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Abstract

Distribution water-extractable particulate (colloid) organic matter (WEOM) in narrow (nano- to
micrometer) size fractions of chernozem soil by sequential filtration on track-etched membranes were
studied. Multimodal (IR and fluorescence) two-dimensional correlation (2D-COS) spectroscopy was
used. Protocols for attenuated total reflectance (ATR) FTIR of WEOM are proposed. ATR-FTIR 2D-
COS provides larger volume of information on characteristic bands compared to traditional FTIR,
especially in C-H ranges (3000-2800 and 1450-1300 cm-"). Fluorescence excitation-emission-matrix
2D-CQOS showed that the indexes and ratios of humic- to protein-like compounds are reproducible,
exhibit significant variation among size fractions, with maximum amounts of saturated humic-like
compounds in the largest (2-10 um) and finest factions (0.01-0.03 um) while medium fractions (0.05-
1 um) are dominated by fulvic acids and fresh organic matter. Heterospectral fluorescence-IR 2D-
COS enhanced the accuracy of identification and assessment of WEOM group composition and
showed that C-H IR band intensities correlate with tyrosine-like EEM bands and biogenic
fluorescence indexes, while carboxylic components, with humate-like bands and humification
fluorescence indexes. Element profiles in WEOM fractions correlate with fluorescence indexes;
humification indexes, with P, S, Cr, Mg, Ca, Cu, and Zn; biogenic, with Mg, P, Cr, Cd, K, S, and Ca.

Keywords: two-dimensional correlation spectroscopy; IR spectroscopy; fluorescence spectroscopy;
dissolved organic matter; water-extractable particulate soil organic matter; soil colloids; chernozem;
size fractionation; ultrafiltration; track-etched membranes

1. Introduction

Dissolved organic matter (DOM) is found in varying amounts in all types of natural waters,
including soil solutions, surface and groundwater of various types, water from swamps, rivers, lakes,
seas, and oceans [1]. DOM is mostly made up of organic compounds of various, often unknown
composition, due to complexity, especially of humic nature, which are assessed as specific
compounds, the result of the transformation of plant substances in the process of soil formation. Such
compounds make up to 50% of the organic matter of natural waters [2]. The roles of DOM in nature
are diverse: the substances that make it up are not only a source of energy and nutrients for soil
microflora and terrestrial plants, but also carry out the transport of substances of various nature
within the soil profile, determine the redistribution of matter in the landscape, and participate in the
cycles of carbon and nitrogen at the global, planetary level [3,4].

In soils, DOM composition and properties are influenced by the nature and intensity of
agricultural cultivations, which change the composition of soil organic matter (SOM) as a whole and
the soil structure [5,6]. A change in DOM composition indicates a change in SOM as a whole [7]; the
material composition of DOM and the ratio of its constituent chemical phases are specific for different
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sources and may serve an indicator of the origin of organic matter of naturally existing substances [3]
as well as anthropogenically altered areas, e.g., storm sewage [8]. DOM as a carrier of exogenous
chemicals affects their mobility, ability to transform, thus changing their bioavailability or toxicity
[1,9].

The criteria by which DOM is determined and distinguished are now mainly abridged to
separation from the initial solution, whether natural water or an aqueous extract from a soil sample,
fractions with a particle size of less than 0.45 um. It is obvious that this fraction is quite heterogeneous
and includes particles not only of different nature (including inorganic), but also of various sizes.
During the movement of the water flows, the dimensional heterogeneity of DOM determines the
gradient of concentrations of certain compounds that are part of it, which in turn leads to the
redistribution of matter both in the soil profile or landscape, and in the catchment areas of water
bodies, river estuaries and coastal waters of seas and oceans [4,10]. At the same time, changes in the
composition of soil organic matter during active agricultural use also affect the material, and hence
fractional, composition of DOM.

In addition, SOM is often divided into free, existing as aggregated solid organic substrates, and
as organic matter, bound to the mineral matrix into organo-clay particles, including colloidal sizes
(less than 2 um or even less than 1 um) [11]. The latter part of SOM is referred to as soil colloids or
water-extractable particulate soil organic matter (WEOM) [12]. Studies of two size fractions of 53—
2000 pm and less than 53 pm of aggregated particulate organic matter and non-aggregated organo-
clay WEOM after chemical dispersion and obtained data on the differences in their material
composition associated with biogeochemical features of soil formation [13]. However, there are no
more detailed studies of SOM based on a separate analysis of the size fractions isolated from the
colloidal, the most mobile component of the soil phase [11].

In this regard, to be able to predict the spatial redistribution of matter, it is important to consider
the features of the composition of smaller fractions that make up DOM, to develop methods for
isolating and analyzing these fractions. As shown previously [14], track-etched membranes can be
used to isolate and separate WEOM.

The rapid development of membrane separation and purification technologies has led to the
new generation of membranes obtained by high-energy ion beam bombardment (track-etched
membranes), which are characterized by straight through channels with the same width and narrow
distribution by size (deviations from the nominal amount are units of percent) like on sieves [15,16].
However, there are also certain drawbacks, primarily related to the effects of the interaction of the
surface charge and the charges of the separated particles, which also affect the separation and
particles with a smaller size do not pass through the channels due to the occurrence of electrostatic
repulsion. Nevertheless, this effect can be neutralized by selecting separation conditions (e.g., by
recharging the surface of membranes or particles with neutral salt buffers) [17,18]. The choice of filter
material is also important. Membranes made of organic and inorganic materials are now available.
Among the organic materials, polycarbonate and PET seem to be optimum as they are transparent
and colorless in the UV/vis range, thus providing direct absorption-spectra and optical microscopic
measurements directly on membranes without sample removal. The absence of own fluorescence of
these materials makes it possible to carry out spectrofluorometric measurements on membranes as
well.

Among the methods of WEOM measurements, fluorescence spectrometry is currently most
often used for its qualitative composition [19-27]. This method provides high sensitivity and allows
for non-destructive analysis [26]. Various variants of spectrofluorimetry are used, e.g., gathering
emission spectra at a fixed excitation wavelength or synchronous fluorescence spectra [27]. However,
over the last 25 years, one of the most used variants of fluorescence spectrometry for DOM analysis
is fluorescence excitation-emission matrix (EEM or total synchronous fluorescence) techniques
[28,29]. Usually, EEM is accompanied by their analysis using various chemometric methods of
multivariate calibration; one of these generally accepted models is parallel factor analysis
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(PARAFAC) [30]. This method separates a given set of EEM into the data on fluorescing components
of different types that correspond to certain groups of constituent compounds [31].

IR spectroscopy also has a special position in studying the molecular composition of soils, and
especially the structural and group composition of SOM [32-42]. On the one hand, it is possible to
obtain structural-group information about the entire molecular composition of the soil, including
SOM [32,34-36,38—47]. On the other hand, IR spectroscopy also works with solutions obtained after
various types of extraction, which makes it possible to compare these data with NMR spectroscopy
or mass spectrometry data [48]. FTIR shows the possibilities of studying differences in narrow soil
fractions [49,50].

Elemental analysis is one of the most common methods for analyzing fractions of natural organic
matter [51,52]. ICP-AES analysis combined with direct injection of suspensions developed for
nanomaterials [53] provides the information on the bulk contents of elements to determine the total
mineral composition of the studied samples without preliminary decomposition (in the case of
membrane washouts) [14,37,54]. Recently, combined analysis of complex samples using both
molecular and atomic analytical techniques (multimodal spectroscopy) have shown the possibility to
reveal a large volume of new information on such samples including soils [55-57]. Here, the main
approach is to use correlation analysis [58], including more complex techniques like generalized two-
dimensional correlation spectroscopy (2D-COS).

The technique of 2D-COS is an enhancement on traditional spectroscopic methods, which turns
one-dimensional spectra into two-dimensional maps (matrices) to identify correlations between
individual bands in the spectrum [59,60]. The mathematical basis of 2D-COS makes it possible to find
the relationship between individual bands in a single spectrum (homospectral 2D-COS) or in two
spectra: in different regions for the same test object or for the spectra of the same object by different
methods (both are heterospectral 2D-COS). Apart from revealing the correlations between spectral
features due to various mechanisms of interaction, 2D-COS simplifies complex spectra with many
overlapping bands and may increase spectral resolution by separating overlapping bands along the
second axis of the correlation map. The spectral sets in 2D-COS are built by affecting the test sample
by various factors, which are called external perturbations (sample-changing factors). Usually, they
are heating [61-66], pH [67] or selective chemical reactions [68,69]. However, any physical or chemical
fractionation, separating the sample into characteristic size fractions, is also a very efficient external
perturbation for 2D-COS [49]. In fluorescence spectroscopy, 2D-COS is used for studying
fluorescence quenching factors and changes, mainly conformational, in biomolecules [70].
Fluorescence 2D-COS can resolve overlapping spectral information and reveal the predominant
types of soil organic matter [71] and aids in finding changes in humic substances due to pollutant
binding and environmental factors [72].

In IR spectroscopy, 2D-COS aids in identifying overtones and Raman bands, as well correlations
between the bands of inorganic and organic constituents [73-76]. 2D-COS is used in IR spectroscopy
to study polymers or living objects [77,78]. In soil analysis, IR 2D-COS expands the volume of data
on SOM for similar samples without additional sample preparation. In particular, , IR 2D-COS reveals
the bands of functional groups on soil particle surface, as well as both aromatic and aliphatic
components of SOM, including in the long-wavelength region (1000 cm and below), with
predominant mineral component contribution [79,80] and can aid in identifying the land use type
[49]. Heterospectral 2D COS of soils 2D-COS based on FTIR and fluorescence techniques is not
widespread and is used for obtaining increased information volume of whole SOM structure,
interactions, and spatial distribution especially for metal binding or biofilms [81,82]. There is almost
no data on the use of multimodal 2D-COS on soil particles, especially narrow and fine fractions of
WEOM.

Thus, the aim of this study was to demonstrate the possibilities of the multimodal spectroscopy
of fluorescence and FTIR, along with atomic-emission spectroscopies combined with two-
dimensional correlation analysis on narrow soil WEOM fractions of nano- to micrometer size range
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and to characterize the distribution patterns of organic matter and microelements in the wet-sieved
narrow fractions of chernozem soil.

2. Materials and Methods

2.1. Samples and Chemicals

Samples of Kursk chernozem (Haplic chernozem) were taken from the territory Federal State
Budgetary Institution “Kursk Federal Agrarian Scientific Center” were used to prepare water-
extractable particulate organic matter [49,83].

All aqueous solutions were prepared on deionized water (Type I, 18.2 MQ cm at 25 °C; a Milli-
Q Academic system, Merck Millipore, Darmstadt, Germany). Sodium azide to preserve the samples
was from Molekula Ltd. (Darlington, UK (purity > 99.5%). To acidify, samples were treated with nitric
acid (69%, PA-ACS-ISO grade) from Panreac (Barcelona, Spain).

2.2. Fractionation

At the first stage, soil samples were sieved using a Retsch AS 200 sieving machine (Haan,
Germany) equipped with sieves with diameters of 40, 20, 10, and 5 um (Precision Eforming LLC,
Cortland, USA). After the first round (an amplitude, 0.85 mm; time, 5 min), the whole set of sieves
was cleansed with 50 mL of deionized water, and the sample was sieved another round under the
same conditions.

The details for the second stage of sequential membrane fractionation are given elsewhere [14].
Sets of track-etched membranes made of polycarbonate (GVS Filter Technology, Bologna, Italy; pore
size, 5.0,2.0,1.0,0.8,0.4, 0.2, 0.1, 0.05, 0.03, and 0.01 um) and made of PET (REATRAK-Filter, Obninsk,
Russia; 5.0, 4.0, 3.0, 2.0, 0.4, and 0.2 pm) were used throughout. Fractionation was carried out on a
Mark 410 oil-free vacuum pump (Rocker Scientific Co., Ltd., Kaohsiung, Taiwan) and a home-made
setup containing two 1-L vacuum filtration flasks. One of the flasks is equipped with a stainless-steel
frit and funnel (Rocker Scientific Co., Ltd., Kaohsiung, Taiwan), the other flask, with a porous glass
filter, glass funnel, and an aluminum clamp (Borosil Ltd., Mumbai, India).

2.3. ATR-FTIR Measurements and Data Processing

A Vertex 70 (Bruker Optik GmbH, Ettlingen, Germany) with a KBr beam splitter, a DLATGS
detector, and a diamond ATR crystal with a temperature controller (GladiATR™, Pike Technologies,
Madison, WL, USA) was used for ATR-FTIR of aqueous samples as films produced by heating the
ATR crystal to a preset temperature. FTIR spectra were processed using OPUS 8.5 software.
Conditions are given in Table 1. The procedure for the FTIR measurements is also given in detail in
Appendix A.

Table 1. Conditions for registration of ATR-FTIR spectra.

Parameter Value
Measuring range, cm-! 4000-100
Resolution, cm-! 2
Number of background scans 128
Number of sample scans 128
Phase resolution 16
Phase Correction Mertz
Apodization Function Blackman-Harris, 3-term
Zero fill factor 2
Aperture, mm 8
Source mid-IR
Beam Splitter wide mid-IR—far IR (5i)
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2.4. Fluorescence Measurements

A Fluorolog FL3-22-Tau fluorescence spectrometer (Horiba Jobin Yvon, Montpellier France)
equipped with a 450 W xenon lamp, and two double-emission was used. To analyze the fluorescent
organic constituents, EEMs were obtained. Conditions of fluorescence measurements are
summarized in Table S2, Supplementary materials. Various variants of FS are used in the works, i.e.,
the emission spectrum at a fixed excitation wavelength, synchronous monochromators, and one
double-excitation monochromator. To eliminate the influence of the internal filter effect and self-
absorption, the samples were diluted with deionized water so that the absorbance of the solutions
did not exceed 0.1 at a wavelength of 254 nm.

Regions of the excitation-emission matrix corresponding to certain groups of compounds—
humic-like (A and C), tyrosine and protein-like (B), and tryptophan-, phenol-, and protein-like —were
selected according to [84,85], Figure 1 (green frames; their values are summed up in Table S3,
Supplementary information) and Table S3 (supplementary information. Also, to test and increase
selectivity and sensitivity, broader regions were selected, Figure 1 (light magenta frames), they are
summed up in Table 2.

Intensity

~18.0

- 14.4

~10.8

Excitation wavelength (nm)

Emission wavelength (nm)

Figure 1. Regions of the excitation-emission matrix that correspond to certain groups of compounds. Green
frames correspond to previously used boundaries [84,85] and light magenta frames, to broader boundaries

(marked with asterisks) also used in this study; fraction of 0.01-0.03 um.

Table 2. Regions of expanded (marked with the asterisk) excitation (Ex)-emission (Em) matrix corresponding to

certain groups of compounds [84,85].

Band name Ex wavelength Em wavelength Groups of substances
range, nm range, nm
A* 240-300 380-505 humic-like
B* 250-285 280-320 tyrosine-, protein-like
c* 300-390 380-505 humic-like
T* 250-285 320-400 tryptophan-, phenol-, protein-like

It was assumed that the integration of the selected regions (fluorescence regional integration,
FRI) represents cumulative response of the WEOM components [27]. Thus, the volume under the
surface of the i-th region of an EEM can be calculated using eq. (1). However, the resulting excitation—

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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emission matrices are discrete, so eq. (2) is correct in this case. The fraction for each area according to

©3) [27]:
o; = fEx fEm 1(Agxr Apm) dApx A A g, (1)
®; = Yex Xem ! Aex Aem) ApxDgm, )

Here, I(Aex, Aem) is the fluorescence intensity at the excitation wavelength Aex and the emission
wavelength Aem; AAex is the excitation wavelength step; AAem is the emission wavelength step; and Pi
is the partial sum fraction by volume for the i-th area of the excitation matrix-emissions, using which
it is possible to estimate the fluorescence components ratio.

Fluorescence indexes according to [25] —humification index (HIXewm), freshness index (BIX) (B/a),
fluorescence index (FI), and T/C peak ratio—were calculated as protocoled in [84,86-93]; Table 54,
Supplementary information. Also, the ratios of total intensities of regions corresponding to humic-
like substances (A + C or A* + C¥) to biologically active compounds (regions B + T or B* + T*) were
calculated. Also, the approach of two regions IV and V that reflect the integral fluorescence signals
(signatures) of humic-like (Region IV, em = 405-450 nm at ex = 290-310 nm, also aromatic structures)
and protein-like (Region V, em =400-410 nm at ex 275-300 nm, fresh organic sources) materials [27].

2.5. Other Equipment and Measurements

For element analysis, an axial ICP-OES 720-ES instrument with an SPS3 autosampler (Agilent
Technologies, Santa Clara, CA, USA) was used throughout. The details and conditions of
measurements were as in [14] and are summarized in the Supplementary materials. To study the
leaching of the plasticizer from polycarbonate analytical track membranes during membrane
filtration, the absorption spectra of aqueous filtrates and flushing water in the visible and ultraviolet
regions were recorded using a Cary 4000 spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA) and a quartz spectrophotometric cell (optical path length, 1 cm).

2.6. Correlation and 2D-COS Analysis

Simple correlation analysis was made using Origin Pro software (OriginLab, Northampton, MA,
USA). Building 2D-COS maps was implemented using OriginLab Origin Pro 2021b using 2D
Correlation Spectroscopy Analysis app (OriginLab Technical Support,
https://www.originlab.com/fileExchange/details.aspx?fid=497).

Matrix spectra (assemblies) for 2D-COS were assembled with the sieved fraction size as a
perturbation variable. The spectral assemblies were built by the size increase from fine to coarse
fractions. In all cases in this study, the spectra were averaged taking into account the average
numerical size of fractions and the Pareto function was used to reduce the dominance of large peaks).

For the purposes of 2D-COS data processing, the numerical values of the average fraction sizes
(0.01, 0.02, 0.075, 0.15, 0.3, 0.6, 0.9, 1.5, 3.5, 7.5, and 10 pm were used as the values for the perturbation
variable in 2D-COS calculations.

Homospectral synchronous and asynchronous maps were built for each size fraction for the
whole measured ranges of FTIR and fluorescence measurements. Synchronous maps were not
normalized; asynchronous maps were normalized to the average value of all the correlation.

Heterospectral FTIR synchronous and asynchronous maps were built for each size fraction for
the whole studied range and for characteristic ranges 700-650 cm-, 900-800 cm-', 1800-1200 cm-?,
and 3000-2800 cm'. The normalization was the same as for homospectral 2D-COS.

Heterospectral FTIR-fluorescence synchronous and asynchronous maps were built for each size
fraction for the characteristic range 280-510 nm of the fluorescence spectrum (excitation, 265 nm) and
for characteristic IR ranges 700-650 cm-!, 900-800 cm, 1800-1200 cm-', and 30002800 cm-'. The
normalization was the same as for homospectral 2D-COS.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.7. Experimental Procedures

Membrane plasticizer leaching was used exactly as described previously [14] and given in the
Supplementary information (Procedure S1). An experiment was also carried out, which consisted in
sequentially passing 50 mL of deionized water (a total of 250 mL) through a membrane with a pore
size of 0.05 um to check the leaching of the plasticizer in dynamics.

Extraction of organic matter was made for cold extracts. A 40-g sample of chernozem, previously
ground in a jasper mortar, was placed in a 700-mL Erlenmeyer flask. Then 400 mL of deionized water
atroom temperature (1 g soil per 10 mL of deionized water) was added [94]. The resulting suspension
was shaken on a laboratory shaker for 1 h [95] and then defended for 30 min.

WEOM particle size fractionation [14] by sequential membrane filtration was used exactly as
described previously [14] and given in the Supplementary information (Procedure S3). Before each
step of filtration, the system was rinsed with 100 mL of deionized water to remove the remaining
plasticizer from membranes and wash the vessels. Thus, the following fractions were obtained: 2-5
pm, 1-2 um, 0.8-1 um, 0.4-0.8 um, 0.2-0.4 um, 0.1-0.2 um, 0.05-0.1 pm, 0.03-0.05 pm, 0.01-0.03 um,
and <0.01 pm. Washing particles from membranes was used exactly as described previously [14] and
given in the Supplementary information (Procedure S4).

3. Results and Discussion

3.1. Degree of Plasticizer Extraction from Membranes During Membrane Filtration

Since in this work, membranes are used to separate organic substances (albeit in a sorbed state)
with subsequent analysis by sensitive methods, the first stage was to study the effect of the membrane
material on the resulting fractions, since in addition to the main component (in this case,
polycarbonate), membranes also contain a plasticizer. For this purpose, spectrophotometry was used
to assess the total content of leachable organic compounds (and fluorescence spectrometry we
analyzed flushing water and filtrates obtained during blank experiments. From the spectra in the UV
and visible region (Figure 2) for polycarbonate membranes of absorption shows that the highest
absorbance is observed for a flush water sample obtained for a membrane with a pore size of 0.01 pm
(0.055 at A =200 nm), the lowest for a membrane filtrate of 1 pm (0.02 at A =200 nm). This difference
can be explained by the duration of filtration: for membranes with smaller pore sizes, the process

took a longer time, thus a larger amount of the plasticizer passed into solution.

0.06 —— washout 1 ym
\ filtrate 1 uym
\ h A0
0.05 0.1
\ @
\ o
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s ©
0.04 \ £0.01
© N I}
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5 0037 \ 0.001
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Figure 2. Absorption spectra of flushing water and filtrates obtained during blank experiments using

polycarbonate analytical track membranes with different pore sizes and (inset) absorption spectra (with a
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logarithmic Y axis) of a series of filtrates obtained sequentially (violet, 1; blue, 2; green, 3; yellow, 4; and red, 5)

in blank experiments using polycarbonate analytical track membranes with a pore size of 0.05 pum.

During the leaching test of the plasticizer from a membrane with a pore size of 0.05 um over
time (Figure 2, inset) found that the highest absorbance is observed when the membrane is washed
with the first 50 mL of water (0.1 at A = 200 nm). For subsequent filtrates, the optical density was
already less than 0.02, therefore, it can be assumed that most of the plasticizer is washed out during
the first two stages of their washing.

Spectrofluorimetric analysis (Figure S1, Supplementary information) showed the presence of
organic matter, including humic-like compounds, in the washes and filtrate for membranes with a
pore size of 1 and 0.01 um, which is indicated by the characteristic outlines of the obtained fluorescent
matrices. The latter may be associated with the vital activity of microorganisms in the obtained
samples. The obtained intensities for these fluorescent EEMs are significantly lower than for that
characteristic to fractions of SOM. Based on the data obtained, it was decided that the membranes
should be washed with 100 mL of fresh deionized water before use, to wash out the plasticizer.

Thus, we confirmed the initial hypothesis that the plasticizer can be extracted from the
membranes during the fractionation process and affect the determination of organic substances.
However, such an impact can be estimated as insignificant on the methods of analysis that are used
in the work. However, a procedure for washing 100 mL of deionized water has been proposed to
reduce this effect, primarily on fluorescence spectra.

3.2. FTIR Analysis

To separate inorganic and SOM constituents, the entire examined mid-IR and far IR range (4000
150 cm1), was separated into four regions. These zones are the hydrogen-bond and CH-region (4000—
2800 cm™), the SOM region (1700-1170 cm™), the Matrix I region (quartz overtone region, 1170-800
cm-'), and the Matrix II region (quartz lattice region, 800-150 cm™') [36,47,49,50,96,97]. These areas
include the predominant SOM or matrix bands and may be easily and consistently divided into
distinct groups for all comparable samples. However, certain provisional borders, such as those at
1170 and 1700 cm-" are acceptable [47]. The ranges of 4000-3775 and 2560-2000 cm™ containing bands
of atmospheric water, carbon dioxide and artifacts associated with the ATR-FTIR diamond crystal
absorption are excluded from the analysis. The bands are summed up in Table 3.

Table 3. Band assignments for WEOM size fractions by ATR-FTIR [35,97-138].

Wavenumber, . . . . .
em-1 Inorganic (matrix) constituents Organic constituents
3695-3690 unbonded SiO-H stretch, tilted (kaolinite, .
clay) [113]
3625-3620 hydrogen-bonded SIC.)—H“'HZO stretch _
(amorphous species) [111,112]
3390 combination band NaNs = 1350+2043 _
[100,101]
3390 and 3270 antisymmetric and symmetric hydrogen- _
bond ensembles
2960 antisymmetric stretch of (alkene)
methylene groups [104,106-108]
9940-2920 and antisymmetric and symmetric
9855-2850 — stretch of methylene groups
[104,106-108]
(o . .
2810 _ (?) C-H stretching adjacent to
carbonyls
2770 — —

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0216.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 December 2025 d0i:10.20944/preprints202512.0216.v1

9 of 32

hydrogen-bonded O-H stretching

2670 - vibrations in carboxylic acids [50]
2380 ambient CO2 —
2340 ambient CO2 —
2040 NaNs —
1740-1730 — Carbonyl, conjugated or esters
Carboxyl, antisymmetric stretch,
1680-1670 — or Amide I

alkene —C=C- stretch,
(?) substituted aromatics
bend (v2) of the covalent bonds of liquid
1645-1630 absorbed water [122] and OH groups, O-H —
stretch
hydrogen-bonded sioh-hz0, ho-h stretch

1620-1615 (amorphous) [113] B
1580 _ Carboxylate, antisymmetric
stretch
Aromatic C=C stretch
1520 _ Amide II band (primarily -N-H
bending and C-N stretching)
SiO2 combination band [110]
1500 — aromatic C=C stretch
Scissoring C-H bend
(deformation)
antisymmetric bending in -CHj
1480-1460 — [123]
(?) C=C stretching and ring
breathing vibrations in aromatic
compounds
carbonate, antisymmetric stretch [114],
1450-1440 dolomite [124] B
1415-1405 carbonate, antisymmetric s'tretch calcite _
[125], clay or carbonate minerals [109]
Carboxylate, symmetric stretch
1390-1380 _ nitrate from nitrogen fertilizers

[126]
symmetric bend in -CHj [127]
—C-H bend (deformation)
1310-1300 — vibrations, including amorphous
and crystalline cellulose [128]
Carboxyl, antisymmetric stretch

1280 N or S5iO2 combination band
1120-1100 a.nd 0O-Si-O stretc.h i _
crystalline/amorphous SiO: species
1090 Carbonate, symmetric stretch [125] Cellulose
SiOz, (kaolinite, illite)
1070-1050 0-5i-0 lattice antisymmetric stretch —
[119,131,132]
. . Carbohydrates + PO4? stretching
1 1 — h
035 quartz lattice O-Si-O stretc (1100-1000 cm-) [138]
3 .
1010 Si-O-Si stretch [131,132] Carbohydrates + PO4? stretching

(1100-1000 cm-1) [138]
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975
930

912

900
890
880-875

865

850
840

825

810-805

797
715

697

685

668
655
638

525-520

510
460-450
430

375
347

308

296
263

225

200-190
174
130

amorphous silica, Si-OH including
biogenic [131,132]
Silicate, aluminosilicate, overtone [118]
—Si—-O-[105]; overtone SiO2 =2x450 in
aluminosilicates and silicates + AI-OH
bending [99]

Si-O stretching in silicates
Si—O-Si stretch in quartz
Carbonate, out-of-plane bend [125]
Si-O-5i stretching (sheet silicates, some
aluminosilicates [131,139]

Si-O (quartz/silicate, aluminosilicate)
-S5i-O-[105]

Si-O stretch in feldspars and
aluminosilicate [131,139]
symmetric stretching vibration Si-O-5i,
silica, amorphous [102]

O-5i-O stretch
Carbonate, in-plane bend [125]
Si-O-5i bend (including aluminosilicates)
[131,139]

Si—O-S5i (crystalline forms, aluminosilicates)
[131]

CO2
Al-O-Si in aluminosilicates
NaNs out-of-plane bending [140]
silicate O-5i-O bend [119], including
bending or deformation modes of silicate
frameworks or associated alumina
environments in complex silicates [135]
0-5i-0 or Si-O-Si bending in both
crystalline and amorphous silica species
O-5i-O bending of bridging oxygens
O-5i-O bending of bridging oxygens Mg-
OH, Al-OH (clay minerals)
R(SiO4) [109]

SiO2
crystalline matrix (clay or carbonate
minerals) [136]
lattice vibrations
o-quartz [102]
lattice vibrational modes in minerals and
crystalline materials (involving collective
movement of atoms or ions in the crystal
lattice) [137]
crystalline matrix (clay or carbonate
minerals) [136]

NaNs lattice [141]
crystalline matrix (clay or carbonate
minerals)

C-H bending (non-aromatic)

C-H aromatic compounds,
bending

C-C in-phase vibrations
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3.2.1. Hydrogen-Bond and CH-Regions (4000-2800 cm™)

This range of SOM IR spectra is largely related to the vibrations of OH groups in clay minerals,
absorbed water as well as aliphatic carbon chain stretching. So, on the shoulder of a wide band of
OH-groups (Figure 3), for all fractions with a particle size greater than 1 um, bands of hydroxyl
groups associated with metals in clay minerals at 3696 and 3620 cm™ are visible. In turn, a narrow
band at 3390 cm-! is characteristic of sodium azide, which was used as a preservative. It should be
noted that this band was not observed for all fractions, which may be due to problems in depositing
the sample in the form of a film on the ATR diamond crystal (see below). The relatively narrow bands
at 2926 and 2854 cm™! are also of great interest. In the literature [97], these bands are often associated
with C-H stretching in aliphatic chains. It must be mentioned that unlike other bands, bands assigned
to the C-H stretching are pronounceable both for larger (> 1 um) (Figure 3, a) and smaller (< 1 um)
(Figure 3, b) size fractions.
A

<10 ym

aquartz NaNy, 173 on”"

—— 5-10 pm| 2.0
——2-5pum
- 1-2ym ——08&1um }
‘n‘ ——04-08um NaNg, 638 cm
@ 9 | o-quartz 18 —0.2-04pm
2 2 2 ———0.1-02 ym
38 | 8 00501 ym
E | § 0.01-0.03 ym
® l ® <0.01 m
|-
E bonded silicate “/\ é 04+
5 14 | H-bond continuum J} 5 2850 ow!
z ‘ I =z NaNy, 3390 cm " 2920 ey
By \/Jw s No-auerz 7
IR 1Y / \ \ 0.2 ‘
Wi N SR\ S
I Lt s |
~N, N N
- v\/ e T e
e 00 F T T T T T T
7 1
3600 2800 1600 1000 800 600 450 250 180 100 400 3500 3000 2500 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)
(a) (b)

Figure 3. Full smoothed normalized IR spectra (4000-100 cm) for (a) four large fractions with a particle size of
1 to 10 pm, azide bands removed. For clarity, the abscissa axis is represented on a logarithmic scale, and the
spectra are shifted (orange rectangles indicate areas where most absorption bands of narrow fine fractions

appear) and (b) fractions with a particle size of less than 1 um.

0035 - o
>HC-H 03
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Figure 4. Smoothed IR spectra with baseline correction for the selected range of wavenumbers: (a) 3100-2700

cm and (b) 1800-1200 cm™'. For the purposes of 2D-COS data processing, the numerical values of the average

fraction size are shown.
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In the CH range (Figure 4, a) in general, a greater number of methylene groups in medium and
small fractions are found, while in large fractions, methyl group is manifested as dominating. It is
noteworthy that in the middle fractions, the band at 2800 cm!, which is usually correspond to
‘aldehyde’ neighboring C-H is manifested (which may be the reflection if sugar contents).

3.2.2. SOM Region (1700-1170 cm1)

In the spectral range of 2500-1250 cm™' (Table 3 and Figure 4, b), only two distinct bands were
observed for all fractions with a particle size greater than 1 pm. The first of them, the composite band
at 1630 cm™, is associated in the existing literature data with stretching vibrations -C=C- in aromatic
compounds that are part of soil organic matter [50]. At the same time, this band can be a manifestation
of vibrations in soil water and SiO: (Table 3). Also, bands in the range of 1650-1600 cm-" can be
associated with asymmetric C-O vibrations in carboxylates, which may indicate the presence of
lignin and/or various aromatic and/or aliphatic carboxylates in the fractions [142]. This band will also
be discussed below. The band at 1410 cm™, in turn, can be attributed to vibrations of the hydroxyl
group associated with magnesium in minerals such as brucite [109].

In large fractions, the band of water absorption is visible, which practically disappears in
medium and small fractions (Figure 4, b). Carboxylic species manifest themselves in all the fractions
(Figure 4, b). While in the smallest fractions they appear as carboxylate bands, in the rest of fractions
they are bands of undissociated carboxylic acids. Figure 6 shows that in small fractions, the bands
corresponding to CH groups at 1500 and 1300 cm-! are more pronounced.

3.2.3. Matrix II and I regions (1170-800 and 800-150 cm-?)

In the range of 1250-100 cm-! (Figure 5) of the obtained IR spectra, bands related to the inorganic
soil matrix predominate[97]. Most of the intense bands in the spectra are associated with Si-O
vibrations in quartz or silicates (Table 3). For example, the band centered at ca. 1020 cm is attributed
to Si-O stretching vibrations in quartz and/or clay minerals. Also, in this range there are bands related
to vibrations of the Mg(Al)-OH group (915, 780, 750, and 430 cm-?) in such clay minerals as kaolinite
and smectite, and iron oxides (655 cm-1). At the same time, the organic component also contributes to
many of these bands. In several studies [143,144], these bands are also associated with the presence
of cellulose and lignin (1090 and 1030 cm™) in SOM, with C-H vibrations in aromatic and aliphatic
compounds (800 and 605 cm-1).

" A 0.05
silicate \ :gg; —o01
[\ silicate 0075 quartz - g.g;s
0.08 - [ . g;s N 015
| | siicate aluing 06 0.044 o8
| X o9
\ 15
\ —35
4 —75
g 0.06 8 0.03 \ 10
5 5 \
g 8 |
S = \ CO;
20,044 § 0.02 1 RN co,
<< << /4
/' quartz (?) }
0.01 -// ix» ;/ ) silicate,
0.02 4 = Y iron oxide
\ aluminosilicate
0.00 4
0.00 T T T —T ~ T T T T T T 1
920 900 880 860 840 820 710 700 690 680 670 660 650
Wavenumber Wavenumber

(a) (b)

Figure 5. Smoothed spectra with baseline correction for the selected range of wavenumbers; (a) 930-810 and (b)
710-650 cm™'. For the purposes of 2D-COS data processing, the numerical values of the average fraction size are

shown.
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In general, in the long-wavelength range of the spectrum (less than 800 cm-1), vibration bands of
carbonates, quartz, and iron oxides predominate. However, at the same time, C-H vibration bands
in aromatic compounds and/or N-H vibrations (out-of-plane vibrations in primary amines and
wagging vibrations in secondary amines) can be present in this range [99].

The principal limit of fraction size is 1 um, before which alpha-quartz dominates in the spectra
(Figure 3). For smaller fractions, quartz bands are almost invisible, and no new bands appear (Figure
3). All fractions are available in four ranges: 3000-2750 (CH), 1750-1200 (SOM), 900-800, and 700-650
cm! (both are silicate, possibly SOM); Figures 4 and 5.

It is confirmed that quartz dominates in large fractions (Figure 5, in medium fractions bands of
carbon dioxide are visible). Silicate dominance is seen in large fractions (Figure 5, b), while in finer
fractions, the higher intensities of bands corresponding to aluminosilicate and alumina are found.
The data correlate well with elemental analysis of these fractions [14]. In medium and small fractions,
Al-O bands are manifested (satisfactorily correlated with elemental analysis, [14]), Figure 5, b.
Carbonate bands appear everywhere (pronounced in large areas, shoulder bands in small and
medium-sized ones), Figure 5b.

3.3. IR Correlations

To test the attribution hypotheses, homospectral 2D-COS maps were constructed, Figure 6. In
the silicate range 700-650 cm-! (Figure 6, a) as expected, the quartz band correlates with itself, a very
weak correlation with probable iron oxide band at 550-590 cm-'. From the asynchronous map (Figure
6, b), one can see that the band changes differently than the background around it. In total, 2D-COS
information fully confirms the analysis of direct ATR FTIR data for this range.

In the range 900-800 cm™ (Figure 6, c), the synchronous map shows that the band at 880 cm™!
should be assigned not as a carbonate band as it is well correlated with other SiO: bands.
Asynchronous map (Figure 6, d) also says that the band of 880 cm is consistent with the bands of
Al-O and is not the band of quartz. Overall, the bands show the correlation of Al and Si, which is
consistent with [14]. In the range 1800-1200 cm-' (Figure 6, e), the water band dominates; there is a
weak correlation of carboxylates with it (the synchronous map). The asynchronous map (Figure 6, f)
shows that carboxylate bands change in the way opposite to C-H. In the range of 3000-2800 cm"
(Figure 6, g), synchronous maps show an obvious correlation of methylene, while asynchronous
reveal different behavior of the region of sugars and the region of other C-H. Nevertheless, this
information fully confirms the data obtained from the traditional spectra giving no new information.
Thus, IR homospectral correlations did not provide any new valuable information and mainly
confirm the attribution of the IR spectra themselves.

For additional verification, synchronous heterospectral correlations of regions are constructed
(Figure 7), asynchronous maps do not provide any reliable information and probably need even
larger numbers of fractions. The comparison of ‘inorganic’, low-wavenumber ranges of 700-650 cm-
1 and 900-800 cm-! related to quartz and aluminosilicates (Figure 7, a) show that the questionable
band of iron oxide (see above) is most likely a silicate as it correlates with most silicate bands found
by IR spectra and homospectral IR correlations. Comparison of SOM dominating ranges, 1800-1200
cm and 3000-2800 cm! (Figure 7, b), shows excellent correlation of the ranges of bending and stretch
vibrations of -C—H. This fact confirms that the ranges 1500-1390 cm-!, which cannot be elucidated
from direct FTIR measurements, is C-H. Interregional heterospectral correlation of regions of 1800
1200 ecm and 900-800 cm' (Figure 7, c) shows that the adsorbed water band at 1630-1610 cm-!
correlates with silicate (bands at 900 and 700 cm?).
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of particulate SOM for the ranges (a and b) 700-650 cm; (c and d) 900-800 cm’; (e and f) 1800-1200 cm™'; and

(g and h) 3000-2800 cm-.
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Figure 7. Synchronous heterospectral ATR FTIR 2D-COS maps of particulate SOM for the ranges (a) 700-650
cm! and 900-800 cm™; (b) 1800-1200 cm~ and 3000-2800 cm~!; and (c) 1800-1200 cm™ and 900-800 cm-.

Thus, most of the conclusions on the band assignment made by direct IR spectra are confirmed
except for carbonate and iron oxide. However, heterospectral IR-IR correlations of the same spectra
show much larger volume of information a provide a way to extend the information on the bands,
based on the C-H range, confirming other hydrocarbon groups and all allow excluding unreliable
information like of iron oxide, which proves to be silicate matrix band.

3.4. Fluorescence Measurements

Correspondence of various regions of EEM to certain groups of compounds was first made in
1996 [85], in which, however, not regions, but individual bands corresponding to these regions were
marked. So, the authors write that the B band of tyrosine- and protein-like substances can be detected
at a pair of wavelengths (ex, em) = (275, 310 nm), the T band (tryptophan- and protein-like
compounds) at a pair (275, 340 nm). Two bands are identified in the work, which the author correlates
with humic-like substances (bands A and C) can be found at (ex, em) = (260, 380-460 nm) and (eX,
em) = (350, 420-480 nm, respectively. The existence of a marine humic-like compounds region should
also be noted. However, this does not mean that it cannot be present in such samples, since this band
was found in a non-marine environment [25]. In this study, marine-origin humic-like substances were
not considered as the preliminary studies showed that the corresponding range show very weak and
irreproducible intensities in EEMs.

In [84], the intervals were somewhat expanded: the bands became regions. The authors of this
work also introduce slightly different notations for these areas (Table S3, Supplementary
information). In later works, the ranges were also slightly expanded [25,145], and new groups of
compounds were added in addition to those already mentioned. Thus, in [145], such groups of
compounds as hydrophobic fulvic acids or soluble waste products of microbes can be distinguished,
while not dividing the area of humic acids into two areas, as in previous works. The EEM fluorescence
spectra for different size fractions are shown, with the fluorescence intensity being normalized on
xenon lamp emission intensity (Figure 8).
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Figure 8. Excitation-emission matrices for obtained narrow size fractions of chernozem soils.

In general, the shape of the matrices was comparable for all the obtained fractions and
expectedly, marine based peak of humic substances was negligible in all the fractions, and it was
excluded from the consideration (Table S3, supplementary information). However, integral
intensities and the positions of fluorescence-intensity maxima of the resulting peaks (A, C, B, and T)
and their ratios varied significantly throughout the size profile. For fractions above 10 um, 5-10 um,
2-5 um, 0.05-0.1 pum (less intense that other fractions in this list), and also below 0.01 um, peaks at
(ex, em) = (260-270; 450-490 nm) (A) and (ex, em) = (315-330; 420-460 nm) (C) designated to humic-
like substances are the most pronounceable (Figure 8). According to [146], A and C peak positions
depend on their origin, fulvic or humic acids. In all the fractions the above major peak positions show
that they are contributions from mainly fulvic components of SOM. However, a secondary, red-
shifted peaks in regions A and C at (ex, em) = (260-270; 510-540 nm) for A and (ex, em) = (350-365;
510-540 nm) for C are rather clearly seen for all the above fractions and also for the fraction 0.2-0.4
pm, which is quite different from all other fractions. This is the evidence of the contribution of humic
acids [146], which seem to dominate the fractions of 2-5 um and 0.2-0.4 um.
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The other group consists of fractions of 1-2 um, 0.8-1 pm, 0.4-0.8 pm, 0.1-0.2 pm, 0.03-0.05 pm,
and 0.01-0.03 um. For these samples, the tyrosine-like substances peak B at (ex, em) = (270-280; 300
320 nm) is more distinguishable than humic- or tryptophan-like bands. The rest of the samples (2-5
um, 0.2-0.4 um, and 0.1-0.2 um) contained bands corresponding both with humic-like, and tyrosine-
like substances. The most intense EEMs were for fractions above 10 um, 5-10 pm, and below 0.01 um
when the fluorescence intensities of other fractions were much less in their values. It is worth
mentioning that the largest and finest fractions show similar EEMs, quite different from medium
fractions.

Obtained fractions significantly differ from each other in terms of the fluorescent components
content of organic matter. Figure 8 shows that the initial and final fractions are identical to each other
in composition (in this case, a change in the content of less than 5 units was not considered
significant). However, the intermediate fractions differ very significantly. Thus, from fractions with
a larger particle size to fractions with a smaller one, there is a tendency for a decrease in the total
content of humic-like compounds and an increase in the content of tyrosine-like substances with a
maximum value of 50.3% for a fraction of 0.03-0.05 pm. At the same time, the content of tryptophan-
like compounds for all fractions is <1%, which may be due to insufficient coverage of this EEM region
during the study. In many studies, for example, in [27], the main band of tryptophan-like compounds
is at Aex =200-250 nm, but in the present work, the excitation wavelength range Aex=240-550 nm was
analyzed.

The analysis of main fluorescence parameters show that the approaches to select humic- and
non-humic compounds by A, C, B, and T ranges [84,85] and Regions IV and V [27] show the same
picture(Figure 9, a); both decrease for fine fractions below 1 um and then start to increase for fractions
below 0.1 um, the finest fractions show the values close to large fractions. The difference of data for
regions selected in the previous studies (Table S3 [84,85]) and the regions expanded from the
experimental values (Table 2) is negligible, but the reproducibility of values obtained for expanded
ranges is better because the excitation ranges for the studied samples are redshifted compared to
previous studies, and the regions are broader, which is accounted for in the expanded ranges A*, C¥,
B*, and T*.

Figure S2 shows that the contribution of peak A to the total value of humic-like compounds is
approximately the same, and the main difference in the amounts of humic-like compounds is peak
C, mainly to contribution of the secondary band at 525 nm of more condensed humic substances in
the largest and the finest fractions (Figure 8). This is well correlated with the increase in methylene
groups in IR spectra at 2925 and 2860 cm™! (Figure 4, a).

W HS:BE (A+C):(B+T) W HS:BE Region IV: Region V
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Figure 9. Distribution of fluorescent organic matter components, (a) region and peak area ratios and (b) integral
indicators (freshness index (BIX) (f/a) and fluorescence index (FI)) between narrow fractions. Inset in (a) are
relative abundances of humic- (HS) and non-humic (BE) components according to sums of AC-BT intensities;
red line in (b) marks the value of 1.

Figure 9, a inset shows the profile of the sums of humic-like and non-humic components along
the profile (a detailed picture for all the expanded ranges A* C* B* and T* is given in the
supplementary information, Figure S2). It shows the similarity of the largest fraction of 5-10 um and
the finest fraction of below 0.01 um. Similarly, the next large fraction of 2-5 pm and the second finest
fraction of 0.01-0.03 um also show the same values. For all these for fraction, the humic-like
compounds dominate (80%). For the middle range of fractions 0.03-2 pum, the ratio of humic to
protein-like compounds decreases (Figure S3, Supplementary information 3-fold compared to the
largest and finest fractions, and the percentage of humic-like compounds is around 60%.

As for main fluorescence indicators, their values along the profile of size fractions id different
(Figure 9, b). FI changes rather significantly, while there are no certain trends the values along the
size profile. FI values for the majority of fractions are ca. 1.2, which evidences main terrestrially
derived (allochthonous, plant-produced) DOM, while for fractions 0.03-0.05, 0.05-0.1, 0.4-0.8, and
above 1 um the values are ca. 1.5, which shows in increase in the contribution from autochthonous
(microbially derived, recently produced) sources.

BIX index also changes little; the values are around 1 meaning a considerable share of newly
produced DOM [147]. The changes in BIX correlate well (reciprocally) with the changes in the ratio
of humic and non-humic compounds (Figure 9, a and b): the lower BIX values of fractions of 5-10 um
and 2-5 um indicate higher humic-like substance amounts.

T/C index changes to the maximum extent Figure S4, a, medium fractions are the largest, the
values for fractions 2-0.03 um show values above 1, in the range 0.8-2, which indicates recently
appeared organic constituents, probably of fresh (microbial) origin [148]. For the largest and the finest
fractions T/C values are significantly below 0.5, which shows the dominance of condensed organic
compounds. This indicator is quite correlated with the data from IR spectra: the medium fractions
show methylene groups in IR spectra at 2925 and 2860 cm (Figure 4, a) as well as much higher
intensities of bands, corresponding to CH at C-O bands at 2800 cm™! (Figure 4, a) and carboxylic acids
(Figure 4, b).

HIXem humification index values also differ significantly (Figure S4, b, Supplementary
information) and they correlate quite well with the total intensities of the bands and regions (Figure
9, a). HIXem decrease rather significantly in medium fractions compared to two largest and two finest,
from the values of 0.9-1 to 0.7. This is the indication of less condensed constituents in medium
fractions [87], which correlates with dominating fulvic components indicated by the BIX and FI and
the redshifted secondary bands in bands A and C (Figure 8). Along with BIX values for these fractions
of 0.8-1.0 (Figure 9, b) and HIX of 3-5 (Figure 54, b) probably indicating weak humic character of
SOM in these fractions with strong contribution from autochthonous components [149]. Much higher
values of HIXem (above 10) for the largest and finest fractions, according to [87] result from lower H/C
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ratios in SOM (more aromatic, less hydrogen-saturated), i.e., from more condensed, terrestrially
derived, well-humified WEOM leading to redshifted fluorescence emission. This conclusion supports
the conclusion on BIX and F/I indexes. In total, HIXem is well correlated with intensities of A and C
peaks, and their sum (Figure 10).

A c A+C  HIXgy T B B+T BIX (B/a) T/C Fl

-0.10 [gR:rY -0.45

0.41 -0.42
0.34 1 0.72 -0.01

0.41 0.42

BIX (B/a) {-0.10 -0.59 -0.41 -0.37 0.41 0.34 0.41 0.39 -0.27

oo D e -~ -

Fl 4-045 -0.37 -042 -0.40 0.50 -0.01 0.42 -0.27 0.27

-0.40

o

.41 0.50

B+T

Figure 10. Correlations of area intensities and fluorescence indicators (humification index (HIXem), freshness
index (BIX) (B/a), fluorescence index (FI), and T/ C peak ratio), divided into mainly highly humified (brown
background) and freshly created SOM (green background).

Correlations of other indexes BIX, T/C peak ratio, and FI are expectedly correlated with
intensities of B and T peaks and their sum (Figure 10). As B peak has the minimum intensity of all the
regions, its contribution to total correlations is lower than for peak T. In total, indexes are well
correlated with intensities of whole areas (Figure 9, a, either as sum of corresponding bands A+C and
B+T (Tables 3 and S3, Supplementary information) or Regions IV and V according to [27]. Among all
the fluorescence indexes, the lowest correlation with other indexes is for FI index. Also, HIXem and
T/C values are reversely correlated; other indexes are not significantly correlated. Thus, Figure 10
demonstrates a clear separation of fluorescent markers associated with humified organic matter (A,
C) and that of microbial and root plant origin (T, B). It should be noted that the BIX index, which is
actually an indicator of fresh organic matter, weakly positively correlates with B (tyrosine-like
structures), T (tryptophan-like), A + T structures, and weakly negatively with humified (A, C, A+ C),
indicating a generally low biological activity associated with the isolated fractions of microbiota. A
similar conclusion was made in the previous study of water-soluble SOM of similar soil as a whole
[7].

Thus, fluorescence data, both excitation—emission matrices and the main fluorescence indicator
show a noncontradictory picture of most condensed non-oxidized WEOM in largest particles above
5 um and below 0.03 um, and higher amounts of less-condesed and more oxidized SOM in the middle
fractions, with the domination of fulvic acids and a much higher fractions of fresh (tryptophan-like)
organic matter in these fractions. These data agree well with the data from IR spectra.

3.5. IR-Fluorometry Heterospectral Correlations

A synchronous correlation of all four bands A, C, B, and T with the main range (280-510 nm) of
the fluorescence spectrum at an excitation of 265 nm (Figure S5, Supplementary information) with
characteristic bands of IR spectra was carried out (Figure 11).
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Figure 11. Synchronous heterospectral IR—fluorescence 2D-COS maps of particulate SOM for the ranges (a) 300—
500 nm (fluorescence) and 650-750 cm™! (FTIR); (b) 300-500 nm (fluorescence) and 800-950 cm~ (FTIR); (c) 300—
500 nm (fluorescence) and 1800-1200 cm~! (FTIR); and (d) 300-500 nm (fluorescence) and 3000-2700 cm~ (FTIR).

Comparison of fluorescence spectra with the IR region of 700-650 cm- (Figure 11, a) shows that
quartz silicate correlates with the region of tryptophan-like compounds (320-400 nm) and does not
correlate with tyrosine-like (up to 300 nm) and humic-like (400 nm and above). This fully agrees with
the heterospectral correlation with the IR region of 900-800cm (Figure 11, b).

On the contrary, comparison of fluorescence spectra with the IR region 1700-1200 cm-! shows
that tyrosine-like bands (300-320 nm) mainly correlate with C-H IR bands at 1450-1300 cm-', while
humic-like fluorescence bands at 380-500 nm correlate well with carboxylates and carboxylic acids
(1690-1650, 1570-1450, and 1390-1270 cm™), and nothing correlates with tryptophan-like ones
(Figure 11, c). This agrees well the conclusion on the fulvic-acid amounts as a difference in the
medium and the largest and finest fractions (see the previous section. Adsorbed water IR bands do
not correlate with anything.

The comparison of fluorescence spectra with IR region 30002800 cm-! (Figure 11, d) fully
confirms the 2D-COS for region 1700-1200 cm™: the entire range 2950-2810 cm-! correlates with
tyrosine and humate-like fluorescence bands, there are no correlations of IR bands in this range with
tryptophan-like substances (band T) in the fluorescence spectra.

Thus, heterospectral fluorescence-FTIR 2D-COS not only makes the direct correlations between
the types of organic matter based on certain functional groups in IR spectra, but it provides a more
detailed confirmation of fluorescence EEM regions and indexes. In the case studied, it fully confirms
that contribution of low-molecular (fulvic) acids in the medium fractions of WEOM and the higher
contribution of fresh (microbial-based) organic matter in these fractions.
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3.6. Correlations of Fluorescence Indexes with ICP-AES

To extend the possibilities of 2D-COS and to connect the multimodal molecular spectroscopy
studies, we connected the fluorescence and FTIR data obtained in this study with the elemental
composition of these fractions previously found by ICP-AES [14]. In this case, fraction size was used
as a 2D-COS perturbation variable, and the element profile found for each fraction was used as an
element spectrum, 2D-COS of FTIR and element analysis showed no reliable information on most
trace elements. Thus only simple correlation analysis was used (band intensity vs. concentrations
found by ICP-AES, and showed good correlation of Si contents with all major quartz and silicate
bands (which agrees well with the previous data on humic substances [37]) and a moderate
correlation of Ca and carbonate bands in IR spectra (Figure 4, b and Figure 5,a), the coefficient of
correlation is above 0.7. However, the data obtained in this study show that some extra handing of
IR spectra, especially of such complex samples as concentrated narrow-size particle fractions to
exclude the artefact correlations with some background or noise features; hence, it should be the
subject of a separate study.

The same is true for fluorescence spectra or EEM; direct 2DCOS correlations are not possible
without extra protocols (or algorithms) on data handling to exclude high false positive 2D-COS
correlation bands with background signals. On the contrary, fluorescence indexes and other
integrated parameters of EEM or fluorescence spectra are easy to correlate with similar discrete
element profiles (Figure 12).

It was found that there are distinct correlations between fluorescent indexes of organic matter
composition and gross element fraction composition. It is obvious that the indicators associated with
humification state (peaks A and C, as well as the HIXem humification and Fl indexes) are weakly
positively correlated with the elements associated with the mineral silicate component (Si and K).
This probably indicates (and confirms) the predominant role of aggregates with sizes of 2-10 um
characterized mainly by silicate, namely silicon-silicate mineralogical composition [150] in
humification processes [151].

Si Al Fe Mg Ba Ti Mn P Cr Cd K S Ca Sr Cu Zn

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
A +-0.09 -0.30 -0.32 0.03 -0.25 -0.25 0.69 -0.45 -0.58 -0.58 0.51 -0.11 0.21 -0.06 0.19 0.13

C —40.37 -0.20 0.13 -0.30 -0.16 0.25 0.11 -0.49 -0.18 -0.04 -0.07 -0.11

A+C -0.19 -0.34 -0.05 -0.17 -0.20 0.05 -0.67—0.72 0.28 -0.35 -0.02 -0.05 0.03 -0.01

HIXgy - 0.15 -0.07 -0.12 -0.10 -0.13 -0.00-0.68-0.70 0.34 -0.35 0.03 0.07 0.10 0.05
T --0.16 0.04 0.08 0.13 0.21 -0.02 0.64 0.69 -0.26 0.36 -0.03 0.08 -0.04 0.00
B --0.30 -0.12 -0.08 0.32 0.12 -0.17 -0.70 0.62 0.61 0.63 -0.30 0.23 0.24 -0.08 0.02 0.05

B+T —4-0.19 0.01 0.05 0.17 0.20 -0.05 0.67 0.72 -0.28 0.35 0.02 0.05 -0.03 0.01

BIX (B/a) --0.75 -0.71 -0.66 |0.74 —0.14-0.53 0.64 [0.56 0.45 0.42 0.60 0.63 0.31 0.32 0.35
T/C 4-0.22 -0.03 -0.01 0.24 0.18 -0.08 0.61 [0.66 0.67 -0.25 0.36 0.06 0.20 -0.05 0.01

Fl 40.35 0.39 0.42 -0.50 0.38 0.39 -0.25 0.04 0.35 0.26 -0.30 0.01 -0.46 -0.29 -0.04 -0.08|

Figure 12. Correlations of fluorescence indexes, molar fractions of elements in fractions with ICP-AES except for

the fraction of 5-10 um due to high amounts of all the elements in this fraction that distort overall correlations.

The only element that has a strong positive correlation of intensities of A and C peaks as well as
with the HIXem humification index, is Mn (Figure 12). Manganese actively forms complex compounds
with organic ligands [152] and usually found in humic substances in relatively large amounts [37]. In
same time, in concordance with the data of fluorescence and IR and multimodal 2D-COS, Mn shows
strong negative correlations with peaks B and T related to fresh organic matter and corresponding
indexes T/C peak ratio as well as BIX.

The same is true for biogenic elements. The correlation of humification indicators with P, S, Cr,
Mg, Ca, Cu, and Zn is either strong negative or absent, which indicates a significant degree of
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transformation of the original organic matter, which agrees with the humate-related bands of
carboxylic acids in IR spectra and HIXem values above 5 for largest and finest fractions.

Indexes associated with predominantly microbial (peak T) and root (peak B) tryptophan- and
tyrosine-like constituents, on the contrary, show direct, and rather strong, correlations with the
biogenic elements Mg, P, Cr, Cd, K, S, and Ca (Figure 12). It is worth mentioning that BIX index shows
a considerably high coefficient of correlation of ca. 0.6 with Ca and S, which agrees with the existing
data on BIX index correlation with bioavailable nutrient elements as well as microbial activity, which
in turn often is associates with increased contents of Ca and S in both soils and aquatic systems [153].
These biogenic indexes show a negative correlation with Si, Al, and Fe, and Ti, which is due to the
origin of these substances, their low degree of transformation and preservation in the composition of
associates.

4. Conclusions

As a result of this study the possibilities of multimodal heterospectral two-dimensional
correlation analysis of narrow soil fractions were demonstrated, and both modalities —fluorescence
and FTIR spectroscopies—have showed their contribution in a larger volume of information of 2D-
COS analysis. 2D-COS modality in FTIR increased the reliability of band assignment, especially in
the range 1800-1100 cm-?, where bands from inorganic, carboxylic, and hydrocarbon components are
significantly overlapped. The heterospectral IR—fluorescence 2D-COS was even more relevant as it
provided the cross-confirmation of IR bands in various regions and showed the correlations of
various bands in EEM for fresh (biogenic, non-humic) and humic components. Certainly, within the
frames of this study, it was not possible to make the compete characterization of the analytical
possibilities of these techniques, and some drawbacks-like possible correlations with background
values were found, which require some further work with algorithmics of data handling prior 2D-
COS or some post-operations. Nevertheless, the capabilities of the technique for such samples as
narrow soil fractions are shown. We also believe that inclusion of atomic-emission spectroscopy to
two-dimensional correlation analysis on soil fractions is also a very promising technique and the
further work should also be focused on full-scale two-dimensional correlation analysis of ICP-AES
with molecular-spectroscopy techniques. Also. Some work is to be done with sample preparation,
e.g., using microwave autoclave decomposition to analyze the membranes themselves to control the
quantity of flushing and more correct element analysis; as well as implementation of
nondestructive/destructive sample preparation for two-step molecular and atomic multimodal
spectrochemical analysis of WEOM or similar samples.

From the viewpoint of the samples—narrow soil fractions of WEOM of nano- to micrometer size
range of chernozem soil —the distribution patterns of organic matter and microelements showed a
rather distinct distribution and significantly different fraction, which can be divided into two parts.
The first part is two largest (2-10 um) and two finest factions (0.01-0.03 um) characterized by less
carboxylated and saturated humic substances according to both fluorescence and FTIR, which
dominates over the fresh (biogenic) organic matter. The other group is medium fractions (0.05-1 pm),
which are characterized by higher contents of fulvic acids and higher percentage of fresh organic
matter. The elucidation of this data requires more in-depth studies of various types of soils but this
study shows the possibility to obtain characteristic data on nano- to micrometer size soil particles that
can be used for soil characterization, classification and, potentially remediation and recultivations
based on the detailed analysis of wide-size range soil particle composition.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/doi/s1, Table S1: Conditions of ICP-AES measurements; Table S2: Conditions of
EEM fluorescence measurements; Table S3: Regions of the excitation (Ex)-emission (Em) matrix corresponding
to certain groups of compounds; Table S4: Fluorescence indexes calculated for WEOM fractions; Figure S1:
Excitation-emission matrices for (a) a filtrate after passing water through 1 pm; (b) a 1 um membrane flush; and

(c) a 0.01 pm membrane flush during blank experiments using polycarbonate analytical track-etched
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membranes; Figure S2: Relative abundances of humic- and non-humic components according to individual
fluorescence integrated intensities regions A and C (humic-like compounds) and B and T (non-humic-like
compounds); Figure 53: Ratio of the proportions of humic and biochemical compounds to the average particle
size of fractions; Figure S4: Distribution of integral indicators, (a) T/C peak ratio and (b) humification index
(HIXewm), between narrow fractions; Figure S5: Smoothed fluorescence spectra at 265 nm excitation, normalized

for total fluorescence for each spectrum.
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Abbreviations

The following abbreviations are used in this manuscript:

2D-COS two-dimensional correlation spectroscopy

ATR attenuated total reflection

DOM dissolved organic matter

EEM excitation-emission matrix

FTIR Fourier-transform infrared (spectroscopy)

HS humic substances

ICP-AES atomic-emission spectroscopy with inductively coupled plasma
SOM soil organic matter

WEOM water-extractable organic matter

Appendix A: Methodological Features of the Analysis of Size Fractions of Soil
Water-Soluble Matter Using ATR IR Spectroscopy

We chose ATR-FTIR spectroscopy to study the obtained size fractions since it is possible to
obtain and analyze aqueous samples in the form of a film by heating the diamond crystal of the ATR
attachment to a given temperature. In addition, ATR IR provides more opportunities for analyzing
spectra in the inorganic soil matrix region containing many bands associated with silicates and clay
minerals [47]. Based on the existing literature data, the analysis of aqueous size fractions using this
method has not been previously carried out. However, the structural analysis of soil fractions with a
particle size of 20 um to 5 mm obtained by dry sieve fractionation using ATR FTIR was done, which
allows the study of aqueous fractions with smaller size particles.

In terms of the shape of the spectrum and the intensity ratio of the bands, the reproducibility of
the obtained fractions spectra using ATR FTIR is quite high. However, some bands (638 and 174 cm-
1 are assigned to sodium azide) may be absent. This discrepancy between the spectra of the same
fraction can be explained by how the sample was deposited on the ATR diamond crystal. The
obtained spectrum is influenced both by the volume of the sample and, accordingly, its crystallization
on the surface of the diamond crystal of the ATR unit of the IR spectrometer (Figure A1). This issue
is especially important for the quantitative comparison of spectra, but this requires separate research
and was beyond the scope of this work.
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Figure A1. Film of sodium azide (4 uL, 2.5 g/L) on a diamond crystal of an ATR FTIR spectrometer.

Thus, this method can in principle be used to obtain spectra of narrow fractions using the
technique of drying a drop on the ATR crystal surface. This technique allows microvolumes of
fraction. If necessary, the signal-to-noise ratio can be increased by repeated drying. However, a
quantitative comparison of the obtained spectra is significantly complicated by the effect of solution
crystallization. Nevertheless, we believe that this can be overcome in the future by choosing the
drying conditions (drying rate and salt composition) and by applying a drop onto a crystal.
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