1la) is
characterized by two bands at 1120 cm™ and 1080 cm™ corresponding to the C-O-C
vibration in alkyl ethers, and to the C-O stretching of secondary alcohols. The first of these
bands was found only in the ACN4 sample. The band at 1040 cm™ is the most intensive in
the spectra of organic fractions extracted by alcohols (PRO5, MET6) due to the higher
extracted amount of polysaccharide-like substances. The prominent band at 1016 cm™!
which can be attributed to asymmetric C-C-O stretching in alkyl ethers [43] is visible only
in the spectrum of TCM1 and is accompanied by symmetric stretching absorption at 867
cm.

The second set of spectral features that are in common for all the fractions refer to
their content of aliphatic molecular moieties. (a) The relative content of aliphatic chains is
evaluated primarily in the 3000-2800 cm™" spectral range. The presence of aliphatic groups
is revealed by the bands at 2920 cm™ and 2855 cm™ which are attributed to asymmetric
and symmetric C-H stretching in methylene groups, respectively. These bands are the
most dominant in TCM1 and EAC2 but are also relatively intense in ACN4 samples.
Additional bands at 2965 cm™ and 2880 cm™! were ascribed to asymmetric and symmetric
C-H stretching in methyl groups. These bands are well recognizable mainly in the
spectrum of the PRO5 sample, occurring as a weak band and/or shoulder in the rest of the
samples. (b) The deformation vibrations of the -CH>- and —CH3s groups at 1465 cm™ and
1380 cm™, respectively, only occur in the TCM1 and EAC2 spectra. (c) The presence of
long carbon chains with more than four atoms (e.g., in fatty acids) was revealed by the
band at 720 cm™! which is ascribed to C-H in-plane bending of methylene groups. This
band was found only for TCM1 and EAC2 samples, which supports the expectations that
the least polar solvents would be the most efficient in the extraction of long-chain lipidic
structures from the complex matrix of HA.

The third set of spectral absorptions that can be attributed to aromatic structures
comprises: (a) the relatively intense symmetric ring stretching band occurring at 1610
cm, which was observed only as a very weak shoulder in the spectrum of TCM1 sample,
indicating low aromaticity of this fraction; (b) Another characteristic aromatic band is
located at 1511 cm™, due to the aromatic C=C stretching of lignin residues. While this band
is again apparently absent in the spectrum of TCML1, its relative intensity is comparable
for all other fractions; (c) Out-of-plane C-H deformation bands were found in the 870-750
cm region. The position of these peaks is used as a specific marker of the type of
substitution of the aromatics, as far as it can distinguish aromatic structures with isolated
hydrogens with aromatic carbon (870 cm™), two and/or three adjacent hydrogens per ring
(845 cm™ and 800 cm™), and four adjacent hydrogens (770 cm™ and 750 cm™) [41,44].
Spectral bands that can be assigned to two and more adjacent aromatic hydrogens are
apparent in the spectra of all fractions except for TCM1 (see Figure 1b), di-substituted
aromatic rings being prevailing in fractions ACE3 and MET6 while tri- and/or tetra-
substituted aromatic rings in EAC2, PRO5, and METS6. It should be noted that significant
absorption in the spectral region of 800 cm to 750 cm can be found also for TCM1
fraction. Nevertheless, the above discussed spectral evidence of low content of aromatics
in the sample indicates that this vibration should be assigned to some other structural
motifs (out-of-plane C-H bending in lactones, C-Cl stretching in residual solvent).

Aside from the qualitative information on the structure of the extracted fractions,
results of FTIR spectroscopy can also be used for semiquantitative analysis of the content
of the main structural groups. The degree of carboxylic content in humic substances is
usually represented by the Iar/Icoon ratio (the ratio of the intensity at 1610 cm™! to the
intensity at 1710 cm™) [44]. The value of this ratio (Table 2) is the lowest for the organic
fraction extracted by chloroform (TCM1). Nevertheless, the usability of this value for
evaluating the carboxylic content quantitatively is questionable for fractions with
significantly reduced aromaticity like it can be seen for TCM1 (note very weak absorption
band at 1610 cm-! for this fraction) and also for ACN4, where a significant portion of
carboxyl groups occurs in the form of carboxylates. Among the other fractions which all
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show significant absorption bands both at 1710 cm™ and 1610 cm™, the Ia:/Icoon ratio
shows that the relative content of COOH groups (normalized on the content of aromatics)
decreases in the following order of samples: EAC2 > ACE3 > PRO5 > MET6. Similarly,
aliphatic structural moieties can be evaluated in a semiquantitative way by the Icr/Icns
ratio (the ratio of the intensity at 2920 cm™ to the intensity at 2965 cm™), which is used to
estimate the length and degree of branching of aliphatic chains. The intensity ratio (Table
2) shows that longer (which agrees with the presence of 720 cm-! band) and less branched
aliphatic chains are obtained in TCM1 and EAC2 samples compared with the other
organic fractions.

3.4. Fluorescence Spectrometry

The EEM spectra and contour maps of the studied fractions are shown in Figure 2
(Rayleigh scattering peaks appear in the form of diagonal lines). In general, the shorter
emission wavelengths and greater fluorescence intensity measured in EEM spectra belong
to the fluorescence of simple aromatic structures and lower molecular weight organic
components, while a shift of the fluorescence maximum to higher wavelengths indicates
the presence of condensed aromatic structural units and electron-withdrawing
substituents [45]. The emission maximum of organic compounds ranging from 340 to
about 430 nm could be associated with three- and/or four-ring aromatic structures, four
or more aromatic rings per structural unit of a fluorophore result in the light emission at
longer wavelengths (i.e., from 400-500 nm). Furthermore, several authors observed in the
EEM spectra of terrestrial HAs unique fluorescence domains located at even longer
excitation and emission wavelengths in the visible spectral region [46-48], which are
interpreted as fluorophores derived from phytochlorin (chlorophyll degradation by-
product). Contemporary classification of the types of fluorophore domains in humic
substances [49,50] is summarized in Table 52 (Supplementary Materials).
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Figure 2. Excitation-emission matrix (EEM) spectra of organic fractions extracted from peat HA.

Organic fractions, isolated and analyzed in this study, contain fluorophores typical
for fluorescence of caustobioliths (e.g., lignite, leonardite, and peat) and soil humic
substances [51-53]. The excitation-emission wavelength pairs (EEWP) of the main peaks
in the EEM spectra, their fluorescence intensity values, and assignments to the specific
fluorophore classes are provided in Table 3. It can be seen that, except for the TCM1
fraction, excitation-emission characteristics of the primary fluorescence maxima of all
other fractions (250-265/415-505 nm) corresponds to the “A” —domain fluorophores
typical for fulvic acids and dissolved organic matter (DOM). It means that isolated
fluorophores excited in the UVC region are the main contributors to the fluorescence of
all these fractions (from EAC2 to MET6). On the other hand, the fluorescence maximum
of the fraction isolated with the least polar solvent (TCM1) lie within the “B” region which
is most often assigned to the fluorescence of tyrosine in protein-like structures contained
in the organic matter [54,55]. However, because no significant content of protein residues
was revealed in the TCM1 fraction by the elemental and FTIR analyses, it is more likely
that the blue shift of the emission maximum is caused rather by lower molecular weight
and electron detaining ester substituents [56].

Table 3. Positions of excitation-emission wavelength pairs for fluorescence domains and values of fluorescence intensities
for organic fractions and original peat HA.

Fluorescence Peak Region

C \4 B H

Ir ExX/Em Ir (CPS) Ex/Em Ir(CPS) Ex/Em Ir(CPS) Ex/Em Ir(CPS)
(CPS): (nm) 1 (nm) 1 (nm) 1 (nm) 1

SBPHA

1.77
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TCM1
EAC2?
ACE3
ACN4
PRO5
MET6

250/415
255/465
255/445
265/500
260/505

270/305 6.86 255/355 3.23

4.36 270/305 0.99

4.22

4.49 300/435 2.74 270/315 0.98

2.76 445/530 0.80

2.57 435/525 0.72 250/300 0.99

1Jr x 10° CPS (counts per second) of fluorescence peaks. 2 The C domain (humic-like) was observed in the EEM spectrum
of the EAC2 sample as less pronounce shoulder.

Furthermore, from a detailed evaluation of the EEM spectra, secondary fluorescence
maxima representing other types of fluorophores contained in the structure of isolated
fractions can also be revealed (see the spectral cut-outs presented in Figure S5 in
Supplementary Materials). As can be seen in Table 3, B-type fluorophores were
determined in the EEM spectra of EAC2 and ACN4 fractions. One of the possible
assignments of this fluorescence peak is represented by tyrosine-like fluorophores, which
is also to some extent supported by results of elemental analysis (higher relative content
of N) and FTIR (presence of characteristic amide I band) indicating a presence of protein
residues. Tyrosine-like fluorophores were also recently found in DOM fractions isolated
from the tropical peatlands [57]. Nevertheless, direct identification of these particular
structural moieties in these fractions is beyond the resolving power of the methods used
in this study and should be resolved in future work.

For the first (TCM1) and the last (MET6) extracted fractions, an additional
fluorescence maximum was found with the EEWP in the range 250-255/300-355 nm. This
emission is often assigned to the soluble microbial by-product-like compounds [58,59].
Doskocil et al. [21] in their work, focused on EEM spectra of lipids isolated from various
coal basins, has introduced the term “peak H” attributed to fluorescence band if its
maximum is situated in the UVA region with an excitation wavelength at about 250 nm.
No structural model of fluorophore H has yet been proposed. Nevertheless, this signal
can in general be attributed to simple aromatic structures (without condensed rings) with
electron-donating substituents, such as the alkyl or methoxyl groups identified in TCM1
and METS6, respectively, by the other techniques.

Humic-like fluorophores referred to as the C-domain fluorophores (300-380/400-500
nm) are also typical for humic substances and DOM originating from peats, soils, and
natural waters [60]. Fluorescence in this spectral domain reveals as a well-distinguished
peak for ACN4, while it forms a less pronounced shoulder on the primary fluorescence
peak in the spectrum of EAC2. Cao and Jiang observed this type of fluorescence in EEM
spectra of low molecular weight fractions of humic acids from bulk Leonardite HA [61].
Some authors [52,62] have suggested that the humic-like fluorophore can be attributed to
the presence of phenolic acid derivatives and other substituted phenolic units originating
from lignin, hydroxycoumarin-like, and/or quinone-like structures which originated from
degraded terrestrial biomaterials such as plant tissue. Furthermore, McKnight et al. [63]
reported in a study on spectrofluorometric characterization of DOM that the C may be
interpreted such as domains from the autochthonous microbial process. We hence
conclude that the C-domain fluorescence in the analyzed organic fractions is probably
related to autonomous low-molecular fluorophores formed by aromatic systems highly
substituted with reactive functional groups, especially -COOH substituents.

In the EEM spectra of the two fractions extracted with alcohols (PRO5 and METS6),
fluorescence maxima having excitation wavelengths greater than 400 nm were also found.
Fluorescence peaks in this spectral region are referred to as V and/or o [53,62] and usually
occur in lignite, peat, and humus-rich soils. In general, for the fluorescence maxima with
an emission wavelength greater than 470 nm it is suggested that the fluorescence
originates from a transition of electronic charge from one region of a molecular species to
another and/or from one molecular species to another rather than from independent
fluorophores [64]. For PRO5 and MET®6 fraction, the fluorescence peaks located in the V
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region thus probably reflect a presence of high-molecular fluorophores (e.g., linearly
condensed networks of aromatic rings) substituted with electron-withdrawing functional
groups. This is in good agreement with the results of UV/Vis (see the high values of
SUV A2 and Eer/Esz and their discussion in Section 3.2) and with the high content of
carboxylic groups confirmed by FTIR and NMR. The V-region fluorescence was not
apparent in the EEM matrix of original HA used in this study (see Figure 52), nevertheless,
as it was previously observed for another HAs isolated from a similar natural source [65],
it may be suggested that the structural moieties responsible for fluorescence of peat HAs
in the V region are preferentially extracted into the polar alcoholic fractions.

3.5. Liquid-State ¥C NMR Spectrometry

As the last part of the spectrometric study, the C NMR spectra of the isolated
organic fractions (see Figure S6 in the Supplementary Materials) were measured in the
liquid state. EAC2 and ACN4 fractions were not analyzed by this technique because of
their too low extraction yields. Relative distribution of individual carbon types typical for
the natural organic matter was obtained from the integration of the raw spectra in the
corresponding regions of resonance: alkyl carbon (0-45 ppm), carbohydrates and/or
peptides (45-106 ppm); aromatic carbon (106-145 ppm), phenolic carbon (145-165 ppm),
carboxylic carbon (165-190 ppm) and carbonyl carbon (190-220 ppm) [19,66]. The results
of the integration are provided in Table 4.
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Table 4. Average distribution of individual carbon types and calculated aromaticity index (f) for the studied organic
fractions from the liquid-state 3*C NMR spectra.

Average Distribution of Individual Carbon Types (%)

Organic Fractions = o 45-106 ppm _ 106-145 ppm _ 145-165 ppm _ 165190 ppm 190220 ppm " |
TCM1 78 8 8 2 3 1 0.10
ACE3 23 19 36 11 9 2 0.53
PRO5 24 2 33 9 10 2 0.48
MET6 16 30 31 8 13 2 0.46

! Aromaticity index calculated as the ratio of the intensity at 106-165 ppm to the intensity at 0-165 ppm.

As expected, the relative content of alkyl carbon, manifested in the spectra as methyl
groups (20-22 ppm) and/or methylene groups (27, 31, and 40 ppm), varies within a broad
range among the analyzed fractions, being the highest (78%) for the fraction extracted by
the least polar solvent (TCM1). The opposite was found for the relative content of
hydrophilic components such as polysaccharide residues and protein-like compounds
(relative area in 45-106 ppm) which was lowest for the TCM1 fraction while the highest
for the most polar solvent used (MET6). Detailed analysis of the region of O-alkyl and
peptide carbon resonances reveals the presence of quaternary carbons, methine groups
(lignin, cellulose, and/or hemicellulose residues), and a-carbons (amino acids and/or
polysaccharides). A common feature for all analyzed fractions is the signal at 56 ppm
which may be attributed to methoxyl or amide groups [11]. Bearing in mind quite low
overall N content, it can be expected that the signal most likely originates from the
methoxyl groups in lignin and suberin residues. Another signal at about 63 ppm,
preferentially ascribed to oxygen bonded methylene groups, was found only in the
spectra of the alcoholic extract (PRO5 and METS).

The region of chemical shifts between 106 and 165 ppm reflects the content and
structural composition of aromatic components. The relative integrated area in this region
is, again, the lowest (10%) for the least polar fraction TMC1 while its value is comparable
(39%—47%) for other analyzed fractions. The aromaticity index fa (i.e., the ratio of the
integrated areas in 106-165 ppm and 0-165 ppm, respectively) is usually used as a more
accurate quantitative parameter expressing sample aromaticity. As can be seen in Table 4,
also this parameter confirms comparable aromaticity of all but the first extracted fraction.
From the qualitative point of view, spectra of all these fractions with higher aromaticity
(ACE3, PROS5, and MET®6) include signals typical for lignin residues [67]: (a) A sharp and
intensive signal at 115 ppm corresponds to coniferyl alcohol and the intensive signal at
about 130 ppm to 4-hydroxycinnamyl alcohol. (b) The presence of sinapyl and coniferyl
units is further revealed by the signals at 145 and 148 ppm, which are attributed to Ar-O-
R and Ar-O-CHs structural moieties [68]. (c) Phenolic groups are manifested by a
distinctive signal at 150 ppm [69].

The presence of carboxylic groups in the structure of the fraction is manifested in the
13C NMR spectra by two bands in the range of chemical shifts 172-175 ppm. The relative
signal of carbon in carboxylic groups increased gradually with increasing polarity of the
extraction agent (in the range of 3-13%). Finally, the relative integrated area in the range
of chemical shifts characteristic for carbonyl carbon (190-220 ppm) was comparably low
for all the analyzed fractions.

3.6. Statistical Analysis

The specific structural and compositional parameters provided by the individual
physicochemical and spectroscopic assays were further subjected to statistical analysis
using the principal component analysis (PCA) method. The dimension of the 13 input
variables was reduced by PCA into two principal components with eigenvalues higher
than one. These two principal components composed 88.0% of the variability of the
original data set, of which 61.1% falls on the first (PC1) and 26.9% on the second principal
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component (PC2), respectively. Visual representation of the results of PCA is provided in
form of a two-dimensional factor plane of principal components PC1 and PC2 in Figure
3.
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Figure 3. Projection of characterized organic fractions and original peat HA using PCA.

It is observed from the bi-plot that O/C atomic ratio had the highest positive loading
on PC1 while the opposite trend was observed for relative hydrogen content and
ICH>/ICHs ratio. In the left-side quadrants of the loading bi-plot, there are projected pa-
rameters that indicate the presence of aliphatic structures with long carbon chains poor in
O- and/or N-containing functional groups. On the other hand, on the right side of the
loading bi-plot can be found projections of parameters that reflect the presence of heteroa-
tom elements as well as the aromaticity of the sample.

The PCA bi-plot in Figure 3 shows that the PC1 component provides the clear sepa-
ration of the non-polar organic fractions (samples TCM1 and EAC2, designed as Group I
in Figure 3) from the other organic fractions and also from the original peat HA (samples
ACE3 to MET6, and SBPHA, designed as Group II). Evidently, the group I fractions can
be characterized by structural markers of aliphatic substances, whereas group II gathers
structural and compositional parameters of the typical building-blocks for the humic sub-
stances.

The second principal component (PC2) provides further separation of the polar or-
ganic fractions mainly according to their elemental composition. It can be seen that polar
organic fractions PRO5 and MET6 are projected near to zero value of PC2 forming a clus-
ter with the original humic material (SBPHA). On the other hand, the fraction extracted
with acetonitrile (ACN4) is separated from the others due to its higher ash (wt. %) and
nitrogen (at. %) content. This is in good agreement with the conclusion that this fraction
is distinctive with its high content of polypeptide-like structures such as tyrosine-like
structures and/or microbial activity by-products.

4. Conclusions

The results of our work support the current view that humic acids still represent a
complex mixture of separable fractions with specific structural and physicochemical prop-
erties. For the analyzed peat-bog humic acid, it was confirmed that the individual
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fractions, isolated by the proposed polarity-resolved fractionation technique, are mutually
different concerning their origin, molecular weight, aromaticity, and the content and com-
position of heteroatomic functional groups. In particular, the fractions extracted with the
most apolar solvents (trichloromethane and ethyl acetate), as expected, show the struc-
tural features characteristic for basically lipidic compounds (low aromaticity, low oxygen,
and nitrogen content, high CHz/CHs ratio), while the other fractions are in general more
aromatic and richer in polar (mainly oxygen-containing) groups. Interestingly, among
these more polar fractions, the fraction extracted with acetonitrile stands at a unique po-
sition with its surprisingly lower aromaticity and higher content of protein-like structural
motifs. Furthermore, the last two-alcohol extracted-fractions (PRO5 and MET6) also show
some mutual structural features, mainly the higher content of carbohydrate residues (as
confirmed by FTIR and NMR) and content of specific (V-type) fluorophores which are
often associated with plant pigments residues in humic acids.

The experimental study presented in this paper hence represents a pilot demonstra-
tion of a simple but useful approach to a structural analysis of complex heterogeneous
organic matrices such as humic substances. Nevertheless, a systematic follow-up study is
still needed to evaluate the general usability and overall benefit of this experimental ap-
proach. In this pilot study, we used only one HA sample, which represents the single type
of organic material that originated from a particular soil system with specific humification
conditions. Therefore, to be able to critically evaluate experimental limitations of the ap-
proach and to obtain structural information that could be generalized to a wider range of
humics, it is essential to focus the follow-up work on a comparative study performed with
humic substances differing in their types (fulvic and humic acids, humins) and origins
(terrestrial soil, aquatic).

Moreover, also the methodology proposed here is still open to further modifications
and improvements. Above all, solid residues remaining after the last extraction step
should also be subjected to detail structural and compositional analysis to provide a con-
clusive description of the structural impacts of the extraction process. Furthermore, one
of the general aims of the study was to contribute to refining the current notion of the
supramolecular structure of humic substances. In this work, we focused on how this could
be managed by reducing the level of the structural complexity of humic substances fol-
lowed by a separate analysis of individual groups of molecular constituents. Nevertheless,
for a more complex understanding of how these constituents are bound in the HA matrix,
this analytic step should be supplemented with the “synthetic” perspective where the
compositional and structural parameters of the obtained fractions were synthesized with
respect to their relative contents and these reassembled characteristics were compared
with those of the parental humic material.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4395/11/3/587/s1, Figure S1: ATR-FTIR and DRIFT spectrum of SBPHA, Figure S2: EEM spectrum
of HA isolated from South Bohemian peat (SBPHA), Figure S3: Van Krevelen diagram of organic
fractions and original SBPHA, Figure S4: Deconvolution of the overlapping region of ATR-FTIR
spectra at 1800-1500 cm™!, Figure S5: EEM spectral cut-outs showing secondary fluorescence max-
ima, Figure S6: Liquid-state 3C NMR spectra of the studied organic fractions extracted from peat
HA, Table S1: List of fundamental physicochemical properties of organic solvents used for extrac-
tion of organic fractions, Table 52: Summary of fluorescence domains characteristic of humic sub-
stances and/or dissolved organic matter.
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