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Here, we report the application of a selective liquid-phase hydrogen/deuterium exchange

(HDX) coupled to ultra-high resolution FTICR MS for structural investigations of individual

constituents of humic substances (HS) isolated from three coal samples of different

geographical origin. Selectivity was achieved by conducting reactions in DCl or NaOD

solutions for catalyzing HDX in aromatic ring and side-chain positions with enhanced

C–H acidity, respectively. FTICR MS analysis showed a significant overlap of molecular

compositions in the HS samples under study, with 2000 common formulae. Using HDX,

we demonstrated that the determined common formulae are presented by different

structural isomers. We found that aromatic compounds varied both in the substitution

pattern and the number of aromatic protons. Depending on the sample, lignin

components with the same molecular formulae were composed of coumaryl, coniferyl

or sinapyl moieties. Enumeration of HDX series for the 800 most abundant compounds

showed that the results of HDX agreed well with the model structures suggested for

humic components occupying a van Krevelen plot. In addition, we explored chemical

transformations, which could connect individual constituents of coal HS. These

transformations included hydrolysis of a guaiacyl moiety and reduction of a catechol

unit, which corresponds to the conversion of a coniferyl fragment into a coumaryl unit.

The obtained results were supportive of the hypothesis of the reducing humification

pathway suggested for lignin transformation in the environment. The conclusion was

made that the molecular ensemble of coal HS is composed of individual constituents

produced at different humification stages.
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1. Introduction

Humic substances (HS) are the products of microbial and abiotic oxidation of
remnants of living organisms. They are ubiquitous in the environment and
constitute the major fraction of organic matter of caustobioliths, in particular of
low grade coal (lignite and leonardite), peat, and oil shale.1 Unlike petroleum,
which consists mostly of hydrocarbons and aromatic heterocycles, coalied
humic matter is enriched with oxygen-containing compounds carrying carboxylic
and phenolic groups.2 These compounds represent a complex mixture arranged
into a supramolecular ensemble.3 An analysis of different humication models
enables the designation of various aromatic molecules with aliphatic side-chains
and functional groups, and polyphenols with C–C and C–O–C ether bonds, as
essential components of coal HS.4 Aromatic constituents possess a pronounced
biological activity.5–7 It was shown that coal HS demonstrated the highest activity
among HS from different sources.8 In addition, the acidic character of coal HS is
responsible for their metal binding properties, which are of particular importance
for agricultural applications:9 they can be used for plant nutrition in the form of
water-soluble complexes with microelements.10 At the same time, the application
of coal humicmaterials is hindered by the extrememolecular heterogeneity of HS.
Only high-resolution analytical techniques are capable of characterising their
major structural moieties.11

NMR spectroscopy is the most powerful method for structural studies. In the
case of HS, only partial structures can be identied due to substantial peak
overlap.12,13 The development of multidimensional NMR techniques enabled
much deeper investigation of the aliphatic moieties of HS. Carboxylic rich alicy-
clic moieties (CRAM) were discovered.14 Isotopic labeling extends NMR spec-
troscopy opportunities. The introduction of 13CH3 groups in phenolic and
carboxyl groups allowed Bell et al. to reveal the substitution pattern of aromatic
rings and to suggest several possible structures of individual compounds in HS.15

However, a higher resolution is required to investigate all constituents in complex
organic mixtures. Thus, ultrahigh resolution FTICR mass spectrometry has
become an indispensable tool for molecular exploration of HS.16

Due to its unprecedented high resolution power and mass accuracy, FTICRMS
enables identication of thousands of molecules in complex mixtures.17 The
conventional approach is to plot FTICRMS data for HS in a van Krevelen diagram,
which is a projection of molecular formulae on O/C and H/C atomic ratio coor-
dinates.18 Furthermore, van Krevelen plots can be binned into regions corre-
sponding to typical molecular compositions of major HS precursors: lignins,
avonoids, tannins, carbohydrates, etc.19,20 It performs classication tasks21 but
conveys only general information on the structure. In fact, the molecular
composition may correspond to a number of different structural isomers, which
cannot be resolved by FTICR MS.22

To avoid this limitation of FTICR MS, selective labeling of individual compo-
nents of HS was introduced.23 Each component undergoes a certain amount of
chemical modications according to its structure. This process is determined as
a mass-shi from the parent ion in the mass-spectrum. H/D exchange (HDX) is
the simplest technique of chemical labeling. Dissolution of an organic compound
in D2O results in a fast exchange of all labile protons with close to normal
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 218, 172–190 | 173
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distribution of peak intensities in the mass-spectrum.24 HDX was applied for
comparison of HS and their fractions.25,26 Analysis of HDX series revealed
a number of labile protons in the molecules observed in the FTICR mass-
spectrum. The power of HDX mass spectrometry is discussed in detail in the
corresponding review article.27 Nevertheless, simple HDX lacks selectivity.
Moreover, previously we demonstrated that due to the acceleration of chemical
reactions in the charged microdroplets of electrospray, HDX with D2O can result
in additional exchanges of skeletal protons in the moieties with enhanced C–H
acidity.28 Recently, we developed a technique for selective deuteromethylation of
carboxylic groups coupled to FTICR MS, which drastically reduces the ambiguity
of HDX.29 Its application to the fractions of HS from different sources (including
coal) has shown the similarity of distributions of carboxyl-carrying constituents
over van Krevelen diagrams in all fractions studied. The identied constituents
were in accordance with the model structures of lignins, condensed tannins and
carboxylic rich unsaturated oxygenated compounds. Still, this technique enables
the exploration of functional groups, but not carbon skeleton structures.

In our previous work, we applied NaOD and DCl catalyzed exchange reactions30

to synthetic humic-like substances to facilitate selective HDX of backbone protons
in their individual constituents. This enabled elucidation of the exact structures
of six products of oxidative condensation.31 The objective of this study was to
apply selective liquid-phase HDX coupled to FTICR MS to three HS samples from
different varieties of lignite in order to identify the structural motifs of their
commonmolecular constituents and to determine the exact structural differences
of the determined isomers.
2. Materials and methods
2.1. Materials and reagents

Coal hymatomelanic acid (CHM) was isolated via exhaustive ethanol extraction in
Soxhlet apparatus of freshly precipitated humic acids obtained by acidication of
potassium humates produced from two leonardites (Powhumus, Germany and
“Gumat-80”, Irkutsk, Russia) and from a lignite deposit in Buryatia (Russia). The
samples were designated CHM-Pow, CHM-Irk, and CHM-Gl, respectively. The
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 puri-
fying system. Bond Elut PPL (Agilent Technologies) cartridges (100 mg, 3 mL)
were used for isolation of labeled CHM samples.
2.2. Deuterium labeling of HS samples

HDX of CHM was performed according to the previously reported procedure.31 A
mixture of 5 mg of CHM with 300 ml of 4 M NaOD (or 16% DCl) in D2O was heated
at 120 �C for 40 hours in a sealed tube. Aer this step, the labeled material was
desalted using solid-phase extraction on a Bond Elut PPL cartridge according to
the protocol described by Dittmar et al.32 Labeled CHM solutions were adjusted to
pH 2 (in the case of DCl, the solvent was evaporated under vacuum followed by
addition of 0.1 NaOH for CHM dissolution) and passed through the activated
cartridge. To assure a back-exchange of labile protons, a washing step using
174 | Faraday Discuss., 2019, 218, 172–190 This journal is © The Royal Society of Chemistry 2019
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0.01 M HCl was repeated 3 times. The nal solution was obtained via methanol
elution. Native samples were redissolved and extracted following the same
procedure. Each solution was analyzed using FTICR MS.
2.3. Fourier transform ion cyclotron resonance mass spectrometry

All experiments were performed on an FTICR MS Bruker Apex Ultra spectrometer
with a harmonized cell33 equipped with a 7 T superconducting magnet and an
electrospray ion source (ESI). Prior to analysis, all HS samples were diluted with
methanol to 100 mg L�1 and then injected into the ESI source using a microliter
pump at a ow rate of 90 mL h�1 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 rst externally calibrated
using a carboxylated polystyrene standard made in house.34 Internal calibration
was systematically performed using the residual peaks of fatty acids,35 reaching
accuracy values < 0.2 ppm. The spectra were acquired within a time domain of 4
megawords in ESI(�) and 300 scans were accumulated for each spectrum. The
resolving power was 530 000 at m/z ¼ 400. The formulae assignment was pro-
cessed using the lab-made “Transhumus” soware designed by A. Grigoriev,
which is based on the total mass difference statistics algorithm.36 All molecular
formulas were detected as singly-charged negative ions. The generated 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 mass accuracy window <
1 ppm). Sulfur and phosphorus containing formulae were excluded from
consideration due to their low content.37 The assigned CHNO formulas were
further plotted into van Krevelen diagrams.18 Based on the O/C and H/C atomic
ratios and the aromaticity index (AI),38 formulae were grouped into 8 compound
classes: “saturated” (H/C $ 1.5, O/C # 0.3), “aliphatics” (H/C $ 1.5, O/C > 0.3),
low-oxidized unsaturated (H/C < 1.5, AI # 0.5, O/C # 0.5), highly-oxidized
unsaturated (H/C < 1.5, AI # 0.5, O/C > 0.5), low-oxidized aromatic (0.5 < AI #
0.67, O/C# 0.5), highly-oxidized aromatic (0.6 < AI# 067, O/C > 0.5), low-oxidized
condensed aromatic (AI > 0.67, O/C # 0.5) and highly-oxidized condensed
aromatic (AI > 0.67, O/C > 0.5). AI was calculated according to the following
equation:38

AI ¼ 1þ C�O� S� 0:5N� 0:5H

C�O� S�N� P
(1)
2.4. HDX data treatment

The data from the labeling experiments were processed following an algorithm
that was described in our previous work.31,39 It implies extraction of peaks related
to HDX series of individual CHM constituents from the full mass spectrum. Those
series are produced by peaks with m/z difference of 1.006277, which corresponds
to the substitution of a proton with a deuteron. These HDX series were manually
determined for the 800 most abundant peaks of CHM-Pow and some common
formulae of all samples under study to identify the number of exchangeable
skeletal protons in each parent ion, as shown in Fig. 2. Due to the extreme
complexity of mass-spectra and limitations in resolution power, automatic
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 218, 172–190 | 175
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determination of HDX series was impossible. Accordingly, the number of
analyzed peaks was limited to 800 for labor- and time-saving reasons: they were
represented by peaks with S/N ratio > 10 and a relative magnitude > 1%.40 If the
parent ion could not be detected in the mass spectrum of the labeled CHM, its
position was marked by a red mark and HDX series were determined relative to
the monodeuterated ion. This prevented misinterpretation. The error constraint
was set to 0.0005 m/z.

3. Results
3.1. Comparison of molecular composition of HS from the different coal
varieties

The obtained results of FTICRMS and elemental analysis data are shown in Table
1. For all samples, we determinedmore than 3 thousandmolecular compositions.
The CHM-Gl lignite sample was characterized by the maximum content of
nitrogen exceeding 3%. Both leonardite samples (CHM-Irk and CHM-Pow) con-
tained 1.5% and 1% of N, respectively. In accordance with elemental analysis, the
intensity contributions of CHON species decreased from 50% in the case of CHM-
Gl to 20% in the case of CHM-Pow. The average values of the FTICR MS param-
eters listed in Table 1 also varied among the HS samples used in this study and
agreed well with the data of elemental analysis. The value of the number-averaged
aromaticity index (AI)38 was lower for the leonardite samples (0.5) as compared to
that for lignite (0.6). CHM-Pow and CHM-Irk were also characterized with rela-
tively reduced structures with a number-averaged O/Cn z 0.4, while CHM-Gl
contained �50% of oxygen by mass and O/Cn ¼ 0.5.

To compare the HS samples from different coal varieties on a molecular level,
we plotted all of their determinedmolecular formulae into van Krevelen diagrams
(Fig. 1B–D). The latter were further binned into specic areas with respect to the
value of aromaticity indexes and of atomic ratios, as described in the Materials
and methods section. The intensity-weighted histogram of compound classes is
presented in Fig. 1A. The HS samples used in this study possessed quite similar
molecular distributions over van Krevelen diagrams. The most pronounced
difference between the samples was the relative depletion with saturated
compounds along with the higher content of oxidized condensed compounds
with AI > 0.67 in CHM-Gl as compared to both CHM-Irk and CHM-Pow samples.
At the same time, for all samples, the major components were attributed to
compounds with AI > 0.5 and O/C < 0.5. Another common feature of the coal HS
samples was the high contribution of low-oxidized unsaturated compounds with
atomic ratios H/C < 1.5 and O/C < 0.5. These compounds are usually referred to as
polyphenols and lignin, in particular,19,20 which is considered to be the major
precursor for coal humic substances.41 The obtained results were also in agree-
ment with our previous ndings on the comparison of two HS samples isolated
from different lignites, which were characterized by the higher contribution of
oxidized species as compared to leonardite HS.42

The HS sample similarity is clearly visualized in a Venn diagram (Fig. S1†)
presenting molecular composition overlap. We found that the three samples
studied possessed almost 2000 common formulas (present in all three samples)
and 2176 shared formulas (present in two samples). From all common formulae,
669, 765 and 508 could be attributed to lignin, aromatic and condensed
176 | Faraday Discuss., 2019, 218, 172–190 This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Characteristics of molecular composition of the three coal HS under study: (A) the
relative contribution of different molecular classes based on aromaticity index and O/C
ratio; (B–D) van Krevelen diagrams for CHM-Gl, CHM-Irk, and CHM-Pow, respectively.
The insets show the AI threshold for all samples: AI $ 0.67 (blue), 0.5 # AI < 0.67 (green)
and AI < 0.5 (gray).
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compounds, respectively. This highlights the importance of polyphenols in the
formation of coal organic matter.

The discovered substantial similarity of the molecular composition of the HS
samples under study may lead to a wrong conclusion about the similarity of their
origin and structural match of major components. In fact, a possible source of
organic carbon for coal formation is terrestrial plant biomass, which underwent
intensive transformations.43 It has been reported that the coal originating from
East Siberia and represented by CHM-Irk and CHM-Gl was formed during the
Cretaceous period,44 while coal from the German mine is signicantly younger,
originating from the Middle Miocene.45 These geological periods were charac-
terized by different vegetation and, therefore, different biomolecular precursors
for coal formation. This should have resulted in the structural variance of the
major components of the samples under study behind the common molecular
compositions.
3.2. H/D exchange of skeletal protons with basic or acidic catalysis

For comparison of the coal HS used in this study on the structural level, we
performed acid/base catalyzed H/D exchange of aromatic protons. A reaction
scheme is presented in Fig. 2. In DCl, HDX proceeds exclusively via electrophilic
substitution in the aromatic ring.30 Adverse HDX of side-chain protons occurs
178 | Faraday Discuss., 2019, 218, 172–190 This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Scheme of HDX, illustrating reaction regioselectivity under basic and acidic
catalysis.
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only under supercritical conditions, in which the D2O/DCl mixture behaves as
a super-acid.46 In the case of NaOD, both aromatic and side-chain protons
undergo HDX. In the aromatic ring, HDX is facilitated by keto–enol tautomerism
of the phenolic group. So, only protons in ortho- and para-positions to the
phenolic group undergo HDX. Side-chain protons undergo HDX in molecular
sites with extended C–H acidity, such as benzylic and a-CHn moieties.30 Another
advantage of the chosen HDX techniques is the low impact of reagents on the
sample integrity. Unlike hydroiodic acid, DCl isn’t able to cleave ether bonds at
temperatures below 200 �C.46 Also, a lack of oxidation and condensation processes
in NaOD without continuous air ow was shown in our previous paper on the
HDX of model humic compounds.28

Due to the high analytical capabilities of FTICR MS, parent and deuterated
ions were resolved in mass-spectra. Using a custom R-script, we rst extracted
peaks, whichmay compose HDX series of the parent ions with nominal mass shi
Dm ¼ 1.00628 (for singly charged ions) as is schematically shown in Fig. 3 on the
example of a neutral molecule S19O17P8 identied in the CHM-Pow sample.
Furthermore, we manually selected peaks with binomial distribution, which is
a well-tted approximation for HDX.47 It is noteworthy that incomplete HDX
would signicantly confuse the data interpretation. Previously, we applied 2H
NMR spectroscopy and FTICRMS to evaluate regioselectivity and completeness of
HDX reaction on the model humic and lignin monomers.28 The chosen HDX
technique facilitated a high deuteration degree, which resulted in the absence of
the parent ion in the mass-spectrum of the labeled material and enabled deter-
mination of all exchangeable protons in molecules. Therefore catalytic HDX
provides a high degree of deuteration, which combined with regioselectivity
allowed us to reliably attribute exchangeable protons to the particular structural
fragments of individual compounds.31

The determined lengths of HDX series obtained under acidic or basic condi-
tions for 6 common formulae are presented in Table 2. Evaluation of the data
enabled specication of the differences between the samples under study. We
found that compounds with common molecular compositions possessed
different amounts of specic exchangeable protons. It was necessary to perform
both acidic and basic catalysis to explore structural differences in more detail. For
example, for molecular composition S17O10P7, we observed four HDX in NaOD
for all samples. However, for the same composition in DCl, CHM-Pow, CHM-Irk
and CHM-Gl possessed 5, 6, and 4 exchangeable protons, respectively. This
indicates the presence of different isomers comprising CHM samples.
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 218, 172–190 | 179
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Fig. 3 FTICR mass-spectrum of D-labeled CHM-Pow with a magnified fragment at the
nominal m/z ¼ 374. Residual parent and deuterated ions are designated in blue and black
colors, respectively. The inset on the right shows the mathematically extracted mass-
spectrum fragment for determining the HDX series for S19O18P8 molecular composition.
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The regioselectivity of HDX and knowledge of the major humication path-
ways allowed us to suggest which structural motifs represent the differences in
the number of exchanges. Given that under acidic conditions, only aromatic
protons undergo HDX, the length of HDX is equal to the degree of aromatic rings
substitution. This is particularly important for the lignin components of the coal
HS under study, which are essentially composed of three model phenylpropanoic
units: p-coumaryl, coniferyl and sinapyl moieties. They differ by the number of
methoxyl substituents in aromatic ring as is shown in Fig. 4A.

The molecular formulae S17O20P7 and S16O16P7 are characterized by lignin-
like compositions and the double bond equivalent (DBE) 9 and 8, respectively. We
detected these molecules in negative ESI mode, so they likely contain carboxylic
Table 2 The number of exchangeable protons under acidic or basic (in parentheses)
conditions determined for six common components of the coal HS samples under study

Formula DBE CHM-Pow CHM-Irk CHM-Gl

S16O16P7 9 4(5) 3(3) 2(3)
S17O20P7 8 4(5) 3(3) 1(3)
S17O10P7 13 5(4) 6(4) 4 (4)
S20O14P6 14 5(5) 4(1) 2(3)
S14O10P9 10 0(0) 4(4) 3(3)
S16O10P10 12 1(1) 4(4) 4(6)

180 | Faraday Discuss., 2019, 218, 172–190 This journal is © The Royal Society of Chemistry 2019
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Fig. 4 A) Aromatic moieties of p-coumaryl (1), coniferyl (2) and sinapyl (3) alcohols; (B)
phenylpropanoic fragments determined in isomers of S16O16P7 by HDX of three samples
of coal HS used in this study. The red, blue and orange circles correspond to protons
subjected to HDX in DCl, NaOD and in both cases, respectively.
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groups,48 which facilitate ionization in the negative mode. This might be indic-
ative of the presence of one aromatic ring in bothS17O20P7 andS16O16P7. In this
case, the length of HDX series under acidic conditions species the structure and
origin of lignin compounds in the coal HS samples. For CHM-Pow, CHM-Irk, and
CHM-Gl, we obtained four, three, and two HDX for S16O16P7, which are attrib-
uted to p-coumaryl, coniferyl and sinapyl moieties, respectively, represented in
Fig. 4B. Similar results were obtained for S17O20P7, only in the case of the CHM-
Gl sample, we observed one exchange instead of two. This could be explained by
the formation of a ve-membered dihydrofuran cycle between the vacant ortho-
position in the aromatic ring and side-chain, which is typical for lignin.49

Application of HDX under basic conditions enables the comparison of side-
chain structures for the common molecular compositions identied in the coal
HS samples under study. Based on acidic HDX, we proposed the presence of p-
coumaryl moieties for S17O20P7 and S16O16P7 molecules in the case of CHM-
Pow. Under basic conditions, we observed 5 exchanges for these molecules.
Two of the ve exchanges could be attributed to C–H in ortho-positions to the
phenolic group, which undergo HDX in alkaline solutions. Therefore, three of the
ve exchanges belong to the side-chain (Fig. 4B). In the case of CHM-Gl, all three
exchanges (Table 2) belong to the side-chain, since the presence of methoxyl-
groups prevents HDX in the aromatic ring. In the case of CHM-Irk, we observed
3 exchanges under basic conditions for S16O16P7 and S17O20P7. Based on acidic
HDX, coniferyl moieties can be proposed for these molecules: they possess C–H
protons at an ortho-position to the phenolic group, which are exchangeable in
NaOD. Therefore, we suggest that in the case of CHM-Irk, both S16O16P7 and
S17O20P7 possess 2 exchangeable protons in the side-chain (Fig. 4B).

Consideration of HDX results for low-oxidized aromatic compounds also
reveals structural differences in the common components of the three coal HS
samples under study. It can be suggested that these aromatic compounds can be
attributed to tannins – the major HS precursors, which undergo oxidative
condensation in nature.50 Their aromatic structures have no side-chains and,
hence, all HDX are taking place out in aromatic rings. For S17O10P7, we observed
5, 6 and 4 exchanges in DCl for CHM-Pow, CHM-Irk, and CHM-Gl, respectively.
The number of exchanges indicates the different degree of aromatic ring
substitution. For S17O10P7 in CHM-Pow, we may suggest a avonoid-like struc-
ture with 5 non-substituted aromatic protons subjected to acidic HDX (Fig. 5A).
Moreover, in NaOD we observed 4 exchanges for S17O10P7. Proton 2 (Fig. 5A) is in
a meta-position to the phenolic group, which explains the absence of HDX in
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 218, 172–190 | 181
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Fig. 5 Flavonoid-like structures proposed for low-oxidized aromatic compounds in coal
hymatomelanic acids as revealed by HDX FTICRMS: (A) CHM-Pow, (B and C) CHM-Gl. The
numbers indicate C–H bonds subjected to HDX. The red circles designate protons sub-
jected to HDX in DCl.
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NaOD. Collectively, HDX under acidic and basic conditions supports the structure
depicted in Fig. 5A.

Variation in the order and position of the substituents in the aromatic ring
affects the reactivity of the aromatic ring. For S17O10P7 in CHM-Gl, we observed 4
exchanges in DCl. In this case, we suggested two possible structures depicted in
Fig. 5B and C. The carboxylic substituent prevents electrophilic substitution and
acidic HDX in positions 5 and 1 in themiddle and right structures, respectively. In
NaOD, we observed 4 HDX, which is in accordance with both suggested struc-
tures. The obtained results indicate that aromatic avonoid-like components of
coal HS may vary in substituent positions.
3.3. Structural motifs of different constituents of coal HS

The determination of HDX series for a number of ions determined in the coal HS
samples under study enables comparison of different constituents in terms of
their reactivity. Also, the obtained information may be used for attribution of
molecular compositions to the particular classes of organic compound based on
their projection in the van Krevelen diagram.51 For this purpose, HDX series were
determined for the 800most abundant ions in the FTICRmass-spectrum of CHM-
Pow (Table S1†). The results were plotted in a van Krevelen diagram with color
designation of HDX series length for both DCl and NaOD (Fig. 6). It is seen that
Fig. 6 Color-coded van Krevelen diagram for the 800 most abundant compounds in
CHM-Pow with HDX series lengths obtained in (A) NaOD and (B) DCl, as well as model
structures.
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different components were characterized by different HDX lengths. In particular,
the low-oxidized unsaturated components gave rise to the highest amount of
exchangeable protons in both DCl and NaOD. Aliphatic compounds demon-
strated HDX only in NaOD, while aromatic compounds underwent HDX in both
DCl and NaOD. The obtained results are in agreement with the model structures
of lignin, avonoids, tannins and aliphatic/alicyclic carboxylic acids constituting
HS.52 So, oxidized aromatic compounds with H/C < 0.6 and O/C > 0.5 were char-
acterized by a minimum amount of exchangeable protons (1-2 HDX). This agrees
well with a gallic acid core proposed for tannins.53 Low-oxidized aromatic
compounds with H/C < 0.8 and O/C < 0.5 possessed up to 6 exchangeable protons
in DCl and up to 4 in NaOD. These results are in good agreement with the model
avonoid-like structures shown in Fig. 6B. Low-oxidized unsaturated compounds
with H/C > 1.2 and O/C < 0.2 possessed 3–4 exchangeable protons only in NaOD
(Fig. 6A). Since HDX occurs in C–H bonds with increased acidity,54,55 we assign
these compounds to the alicyclic carboxylic acids, which undergo HDX in a-
positions. The presence of alicyclic carboxyls was suggested previously using
gradient fractionation of coal HS56 and using NMR spectroscopy of pyrogenic
soil HS.57

Polyphenolic compounds with O/C < 0.5 are of particular interest for structural
determination due to their key role in HS biological activity.8,58 In Fig. 6A, we see
that the number of exchanges in NaOD increased with O/C from 5 to 7. An
increase in O/C ratio could be accounted for by the presence of acceptor groups in
the side-chain of molecules29 and for hydroxylation of aromatic rings, which
consequently creates new positions subjected to HDX. In typical lignin b-P-4
structures, there is a lack of non-substituted side-chain protons for HDX.49 At the
same time, phenolic fragments of phenylpropanoic units could undergo only two
exchanges in NaOD as discussed above. Therefore, we suggest dibenzyl-
butyrolactol-like (or dibenzyl-butyrolactone-like) structures,59 as shown in
Fig. 7, with a number of benzylic protons that are easily subjected to HDX due to
enhanced C–H acidity.

In DCl, we observed a similar trend with the extension of HDX series lengths
from 3 to 7 followed by DBE and O/C ratio increases (Fig. 6B). According to our
previous results, these compounds are composed mostly of unconjugated
carboxylic acids.56 The absence of carboxylic groups in the aromatic ring
Fig. 7 Model dibenzyl-butyrolactol-like compounds suggested for (A) S19O22P5 and (B)
S20O24P6 molecular compositions. The red, blue and orange circles correspond to
protons subjected to HDX in DCl, NaOD, and in both cases, respectively.
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results in high reactivity in electrophilic substitution, which leads to the effi-
cient HDX.30 Given that the amount of acidic HDX indicates the degree of
aromatic ring substitution, we may compare structures of the different
constituents of the coal HS samples under study. For example, S19O22P5 and
S20O24P6 possessed 7 and 6 exchangeable protons under acidic conditions,
respectively. The rst molecule is likely to be composed of p-coumaryl and
coniferyl moieties (Fig. 7A), while the second one includes 2 coniferyl frag-
ments (Fig. 7B).
3.4. Unveiling lignin humication processes using HDX FTICR MS

Considering the structures of lignin-like polyphenols, we could explain an
extension of the HDX series in NaOD along with an increase in the O/C ratio by
incorporation of acceptor groups and oxidation processes. At the same time,
the number of exchangeable protons correlated with the value of DBE, in
particular, for the DCl catalyzed reaction. The observed trends could be related
to chemical transformations, which occur during lignin humication. It was
shown that in addition to oxidation and condensation processes, lignin
humication is accompanied by hydrolysis of ether bonds.41,60 In the case of
coniferyl and sinapyl moieties, hydrolysis leads to the generation of a new
phenolic group and consequently to an increase in O/C ratio, and to activation
of aromatic protons for HDX under basic conditions. It is shown in Fig. 8A on
the example of transformation of a guaiacyl unit into a coniferyl fragment.
Hydrolysis of methyl ether results in the formation of a catechol moiety with an
increase in the O/C ratio and DBE value due to elimination of the methyl group.
Catechol undergoes additional HDX in NaOD in the ortho- and para-position to
the new phenolic group. The further loss of a phenolic group (Fig. 8B) adds new
aromatic protons for HDX in DCl. For example, according to HDX results,
a compound with molecular formula S20H28O8 in CHM-Pow possesses six
aromatic protons, which corresponds to two coniferyl moieties. Its OCH2

homologue – S19H26O7 – possesses seven exchangeable aromatic protons,
which could correspond to formation of a coumaryl moiety due to methyl ether
hydrolysis. Therefore, application of selective HDX enables identication of
different phenylpropanoic units within the same coal HS sample and deter-
mination of their chemical connectivity reected in the general humication
pathways.
Fig. 8 General scheme of reducing lignin humification pathway: (A) hydrolysis of methyl
ether, and (B) reduction of phenolic group.60 The red and orange circles designate
exchangeable protons in DCl, and in both DCl and NaOD, respectively.
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4. Conclusions

The application of HDX enabled enumeration of specic exchangeable protons in
the individual components of the three coal HS samples used in this study. Due to
the regioselectivity of HDX achieved through liquid-phase catalysis, only sites
with enhanced C–H acidity and aromatic protons underwent labeling in NaOD
and DCl, respectively. According to the FTICR MS molecular proles, the three
samples under study contained more than 2000 common formulae. The clear
differences in their structures were revealed using HDX. Under the same condi-
tions, the so-called common components possessed different amounts of
exchangeable protons. We suggested that aromatic constituents varied by the
positioning of and by the number of aromatic protons. The degree of aromatic
ring substitution, which was observed in DCl, indicated coniferyl, coumaryl and
sinapyl moieties as composing lignin components of coal HS. The combination of
HDX in DCl and NaOD enabled suggestion of the phenolic group positions in low-
oxidized aromatic compounds. The generalization of the obtained data as
a distribution of exchangeable protons in the van Krevelen diagram plotted for
the 800 most abundant ions determined in FTICR mass-spectrum of the leo-
nardite HS showed that HDX results agree well with the model structures of
lignin, tannins, avonoids and alicyclic carboxylic acids. In addition, HDX
enabled exploration of the chemical transformations, which could connect
individual lignin constituents of coal HS. Transformations included hydrolysis of
the guaiacyl moiety followed by reduction of the catechol unit, resulting in the
loss of a phenolic group in the aromatic ring. This transformation corresponded
to the reducing humication pathway suggested for lignin in the environment.
Hence, the molecular ensemble of coal HS is composed of individual constituents
produced at different humication stages, which can be used as an evolution
parameter of coal humic matter. The obtained information can be used for ne
fractionation and isolation of organic components with the known structures
from coal. This can be of great use for the non-fuel chemical industry by enabling
production of new chemicals and materials from coal.
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