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ABSTRACT: Here, we report on sequential solid-phase extraction of leonardite hymatomelinic acid (CHM) on a non-ionic
sorbent at four steadily lowered pH values: 7, 5, 3, and 2, yielding fractons with different acidic properties. Using nuclear
magnetic resonance { NMR) spectroscopy and ultrahigh-resolution mass spectrometry, we revealed a gradual shift of dominating
scaffolds in the fractions of CHM from reduced saturated to oxidized aromatic compounds. An increase on the average
aromaticity of the CHM fractions was accompanied by a red shift in fluorescence spectra. These results were supported by
heteronuclear single quantum coherence and heteronuclear multiple bond correlation NME experiments. We have
demonstrated that the CHM fraction izolated at pH 5 was dominated by aliphatic carboxyl carrers, while the pH 3 fraction was
dominated by aromatic arboxyl acids. The developed fractionation technique will enable deeper insight on structure—property
relationships and the design of the humic-based materials with tailored reactive properties.
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structural information on their major moieties® This boosts
research on isolation and dharacterization of the distinc

1. INTRODUCTION

Humic substances (HS) are the products of micobial and
abiotic oxidation of remnants of living organisms. They are
ubiquitous in the environment and constitute the major
fraction of the caustobioliths, e.g, coal, leonardite, peat, and oil
shale" Unlike petroleum, which consists mostly of hydro-
carbons and aromatic heterocycles, leonardite HS are enriched
with oxygen-containing compounds carrying carboxylic and
phenaolic gr1:|1.1]_:lsJ1 which are arranged into a supramolecular
ensemnble.” The acidic character of HS is responsible for their
ability to bind heavy metals, which iz important for soi
remediation.* Binding properties of HS are of particular
importance for agricultural apl:l]:icatians;" where they are used
for plant nutrition in the form of water-soluble complexes with
microelements.” Recently, a lot of attention was paid to the
reported increase in binavailability of iron-based nanomaterials
stabilized by leonardite-derived HS” However, extreme
molecular heterogeneity hinders systematic characterization
of metal binding with HS5 Even the most powerful analytical
techniques require preliminary fractionation of HS to obtain
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constituents of HS to obtain a fraction with the talored
PIﬂPE.l‘t:iE'S,q eg., with enhanced complexation capacity with
regard to iron.

Common separation of HS using changes in the pH value
and ionic strength yields fractions with a similar molecular
mass distribution' but with different contents of aliphatic
structural meieties (gray humic acid) and aromatic stuctural
fragments (brown humic acid)."" Sequential zolvent extraction
with a polarity gradient was applied for cude oik and
petrolenm refinery b}'p’aduds.]l Far HS, fractionation with
regard to polarity and carboxy] group content was facilitated on
non-ionic macroporous resins. Application of sequental
extraction on the Amberlite XAD-4 and XAD-8 resins enabled
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separation of “hydrophobic” and “hydrophilic” fractions, which
differed in contribution of aromatic carbon and carboxyls."

Deeper fractionation of HS was achieved by application of
gradient elution from XAD-8."* A stepwise elution of soil HS
was conducted by buffer solution adjusted to pH 7 and 11,
followed by a 50% water—ethanol mixture. It yielded fractions
differing in acidic group content and the H/C and O/C atomic
ratios.'” The pronounced differences were observed for a
fraction eluted at pH 7 and for an alcohol eluate: they were
characterized by a dominant contribution of aromatic and
aliphatic fragments, respectively. The linear pH-gradient
elution was also applied for column fractionation of both soil
and water HS,"> and their model compounds differing in
acidity: phenol, benzoic acid, and vanillin."® It was found that
the retention pH correlated with the pK, value of the model
compounds. Similar results were also achieved in the case of
HS.

Introduction of Fourier transform ion cyclotron resonance
mass spectrometry (FTICR MS) with soft ionization
techniques facilitated exploration of the molecular profiles of
HS.'” However, the XAD-based fractionation techniques were
hardly compatible with FTICR MS requirements because of
the buffer usage, which suppresses the ionization of organic
compounds in negative-ion mode."® An effective solution of
this problem was an application of chromatography with
organic—water eluents. Separation of Suwannee River dis-
solved organic matter (DOM) by hydrophilic interaction
chromatography (HILIC) showed uneven distribution of key
substructures across the 80 fractions.'” Cyclic and linear
terpenoids were prominent in the most hydrophobic fractions,
whereas hydrophilic fractions showed an abundance of
carbohydrates and aromatic amino acids. The FTICR MS
study of three fractions of the Suwannee River fulvic acid
(SRFA) obtained by reversed-phase high-performance liquid
chromatography (RP HPLC) showed the gradual shift in their
molecular compositions.”” This was demonstrated by plotting
the FTICR MS data in Van Krevelen diagrams (relationship of
the H/C versus O/C ratio). The authors have shown that the
first most hydrophilic eluate consisted mostly of polycarboxylic
compounds. A common disadvantage of these approaches is a
lack of scaling possibilities for obtaining large quantities of
fractionated materials, which are needed for field experiments.

In our previous work, we have demonstrated that fractions
of HS from different sources, including leonardite, displayed
similar distributions of carboxyl-carrying constituents over the
Van Krevelen diagram, which were characterized by a gradual
shift from lignins, condensed tannins, and carbohydrates to
carboxylic-rich unsaturated oxygenated compounds.”"** The
observed patterns suggested the feasibility of preparative
separation of HS using differences in pK, values of their acidic
constituents: phenols, aliphatic acids, aromatic carboxylic acids,
and ketoacids. This allowed us to propose a new separation
method for leonardite humic material based on the use of
sequential extraction at different pH values on the modified
styrene divinylbenzene resin (Bond Elut PPL cartridge).
Molecular compositions of the separated fractions were
analyzed using FTICR MS, nuclear magnetic resonance
(NMR) spectroscopy, and fluorescence spectroscopy.

2. MATERIALS AND METHODS

2.1. Materials and Reagents. Leonardite hymatomelanic acid
(CHM) was used as a parent humic material. It was isolated by
exhaustive ethanol extraction in a Soxhlet apparatus of freshly

precipitated humic acids obtained by acidification of potassium
humate (“Gumat-80”, Irkutsk, Russia). Refluxing and filtration of the
insoluble part were repeated 3 times. The characteristics of the
obtained product are given in our previous publication.” Solvents and
other reagents used in this study were of analytical grade. Ethanol and
methanol for HPLC (Lab-Scan) were used for elution and
dissolution. High-purity distilled water was prepared using a Millipore
Simplicity 185 water purifying system. Bond Elut PPL (Agilent
Technologies) cartridges (S g 60 mL) were used for isolation of
CHM fractions.

2.2. pH-Gradient Separation of the Humic Material under
Study Using Bond Elut PPL Cartridges. The sequential separation
of the CHM material was conducted on the PPL cartridges using four
subsequent extractions at different pH values: 7, S, 3, and 2. The
cartridge treatment and extraction protocols were as described by
Dittmar et al.”* In brief, a volume of 600 mL of CHM solution (0.5 g/
L) was adjusted to pH 7 and passed through the activated cartridge.
The output solution was collected and used for the follow-up
fractionation by adjusting pH to 5 and discharging it through the
second PPL cartridge. The same procedure was repeated with
adjusting pH to 3 and finally to 2. Prior to extraction, each cartridge
was activated by methanol and equilibrated with solution at the
working pH using HCL The isolated CHM fractions were assigned
the indexes with the corresponding pH value (e.g., CHM-7 for pH 7).
A scheme of the extraction procedure is presented in Figure S1 of the
Supporting Information. The fraction yields were 56 mg (19%), 28
mg (9%), 34 mg (11%), and 22 mg (7%) for CHM-7, CHM-5, CHM-
3, and CHM-2, respectively. Each of the recovered fractions was
analyzed by FTICR MS, NMR spectroscopy, and fluorescence
spectroscopy.

2.3. FTICR MS. All experiments were performed on FTICR MS
Bruker Apex Ultra with a harmonized cell®® equipped with a 7 T
superconducting magnet and electrospray ionization (ESI) source.
Prior to analysis, all HS samples were diluted with methanol to 100
mg/L and then injected into the ESI source using a microliter pump
at a flow rate of 90 uL/h with a nebulizer gas pressure of 138 kPa and
a drying gas pressure of 103 kPa. A source heater was kept at 200 °C
to ensure rapid desolvation in the ESI droplets. Mass spectra were first
externally calibrated using an in-house made carboxylated polystyrene
standard.”® Internal calibration was systematically performed using
the known peak series of natural organic matter (NOM), reaching
accuracy values of <0.2 ppm. The spectra were acquired within a time
domain of 4 Megawords in ESI(—), and 300 scans were accumulated
for each spectrum. Resolving power was 530 000 at m/z 400. The
FTICR MS data were processed using the lab-made “Transhumus”
software designed by Grigoriev, which is based on the total mass
difference statistics algorithm.”” The generated CHONS formulas
were validated by setting sensible chemical constraints [O/C ratio,
<1; H/C ratio, <2; element counts (C, <120; H, <200; O, <60; N,
<2; and S, <1); and mass accuracy window, <1 ppm]. The assigned
CHNOS formulas were further plotted in the Van Krevelen
diagrams.”®

2.4. NMR Spectroscopy. The structural group composition of the
CHM fractions was determined using solution-state '*C NMR
spectroscopy. All fractions (about 30 mg) were dissolved in 0.6 mL
of 0.3 M NaOD/D,0, except for CHM-3, which was dissolved in
DMSO-dg. The '*C NMR spectra were recorded on a Bruker Avance-
400 spectrometer operating at 100 MHz for carbon nuclei using a
Carr—Purcell-Meiboom—Gill (CPMG) sequence with an initial 90°
pulse; the registration time of the free induction decay was 0.2 s, and
the relaxation delay between the pulses was 7.8 s.*” The recorded
flame ionization detector (FID) signals were multiplied by the
exponent with a spectral line broadening (Ib) parameter of 100 Hz
before Fourier transformation. The processing and transformation of
the spectra were performed using the MestReC software package. The
integration was performed using the following assignments: 220—187
ppm for carbonyl groups, 187—165 ppm for carboxyl, ester, and amide
groups, 165—145 ppm for substituted aromatic fragments, 145—108
ppm for unsubstituted aromatic fragments, 108—48 ppm for
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Table 1. Normalized *C NMR Integrals and Typical HS Substructures”

carbon distribution (%)

CH, CH,0 CH,O + CHO 0CO C, +C,0 CO0 c=0
range (ppm) 0—48 48-5S 55—89 89—112 112—164 164—187 187-220
parent CHM 15 4 S 3 56 15 6
CHM-7 24 3 7 N 44 13 3
CHM-5 16 4 10 7 S0 11 4
CHM-3 13 2 4 48 16 9
CHM-2 13 4 S 45 16 11
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Figure 1. FTICR mass spectra of the PPL fractions of the parent CHM material obtained by subsequent lowering of the pH value of the
discharging solutions following the trend in the corresponding pK, values of phenols, unconjugated carboxylic acids, benzoic acids and ketoacids.

heteroatom-substituted aliphatic fragments, and 48—S5 ppm for
aliphatic chains (Table 1).*

The gHSQC and gHMBC two-dimensional (2D) NMR spectra of
CHM-3 and CHM-S5 were acquired using the Agilent 400MR
spectrometer (400.0 and 100.6 MHz resonance frequency for 'H and
3C, respectively). The measurement times of gHSQC experiments
(150 scans per t; increment, 128 t, increments, and l]CH of 146 Hz)
were about 13 h and about 23 h for gHMBC experiments (260 scans
per t; increment, 128 t; increments, and "Jcy of 8 Hz).

The integration of '"H NMR spectra was conducted using the
following assignments: 0—2.0S ppm, aliphatic protons (CH,, protons);
2.05—3.2 ppm, a protons (X—CH,, where X is COOH, COOR, C,,
etc.); 3.2—4.5 ppm, protons in functional groups [C—X—H, where X
is O, N, O(N)H]; 4.5—6.5 ppm, alkenes and alkynes; and 6.5—10.0
ppm, aromatic and phenolic protons (C,H and C,,OH). The spectral
intensity of residual H atoms of DMSO-dg at 2.5 ppm was subtracted
from the spectral integral of a-CH protons.

2.5. Fluorescence Measurements. Fluorescence spectra were
recorded using the FluoroMax-4 fluorometer (Horiba Hobin Yvon).
Excitation—emission matrixes (EEMs) were measured; the excitation
wavelength varied in the range from 280 to 420 nm, while the
emission was detected from 300 to 700 nm. The excitation and
emission slit widths were set to S nm, and the correction of spectra to
the excitation intensity was performed. To avoid reabsorption and
inner filter effects, optical density was set to lower than 0.1 when
measuring fluorescence spectra. All measurements were performed in
a quartz cuvette with a 1 cm optical path at ambient temperature (25
+ 2 °C). Full width at half maximum (FWHM) contours of the
fluorescence were obtained by sectioning fluorescence spectra at all

excitation wavelengths according to a procedure schematically
presented in Figure S2 of the Supporting Information.

2.6. Fourier Transformed Infrared (FTIR) Spectroscopy.
Analysis by infrared (IR) spectroscopy was carried out on a Vertex
70 FTIR spectrometer (Bruker Optik GmbH) with a GladiATR
attenuated total reflection (ATR) attachment with a diamond crystal
(Pike Technologies). The spectra recording range was 4000—350
cm™Y; the resolution was 2 cm™'; and the number of scans was 64. To
register the IR spectrum, 1 mg of a sample powder was dissolved in 10
uL of methanol and then about 1 yL was placed on an ATR crystal
and dried. The data were collected and processed by OPUS version
7.5 software (Bruker). The bands were assigned according to the
corresponding literature.>

3. RESULTS

3.1. Sequential Solid-Phase Extraction (SPE) Separa-
tion of the Leonardite Humic Material, Followed by
FTICR MS Analysis. The sample was separated into four
fractions with the use of sequential SPE PPL extraction by a
stepwise lowering of the pH value of the discharged solution.
We adjusted the pH values to 7, 5, 3, and 2, taking into
consideration a decrease in pK, values of the acidic groups in
the following sequence: phenols (pK, > 7), unconjugated
carboxylic acids (pK, ~ 5—4), benzoic acids (pK, > 3), and f-
keto carboxylic acids or polycarboxylic acids (pK, < 2.5).*'
The overall extraction yield was 47%. The maximum yield was
obtained at pH 7, which is drastically different from DOM,
with the recommended extraction at pH 2°” (Figure S1 of the
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Figure 2. Van Krevelen diagrams plotted from the formula assignments made for the FTICR MS data for the (A—D) CHM fractions isolated using
sequential SPE PPL extraction at different pH values, (E) original sample, and (F) combined fractions and (G) Venn diagrams for the native CHM

sample and its four fractions.

Supporting Information). The obtained results are in agree-
ment with our previous findings on the higher content of the
carboxyl-depleted components in the case of leonardite HS
compared to DOM.”'

The FTICR mass spectra of the CHM fractions are
presented in Figure 1. It can be seen that SPE fractionation
led to only slight changes in the mass range; however, the
number-averaged molecular mass (M,) as well as the value of
total peak intensity (TPI) depended upon pH: M, and TPI
decreased with a drop in pH from 438 Da and 23 TPI X 10° to
406 Da and 12 TPI X 10° for CHM-7 and CHM-2,
respectively. This is in accordance with the previous findings
that the most oxygenated compounds are of low molecular
weight.”® A decrease in the TPI value can be explained by the

poorer ionization efficiency of the most hydrophilic species by
ESI compared to ionization of hydrophobic molecules.**
Fine structures of the FTICR mass spectra revealed clear
differences between the isolated fractions. The insets in Figure
1 present the magnified mass spectra plots corresponding to
the value of nominal m/z of 359 for all CHM fractions. It can
be seen that the reduced saturated molecules with the highest
positive mass defect’> accounted for maximum relative
intensity in the case of CHM-7, e.g., C,,H,304 and
C,,H,,05 lignin-like components.36 Along with a decrease in
pH, the peak distribution progressively shifts toward aromatic
oxidized molecules with the smaller mass defect, e.g., C,;H,0,
and C,HyO,,, which can be assigned to strong polycarboxylic
acids.”” Detailed representation of the evolution of oxygen
classes and other heteroatoms within the humic molecular
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ensemble of the pH fractions is given in Figure S3 of the
Supporting Information. Overall, the data obtained are
indicative of the efficient separation of the reduced and
oxidized humic components on the PPL cartridge.

Evolution of the molecular space of the isolated fractions
was visualized using the Van Krevelen diagrams (panels A—D
of Figure 2). The pH series is characterized by a gradual shift
in intensity from the relatively reduced saturated compounds
with H/C > 1, which dominated in the CHM-7 sample, toward
the highly unsaturated oxidized molecules with O/C > 0.6,
which prevailed in the CHM-2 fraction. Previously, we
identified the majority of lignin-like molecules present in the
CHM-7 fraction as polyphenols without carboxylic substitu-
tions.”' At the same time, the CHM-S fraction was comyosed
of lignin molecules containing oxidized primary alcohol™® and
CRAM molecules™ with pK, of unconjugated carboxylic acid.
The molecular species in CHM-3 with H/C < 1 and O/C >
0.5 could be attributed to aromatic acids and tannins. The
molecular population in Van Krevelen diagrams observed for
CHM-2 could be readily attributed to ketoacids as a result of
the highest value of the O/C ratio.

3.2. Fluorescence Spectroscopy. The trends observed in
molecular compositions of the CHM fractions could
potentially influence their optical properties. Figure S4 of the
Supporting Information demonstrates the clear trend in
intensity-weighted distribution of the aromaticity index
(A)* for all samples and their common formulas. Along
with a decrease in pH, the Al distributions shifted toward the
higher values. For instance, the portion of aromatic (Al > 0.5)
and condensed (AI > 0.67) molecules in CHM-7 reached 23
and 69%, respectively, while for CHM-2, the corresponding
values accounted for 57 and 86% (Table S1 of the Supporting
Information).

Generally, an increase in the content of condensed aromatic
moieties should lead to an increase in the red shift of HS
optical (fluorescence and absorption) spectra; this suggestion
was verified by measuring the fluorescence properties of the
CHM fractions. Figure 3A demonstrates EEMs for all HS
samples that exhibit a typical humic-like pattern.*' For A, >
370 nm, we observed a gradual shift of emission parameters
along a decrease in pH (Figure 3C), nominally, the red shift of
fluorescence spectra, which could indicate an increase in the
effective conjugation length and aromaticity of the sample.*’

This is also in agreement with the FTICR MS data. However,
anomalous behavior was observed for the CHM-2 sample at 4,
~ 280 nm (Figure 3B). Although this sample was characterized
by the highest portion of aromatic and condensed aromatic
molecules (Table S1 of the Supporting Information), its
fluorescence emission was less red-shifted in comparison to
CHM-3. This phenomenon was visualized in Figure 3D, where
the fwhm contours of the fluorescence emission spectra are
presented for different excitation wavelengths. The following
trend in the red shift was observed for 4, < 350 nm: CHM-7 <
CHM-S < native CHM < CHM-3. At the same time, the
dependence of fwhm upon the excitation wavelength for
CHM-2 was strongly non-monotonous. For 4., > 350 nm, the
behavior of CHM-2 fluorescence followed the expected trend:
CHM-7 < CHM-S < native CHM < CHM-3 < CHM-2. The
anomalous properties of CHM-2 are not characteristic for HS
fluorescence and can be possibly explained by the dominant
contribution of highly oxidized species and a lack of reduced
unsaturated compounds, which is not typical of NOM.

3.3. One- and Two-Dimensional NMR and FTIR
Spectroscopy. IR spectra for CHM-7, CHM-S, and CHM-
2 are presented in Figure S$ of the Supporting Information. All
samples display broad signals of water absorption in the region
of 3680—3000 cm™. The main peaks corresponded to
asymmetric and symmetric C—H stretching of aliphatic chains
(2925 cm™ with a 2850 cm™' shoulder), C=O bond in
carbonyl and carboxyl of amide groups (1710 cm™"), aromatic
C=C skeletal vibrations (1656 cm™'), phenolic O—H
deformation (1438 cm™), and C—O stretching in the carboxyl
group (1242 cm™).*° The intensity of the 2918 cm™' band
decreases with a drop in pH. Peaks attributed to C=0 (1712
cm™") and C—O (1242 cm™") stretching in carboxylic groups
were present in all spectra. However, in the case of CHM-7,
these bands possess the lowest intensities, which indicate a lack
of carboxylic groups in this fraction. Moreover, the proportion
of carboxylic C—O and C=O0 to C—H band increases with the
drop of pH.

To obtain the additional confirmation of separation
efficiency of aromatic and aliphatic structural moieties revealed
by FTICR MS and fluorescence spectroscopy, we performed
BC NMR analysis of all CHM fractions (Figure S6 of the
Supporting Information). To perform quantitative analysis, we
applied previously reported acquisition parameters.”’ The
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Figure 4. gHSQC and gHMBC NMR spectra of the CHM fractions obtained in this study: (A and B) CHM-5 and (C and D) CHM.-3. Regions ],
II, and III indicate the typical 'Jcyy and *¥cyy cross peaks suggested for HS.>

structural group compositions of the parent CHM material and
its fractions are presented in Table 1. Along with a pH
decrease, the contents of COO and carbonyl fragments in the
corresponding fractions increased, indicating enrichment with
acidic groups. At the same time, the CHM-7 sample was
characterized with the highest relative contribution of aliphatic
moieties (24%) compared to the bulk sample (15%) and other
fractions (16 and 13% for CHM-5 and both CHM-3 and
CHM.-2, respectively). This could explain the largest yield of
this fraction, which could result from the preferential affinity of
the PPL resin for aliphatic species."* For a deeper investigation
of the changes in structural motives of the obtained fractions,
we employed correlation NMR spectroscopy for two fractions,
CHM-S and CHM-3, which were to contain carboxylic
functionalities within different carriers: aliphatic and aromatic,
respectively.

HSQC spectroscopy requires prior acquisition of one-
dimensional (1D) spectra. The obtained "H NMR spectra of
the CHM-S and CHM-3 fractions as well as the results of their
integration are presented in Figure S7 of the Supporting
Information. CHM-S was characterized by the maximum
integral intensity of aliphatic protons (28%) with a CH,/C,H
ratio of 1.2. The dominant integral intensity in the case of
CHM-3 was assigned to aromatic protons (46%) with a CH,,/
C,H ratio of 0.3. This is indicative of enrichment in aromatic
fragments caused by a drop of pH.

The HSQC spectra reveal a correlation between directly
bonded C and H atoms in three major regions of the chemical
shift (8, ppm): aliphatic (8 from 0.5 up to 3.4 ppm and & up
to 45 ppm), heteroatom-substituted aliphatics (S up to 5.6
ppm and S¢ up to 107 ppm), and aromatic systems (5 up to 9
ppm and ¢ up to 150 ppm).*’ The obtained HSQC spectra
for CHM-5 and CHM-3 are presented in panels A and C of
Figure 4. "H-"3C HSQC data show that the less acidic fraction

(CHM-S) is characterized by intense cross peaks of CSPaH,,,
indicating the dominant contribution of aliphatic moieties over
aromatic moieties. Moreover, the intense cross peak in the
strong field indicates contribution of methylene chains with
terminal CHj groups, typical for terpenoids and fatty acids*
(Figure 4A). A cross peak in the singly substituted aliphatic
region might be assigned to methoxy groups typical for lignin.
For CHM-3, on the contrary, the dominant correlation of
aromatic carbon with protons was observed. This might be
indicative of the abundance of low substituted aromatic
moieties in this sample. The model structures, which could be
responsible for the observed cross peaks of the CHM fractions,
are presented in panels A and C of Figure 4. The predicted
correlation spectra show similar cross peaks (Figure S8 of the
Supporting Information).

HMBC experiments demonstrate long-range 'H—'>C
connectivities (generally up to three bonds) and provide
information about specific structural fragments. Figure 4B
shows a cross peak of aliphatic protons with carboxylic
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moieties (¢ > 170 ppm), which indicates the aliphatic
character of these carboxylic moieties. However, on the
contrary to the riverine DOM, where only alicyclic, non-
aromatic rings were seen in the HMBC spectrum,46 we
observed a correlation of the same protons with carboxylic,
aliphatic (<50 ppm), and aromatic (110—150 ppm) carbons.
This might be assigned to a three bond correlation, which
indicates the presence of phenylpropanoic acids matching the
predicted spectrum (Figure S8D of the Supporting Informa-
tion). The obtained data demonstrate a substantial contribu-
tion of lignin-like structures into the CHM-S$ fraction, which is
in agreement with the HSQC results. The CHM-3 fraction was
depleted in aliphatic carboxyls: we observed correlation of only
aromatic protons with COOH moieties (Figure 4D). These
aromatic protons were also connected to aromatic carbon. In
comparison to CHM-5, we did not observe a two-bond
correlation of aliphatic 'H and "*C in CHM-3. In agreement
with the HSQC experiment, this fraction lacked hydrocarbon
chains.

4. DISCUSSION

The conducted study shows that sequential pH gradient
adsorption on SPE PPL enabled separation of the
hymatomelanic acid from leonardite into four distinct
fractions. The parent sample occupied a wide area on the
Van Krevelen diagram (Figure 2E) from lipids to tannins,”®
which is typical for leonardite HS.”” The combined fractions
reproduced, in general, the molecular composition of parent
CHM (Figure 2F). Despite a clear shift in molecular
composition, some formulas were found within different
fractions, e.g., C,cH,0,o, shown in Figure 1. The appearance
of the corresponding ion, even in mass spectra of quite
different samples (CHM-7 and CHM-2), might indicate the
separation of structural isomers presented in the parent sample.
The isomeric complexity of HS was also suggested on the basis
of the presence of the common ions in the mass spectra of
HPLC fractions.”

Contribution of the molecular constituents observed in the
obtained fractions in the parent CHM sample is visualized in
Figure 2G. Venn diagrams show that CHM-7 and CHM-S
comprise more than 50% of the molecular species identified in
the parent sample. Moreover, the CHM-S sample shows the
smallest contribution of unique formulas compared to the
other fractions. This is in line with the '3C NMR data (Table
1), which reveal a similar content of aliphatic and aromatic
moieties in the parent and CHM-S samples. Along with a
decrease in the pH value, a drop in the amount of the common
formulas was observed in the parent CHM sample. This can be
explained by enrichment of the fractions with the oxidized
species, which possess a lower ionization efficiency compared
to the reduced compounds.”* As a result, parent CHM was
depleted with highly oxidized components (O/C > 0.8), while
they were abundant in CHM-3 and CHM-2 molecular
compositions (Figure 2F). The NMR results also confirmed
a change in the major type of carboxylic moieties along with a
decrease in pK, and a shift of dominant fragments from mostly
aliphatic to almost exclusively aromatic moieties. '*C NMR
(Table S1 of the Supporting Information) reveals the
maximum integral of carbonyl carbon in the CHM-2 fraction
compared to the other fractions. In combination with FTICR
MS results, this is a strong indication of the predominance of
ketoacids in the CHM-2 fraction. The obtained data are in line
with the findings of Leenheer et al,* who attributed the major

acidic components in the riverine NOM to polycarboxylic
acids with pK, < 2.5. However, their presence in the coal
sample has not been demonstrated thus far. Likely, further
lowering the pH value would result in isolation of the most
polar fraction of leonardite CHM. To support this idea, we
analyzed permeate after extraction at pH 2 by IR spectroscopy
(Figure SS of the Supporting Information). We observe only a
weak band of C—H stretching at 2925 cm™" corresponding to
aliphatic chains and a strong band of C—OH in the carboxylic
group at 1242 cm™'. Therefore, the structure of the non-
retained fraction was depleted with aliphatic fragments.

Collectively, the results of this study indicate achievement of
deep fractionation of the parent leonardite humic material.
Moreover, pH control of stepwise extraction facilitated
separation of aliphatic and aromatic units as well as the
corresponding carboxylic carriers. This could be of particular
importance for the study of metal-HS complexes. A previous
investigation of a series of humic materials with different
acidities, elemental compositions, and aromatic/aliphatic
carbon ratios raised a question on the impact of functional
groups and their type of carriers on complexation capacity.*’
Therefore, application of the proposed approach to commer-
cial humic materials can be used to study the connection
between molecular composition and major characteristics of
the iron—HS complexes, such as stability or bioavailability.
Further studies might enable design of iron-based fertilizers
with better nutritional properties.
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