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ABSTRACT: Water-soluble emerging contaminants from fossil
fuel−based materials pose increasing environmental risks, yet their
detailed molecular characterization remains limited. These com-
pounds often resemble natural dissolved organic matter (DOM),
especially after photo-oxidation, which increases oxygen content and
structural complexity. We developed a high-performance liquid
chromatography (HPLC) method coupled to 21 T Fourier-transform
ion cyclotron resonance mass spectrometry (FT-ICR MS) to enhance
molecular analysis of both natural and anthropogenic DOM. The
method incorporates a polymeric stationary phase functionalized with
amine groups to promote interactions with carboxylic and phenolic
moieties. A methanol-to-water gradient containing 2% diethylamine
(DEA) promotes separation based on differences in hydrophilicity and functional group interactions with the stationary phase.
Compared with direct infusion (DI), the HPLC-FT-ICR MS workflow mitigates ion suppression, enhances ionization efficiency, and
broadens molecular coverage. For example, analysis of coal tar−derived water solubles yielded over 16,000 assigned formulas, twice
as many as in DI-MS, including oxygen-containing polycyclic aromatic hydrocarbons (oxy-PAHs) and high H/C species poorly
ionized under DI conditions. This method achieves efficient separation of chemically diverse compound classes, enabling ultrahigh-
resolution MS analysis of complex environmental mixtures and advancing molecular-level understanding of both natural DOM and
fossil fuel−derived contaminants.

■ INTRODUCTION
Natural organic matter (NOM) is ubiquitous in aquatic
systems, where it influences nutrient cycling, carbon transport,
and ecosystem stability. Formed through the degradation of
plant and microbial biomass, NOM contains bioactive
compounds that affect water quality and ecological function.
Its soluble fraction, dissolved organic matter (DOM), contains
thousands of chemically diverse species, including humic
substances, carbohydrates, and amino acids, whose complexity
presents major analytical challenges.

Fossil fuel−derived dissolved organic carbon (DOC) shares
many molecular features with natural DOM, especially as
photooxidation increases oxygen content and structural
heterogeneity.1 These materials enter aquatic environments
via oil spills, urban runoff, and other anthropogenic inputs,
increasing the chemical diversity of water-soluble organic
matter in affected ecosystems.2,3 Understanding the molecular
similarities and distinctions between natural DOM and fossil
fuel−derived contaminants is essential for accurate environ-
mental risk assessment.

Water-soluble contaminants produced by photooxidation of
fossil fuel−derived materials pose persistent health and
environmental risks. Weathered in aquatic and urban settings,
these compounds are often more toxic than their precursor
hydrocarbons. Their high solubility enhances the mobility and
bioavailability of metals and polycyclic aromatic hydrocarbons
(PAHs).4,5 Urban sources such as asphalt binders and
pavement sealants release oxidized PAHs (oxy-PAHs) that
leach into waterways and contribute to long-term contami-
nation.6,7 Although structurally similar to natural DOM, these
compounds introduce distinct environmental hazards, reinforc-
ing the need for robust analytical methods to characterize their
composition and transformation products.
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Ultrahigh-resolution mass spectrometry, e.g., 21 tesla (T)
Fourier-transform ion cyclotron resonance (FT-ICR MS), is
essential for characterizing the molecular complexity of
DOM.8−13 Analyses of standards such as Suwannee River
fulvic acid (SRFA) have revealed up to ∼36,000 unique
molecular formulas, spanning aliphatic to highly aromatic
compounds with varied heteroatom content. The 21 T FT-
ICR MS system resolves isotopic fine structure and isobaric
species differing by as little as 0.430 mDa, providing the mass
measurement accuracy and resolution needed to profile both
natural and fossil fuel−derived DOM at the molecular level.13

However, several benefits of FT-ICR MS are offset in direct
infusion (DI) analysis by ion suppression.14 In DI-MS, highly
abundant, easily ionized compounds can suppress ionization of
less abundant species during electrospray ionization (ESI),
which limits or prevents their detection.15−17 This effect is
pronounced in DOM, where low-molecular-weight compounds
often mask higher-mass or more functionalized molecules. DI-
MS also lacks the ability to distinguish isomers, limiting
structural and functional interpretation.

The work herein demonstrates that coupling weak anion-
exchange chromatography to ultrahigh-resolution FT-ICR MS
resolves polarity-driven compositional trends in dissolved
organic matter from both natural and anthropogenic sources,
establishing a framework to directly compare molecular
distributions obtained by HPLC-MS and DI-MS. Coupling
HPLC with FT-ICR MS improves molecular coverage via
time-resolved separation, thereby minimizing ion suppres-
sion.18 In this context, complex mixtures are separated based
on polarity and functional group chemistry, which increases
the detection of low-abundance species. For example, a recent
reversed-phase HPLC high-resolution mass spectrometry
(HRMS) study demonstrated its effectiveness for characteriz-
ing water samples from diverse sources, assigning ∼14,000
molecular formulas in both (+) and (−) ESI. In comparison,
DI analysis using the same ionization conditions yielded only
about 5,000 molecular assignments.19 Other recent studies
with higher-resolution FT-ICR MS have demonstrated
excellent reproducibility and broader DOM coverage, with
more than ∼14,000 molecular formulas assigned per marine
sample.20,21 Together, these findings highlight the ability of
HPLC-FT-ICR MS to access chemical diversity that remains
undetected by DI-MS.

This study introduces an HPLC method optimized for
coupling with negative-ion ESI 21 T FT-ICR MS to improve
the molecular characterization of both natural DOM and
water-soluble emerging contaminants. The method relies on a
polymeric stationary phase functionalized with dimethylami-
nopropyl groups, which interact with acidic moieties such as
carboxylic acids and phenols through weak anion-exchange
interactions and hydrogen bonding. The gradient transitions
from methanol to water with 2% diethylamine (DEA),
enabling separation based on acidity, polarity, and hydro-
philicity. This dual-mode mechanism allows efficient elution of
structurally diverse species, including low-abundance aliphatic
molecules, polyaromatics, and highly functionalized com-
pounds often missed by DI-MS or conventional reversed-
phase separations. When combined with ultrahigh-resolution
mass spectrometry and advanced data processing, this
workflow expands molecular coverage and reveals compound
families not accessible through DI-MS alone.

■ METHODS

Materials

Fulvic and humic acid standards, including Suwannee River
isolates, were obtained from the International Humic
Substances Society. Water-soluble compounds derived from
fossil fuel−based materials were prepared through the
photooxidation of coal tar sealant and coal C7 asphaltenes,
following established protocols.22 Model compounds with
diverse oxygen-containing functional groups were purchased
from MilliporeSigma. Detailed information about solvents,
standards, samples, and stationary phase materials is provided
in the Supporting Information (Section S1).
Offline Solid-Phase Extraction (SPE) and Online HPLC
Separations

Initial method development was conducted offline using solid-
phase extraction (SPE) with POROS GoPure 50 D resin
functionalized with dimethylaminopropyl groups (Thermo
Fisher Scientific). DOM standards and fossil fuel−derived
samples were fractionated using a methanol-to-aqueous
diethylamine (DEA) gradient provided in the Supporting
Information (Section S1, Table S2/S3). These results
informed the design of an online HPLC method employing
a prepacked POROS GoPure 50 D column coupled to a
Waters Corporation Alliance e2695 separation module and a
Waters 2998 photodiode array (PDA) detector.

The optimized gradient incorporated methanol and water
with 2−5% DEA (v/v), enabling an initial separation driven by
weak anion-exchange interactions followed by partitioning and
hydrogen-bonding effects. Gradient conditions, flow rates, and
eluent compositions are provided in the Supporting
Information (Section S1, Table S4). Method performance
was evaluated using model compounds and DOM standards,
analyzed individually, in mixtures, and in spiked combinations.
Reproducibility was confirmed by alignment of PDA
chromatograms across repeated injections, which showed
consistent retention times and identical elution behaviors
throughout the runs.
FTMS Characterization

DOM standards and fossil fuel−derived samples were analyzed
on a custom-built 21 T FT-ICR MS using negative-ion heated
electrospray ionization (HESI).23 Both direct infusion and
HPLC-coupled experiments were performed. Model com-
pounds were characterized on a Thermo Fisher Scientific
Orbitrap EclipseTM TribridTM MS instrument under similar
ionization conditions. For HPLC-MS, the PDA detector
effluent was split before introduction into the electrospray
ion source. Instrument settings, acquisition parameters, and
calibration procedures are provided in the Supporting
Information (Section S1). Data processing was carried out
using Predator, PetroOrg, and PyC2MC for FT-ICR MS, and
XcaliburTM for Orbitrap MS analyses.24−26 Molecular formulas
were assigned using PetroOrg for segmented spectra and both
PetroOrg and PyC2MC for individual spectra. Custom Python
scripts were used to organize the assigned formulas, extract
compositional parameters (DBE, O/C, H/C), and generate
custom chromatograms and abundance-weighted profiles for
direct comparison between HPLC and DI data sets. Ionization
behavior was evaluated based on relative signal intensity and
the injection times required to accumulate ∼2 × 106 charges
per scan, with longer injection times observed for fractions
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exhibiting lower ionization efficiency, similar to trends reported
for other complex mixtures, e.g., asphaltenes.

■ RESULTS
The results integrate the chromatographic behavior of model
compounds with FT-ICR MS characterization of complex
DOM, revealing how weak anion-exchange HPLC-MS un-
covers polarity-dependent compositional trends that remain
obscured in DI analyses.

Efforts to improve DOM separations were motivated by
prior work on fossil fuels, where fractionating acidic species
substantially increased FT-ICR MS coverage.27 We aimed to
apply this approach to DOM, but its polyfunctional nature
presents challenges not encountered with petroleum acids.
Aminopropyl silica (APS) gel and other silica-based stationary
phases, although effective for fossil fuel acids, are poorly suited
for DOM. Strong interactions with silica surfaces (e.g., SiO2)
hinder desorption and reduce recovery. Although acidic
conditions effectively elute petroleum acids, DOM requires
desorption at high pH, which destabilizes the silica gel, limiting
compatibility with online HPLC-MS.

Initial tests with APS gel used a methanol−water gradient,
where the pH of the aqueous phase was adjusted to 11 with
ammonium hydroxide. As previously reported and shown in
Figure S1a, this approach failed due to silica particle migration
and irreversible sample binding.28 Substituting ammonium
hydroxide with 2% diethylamine (DEA) improved the recovery
but did not fully resolve these issues.

To address these limitations, we adopted a polymeric
stationary phase composed of poly(styrene−co−divinylben-
zene) functionalized with dimethylaminopropyl groups, here-
after referred to as POROS. Unlike silica-based materials,
polymeric particles remain stable at high pH and separate both
hydrophobic and hydrophilic DOM species through multiple
interactions. Offline SPE using 2% DEA with POROS achieved
a 98% recovery. This demonstrates substantially reduced
irreversible adsorption (Figure S1b).

SPE fractions were analyzed by DI-FT-ICR MS, and the
results were visualized as van Krevelen diagrams (Figure S1c).
Molecular formulas are plotted by their H/C and O/C ratios,
with relative abundance indicated by color gradient. In the 2%
DEA experiment, the first fraction (upper row, Figure S1c) was
dominated by aliphatic, hydrogen-rich species with low oxygen
content. Fraction 2 exhibited broader compositional diversity,
whereas Fraction 3 was enriched in highly aromatic
compounds with variable oxygen content. No additional
material eluted beyond Fraction 3. Thus, to extend the
separation, the DEA concentration was reduced to 1%, yielding
six distinct fractions.

Van Krevelen diagrams from the 1% DEA separation (Figure
S1c, middle row) revealed a similar progression, with a shift
from aliphatic to increasingly aromatic and oxygen-rich species
across Fractions 1−6. Figure S1b shows the physical
appearance of these fractions, each diluted to 5000 ppm in
80:20 methanol:water. The observed color differences reflect
the underlying compositional variation. Importantly, ion
injection times required to accumulate 2 × 106 charges
increased markedly across the gradient, from 0.3−3 s across
Fractions 1−6, which suggests that nanoaggregation in later
fractions reduced ionization efficiency.

Decreased ionization efficiency in the latter fractions likely
reflects contributions from two effects. First, a stronger
intermolecular association is consistent with our experimental

observations, including repeated electrospray emitter clogging
and the need to switch from nano-ESI to HESI for stable
operation, which mirrors behavior reported for complex
mixtures with strong aggregation tendencies such as
asphaltenes.29−31 Second, increased polarity can lower the
electrospray response by reducing surface activity and altering
charge competition during droplet fission, thereby decreasing
ion yield. Both factors likely contribute to the observed
decrease in signal.32

To improve the resolution further, the DEA concentration
was lowered to 0.5%. This adjustment enhanced the
separation, particularly in early fractions. Fractions 1−3
captured a clear transition from aliphatic to aromatic species,
whereas later fractions retained high aromaticity but exhibited
a broader O/C range. For the most abundant species, the shift
from oxygen-rich to oxygen-depleted structures was most
evident in Fraction 6.

The successful separations achieved with 1% and 0.5% DEA
provided the basis for adapting the method to an online
HPLC-FT-ICR MS configuration using a commercially
available POROS column. Importantly, the improved elution
scheme with lower DEA concentration increased the resolution
between early- and late-eluting fractions, yielding a progressive
transition from more aliphatic to more aromatic molecular
compositions (Figure S1c, bottom row). In this context,
gradient optimization was critical to achieving complete
elution and maximizing molecular coverage. Initial tests with
0.5% DEA led to poor separation, with a significant portion of
the material retained on the column. Increasing the
concentration to 2% DEA improved the elution efficiency
and substantially enhanced the compositional recovery. Based
on these optimizations, the final gradient, shown in Figure 1a,
was applied to all sample types and enabled broad molecular
separation.

The HPLC system includes a photodiode array (PDA)
detector positioned upstream of the flow split to the mass
spectrometer. Absorbance was recorded at 210−600 nm. PDA
chromatograms extracted at 300 nm (Figure 1b) show an early
breakthrough peak at ∼2 min, corresponding to methanol-
soluble species not retained by the column. Retention profiles
beyond this point vary by the sample.

Suwannee River fulvic and humic acids reveal early peaks
(zoomed regions in Figure 1b), consistent with nonacidic,
unretained compounds. This is followed by a second major
elution beginning around 10 min, when the mobile phase
reaches ∼20% water with 2% DEA, indicative of strongly
retained, highly acidic species. Figure S2 shows the PDA
chromatogram for Pahokee Peat fulvic acid, which follows a
similar elution trend.

Coal-related materials produce broader, more complex PDA
traces, reflecting contributions from both acidic and nonacidic
components. The extended elution window suggests a greater
functional group diversity. The coal tar−derived water-soluble
fraction shows a dominant early peak at ∼2 min, similar to the
fulvic and humic acids but in much higher abundance,
indicating a large proportion of nonacidic compounds. This
aligns with photooxidized PAHs, known to occur in weathered
coal tar sealants, bearing ketones rather than carboxylic acids.6

The PDA response provides information not only on acidity
but also on hydrophilicity, since the gradient shifts from less
polar to highly polar elution conditions. The sustained
absorbance in this region indicates that strongly hydrophilic,
oxygen-rich compounds with light-absorbing chromophores
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are efficiently eluted and detected under these high-polarity
conditions.

A set of model compounds with varied oxygen-containing
functional groups (Table S1) was used to evaluate retention
mechanisms under the optimized HPLC conditions. Their
elution profiles (Figure 2) reflect differences in acidity,
aromaticity, and interaction with the stationary phase. The
data are represented by the centroids of the chromatographic
peaks. Group 1 includes compounds with minimal retention,
eluting near the methanol front. Compound 1, with negligible
acidity, elutes first. Compound 2, which contains nonaromatic
hydroxyls, shows slightly greater retention due to its mild
acidity. Compound 3, which contains three hydroxyl groups
including one phenolic OH, elutes later, consistent with the
greater acidity imparted by the phenolic functionality.

Group 2 compares two polyphenolic compounds. Com-
pound 4 has two phenols that are spatially separated, which
limits conjugation and reduces acidity. Compound 5 contains
three conjugated phenols, leading to greater acidity and
increased retention. These results highlight the influence of
both the number and spatial arrangement of acidic groups on
the retention behavior.

Group 3 consists of two isomers with identical formulas but
different electronic environments. Compound 6 elutes earlier,
with weakly acidic, nonconjugated phenols. Compound 7
features resonance-stabilized phenols, resulting in stronger
retention.

Group 4 includes highly functionalized molecules. Com-
pound 8 contains four phenols and two esters, which were
retained moderately via hydrogen bonding and dipolar

interactions. Compound 9, a tetracarboxylic acid on an
aromatic ring, is strongly retained due to its high acidity and
multiple ion-pairing interactions. Compound 10, with phenols,
hydroxyls, an ester, and a carboxylic acid, elutes last, reflecting
the strongest overall interaction with the stationary phase.

Compound 11 behaves as an outlier. Despite multiple
phenolic and hydroxyl groups, it eluted earlier than expected.
Its weak retention may result from limited interaction with the
stationary phase due to steric hindrance or ineffective ion-
exchange interactions rather than pore exclusion. The
polymeric material has large pores, making exclusion unlikely
for molecules of this size. The chromatogram shows low-
abundance delayed-elution peaks, consistent with partial
retention. In contrast, Compound 12, a smaller molecule
with a single phenol and carboxylic acid, shows strong
retention, reflecting efficient interaction with the stationary
phase that is not hindered by steric effects.

The model compound results confirm that the elution order
is primarily governed by the acidity of oxygen-bound protons
and the degree of conjugation. These elution patterns reflect a
separation mechanism primarily governed by weak anion-
exchange and hydrogen bonding interactions. The addition of
a weak base, diethylamine, competes for acidic analytes to
interact with the amino groups of the stationary phase. By
simple mass action, DEA intercepts acids in the mobile phase,

Figure 1. (a) HPLC gradient showing the eluent composition over
time for methanol (blue), water with 2% DEA (red), and water with
5% DEA (gray). (b) PDA chromatograms at 300 nm for Suwannee
River fulvic and humic acids, and water-soluble species derived from
coal asphaltenes and coal tar. Insets highlight early methanol-soluble
species in the DOM standards.

Figure 2. Top panel: Retention times for 12 model compounds
analyzed by HPLC negative-ion ESI with Orbitrap MS detection,
colored by group. Lower panels: Extracted ion chromatograms (EICs)
organized by structural and functional characteristics to highlight
differences in acidity, conjugation, and retention behavior under the
optimized HPLC conditions. Model compound experiments were
performed on an Orbitrap Eclipse mass spectrometer to refine
chromatographic conditions prior to 21T FT-ICR MS analyses.
Because the mixtures examined here were relatively simple, ultrahigh
resolving power was not required, and the Orbitrap provided
sufficient mass accuracy and throughput for method development.
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effectively suppressing weak anion-exchange behavior and
shifting retention toward partitioning and hydrogen bonding.
The HPLC approach relies on functional group interactions
between analytes and the dimethylaminopropyl-functionalized
stationary phase, offering a retention mode distinct from the
hydrophobic interactions used in conventional C18 columns.

Approximate pKa values for the model compounds are
provided in Table S5. These parameters further illustrate that,
at the high-pH mobile phase used here, compounds with lower
pKa are retained longer on the weak anion-exchange stationary
phase, consistent with the proposed mechanism in which
increasing acidity and hydrophilicity govern elution order.

Changes in the mobile phase composition directly influence
analyte partitioning by modulating the solvent polarity and
analyte ionization. At the beginning of the separation, the high
methanol content and nonprotonated amines in the stationary
phase minimize ionic interactions, allowing neutral and weakly
acidic species to elute with the methanol front while acidic
compounds remain bound. As the concentrations of water and
diethylamine increase, the rising polarity and base strength
promote deprotonation of acidic analytes and their interaction
with diethylamine in the mobile phase, which weakens their
retention on the anion-exchange sites and facilitates elution.

Comparison across compound groups reveals consistent
retention trends governed by functional group acidity,
conjugation, and overall functionalization. Weakly acidic,
nonconjugated compounds elute near the methanol front,
whereas strongly acidic and polyfunctional species are retained
longer. These results confirm that retention is primarily driven
by the number, strength, and arrangement of the acidic groups.
Similar trends are expected in complex mixtures: nonacidic
compounds should elute early, mildly acidic species at
intermediate retention times, and highly acidic molecules
later in the gradient. When identical molecular formulas appear
at multiple retention times, they likely represent structural
isomers that differ in functional group chemistry.
Complex Mixture Analysis by HPLC-MS

With the elution behavior of model compounds established,
the method was applied to complex mixtures, including DOM
standards and water-soluble emerging contaminants derived
from photoirradiated fossil fuel products. Figures 3 and S3−S5
present extracted ion chromatograms (EICs) from m/z 175−
1200, with dominant contaminant peaks removed to facilitate
comparison across samples. The ion signal first appears at ∼2
to 3 min, which corresponds to methanol-soluble species not
retained by the column. These early eluting compounds ionize
efficiently and produce a high-abundance signal that aligns
with the first peak in the PDA chromatograms, albeit at a lower
relative intensity.

Signal remains stable throughout the high-methanol phase,
as methanol lowers the surface tension and enhances
electrospray ionization. As the mobile phase shifts to water
with 2% DEA, signal intensity drops and approaches zero
between 20−28 min. This decline reflects reduced ESI
efficiency under highly aqueous and alkaline conditions, rather
than an absence of eluting species.33 A secondary signal
increase occurs during the reconditioning phase, as strongly
retained compounds elute. Each run was followed by a 10 min
reconditioning step (not shown in the EICs) to restore the
initial column conditions and maintain reproducibility.

Spectral Processing and Analysis
Spectra were processed using a segmentation strategy based on
the ion injection times (Figure 3). During the initial ∼10 min
of the run, when injection times were short, data were divided
into short segments, each composed of nine coadded transients
(gray region). The remainder of the run was divided into
longer segments, with 36 transients coadded per segment (blue
region). The final segment (segment 23) captured any
remaining data at the end of the run. Each segment was
calibrated using Predator, and molecular formulas were
assigned with PetroOrg. Select van Krevelen diagrams were
generated for oxygen-containing species (Ox classes) and
overlaid on each extracted ion chromatogram (EIC). Red-
dashed lines at H/C = 1 and O/C = 0.4 serve as a visual
reference to track compositional shifts.

Segment 4 corresponds to the methanol-soluble fraction,
which contains compounds that do not interact with the
column. Segment 10 marks the onset of elution for more
strongly retained species, as water with 2% DEA (solvent B)
enters the system. After segment 15, solvent B exceeds 30%,
and EIC intensity drops due to reduced ionization efficiency.
This trend continues through segments 17−20, where more
hydrophilic species elute as the gradient advances.

In SRFA (Figure 3a), the van Krevelen diagrams show a
broad compositional shift across the chromatographic run. In

Figure 3. Extracted ion chromatograms (EICs) with corresponding
van Krevelen diagrams (Ox classes) at selected time segments for (a)
SRFA and (b) coal C7 asphaltenes water-solubles. Both profiles reveal
a compositional transition from aliphatic, low-oxygen species to
aromatic, oxygen-rich compounds across the chromatographic
gradient. Segment colors in the chromatograms represent the
retention time segments used for data segmentation: gray for the
first 15 segments, where nine transients were coadded per segment,
and blue for the later segments, where 36 transients were coadded to
improve the signal-to-noise ratio. In the corresponding van Krevelen
diagrams, the color scale represents the normalized relative ion
abundance, with red indicating the most abundant compositions,
illustrating compositional and abundance shifts across the chromato-
graphic gradient.
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segment 4, H/C ratios range from 0.8 to 1.8. By segment 19,
H/C values decrease to approximately 0.4, indicating higher
aromaticity. O/C ratios follow a similar trend, expanding from
0.1−0.7 in segment 4 to 0.1−0.9 in segment 19. The most
abundant species shift from the upper left quadrant (aliphatic,
low-oxygen) to the lower right (aromatic, oxygen-rich).
Comparison of segments 15, 16, and 17 reveals a subtle drift
of the distribution toward the lower left quadrant, reflecting an
increase in average molecular weight and aromatic character
rather than a loss of oxygen content. Later-eluting species
exhibit comparable oxygen content but contain more carbon
atoms, leading to lower O/C and H/C ratios consistent with
enrichment in larger, more aromatic molecules.

In contrast, the coal-derived, water-soluble material (Figure
3b) shows a broader initial compositional range. In segment 4,
H/C ranges from 0.6 to 2.1, and O/C from 0.1 to 0.9. While
SRFA shows major compositional shifts beginning around
segment 15, the coal-derived sample begins to trend toward
the aromatic region (H/C < 1) as early as segment 10. By
segments 15−16, a secondary distribution emerges at higher
oxygen content (O/C > 0.8). Segment 16 displays a distinct
linear cluster at O/C = 1, consistent with highly polar,
hydrophilic species, likely polyfunctional, carboxylic-rich
compounds. This segment also exhibits the broadest
composition, with H/C values from 0.4 to 2.0 and O/C
from 0.1 to 1.2. In later segments, van Krevelen diagrams
reveal a predominance of highly aromatic species (H/C < 1.0)
with a wide range of oxygen content, mirroring the elution
trend observed in SRFA. These results highlight the extended
elution and greater compositional diversity of coal-derived
material relative to SRFA.

Additional results for Suwannee River humic acid (SRHA),
Pahokee Peat fulvic acid (PPFA), and coal tar−derived, water-
soluble material are presented in Figures S3−S5. SRHA and
PPFA show overall trends similar to those of SRFA, with
variations in the onset and extent of aromatic fractions. The
coal tar−derived material exhibits sustained aromatic domi-
nance throughout the gradient and a gradual increase in
oxygen content, consistent with oxidative weathering of PAHs.
These results are discussed further in the Supporting
Information (Section S2).
Molecular Formula Assignment for Individual Spectra

The data were also analyzed with Python Tools for complex
matrices molecular characterization (PyC2MC), a recently
developed software package that performs spectrum-by-
spectrum calibration and molecular formula assignment across
the chromatographic run.34,35 A walking calibration, based on a
master list of peaks obtained from the segmented analysis,
provided high mass accuracy and enabled the generation of
compositional chromatograms. This approach provided high-
resolution tracking of molecular shifts and a detailed view of
the compositional changes throughout the elution. Notably,
the median mass accuracy for individual-spectra assignments
(0.13 ± 0.03 ppm) is comparable to that obtained for
segmented analyses (0.12 ± 0.03 ppm) and direct-infusion
data (0.14 ± 0.04 ppm), confirming that the individual-
spectrum approach maintains an equivalent assignment
precision.

Figure 4a shows a representative single-scan mass spectrum
of SRFA at 9.3 min, covering the m/z 200−1000 range. From
this scan, 3,033 molecular formulas were assigned, accounting
for 91.1% of total signal abundance, with an assignment error

of only 37 parts per billion (ppb). This exceptionally low error
demonstrates the ultrahigh mass accuracy of 21 T FT-ICR MS,
which is essential for HPLC analysis of highly complex
mixtures. Van Krevelen diagrams from seven additional time
points reveal compositional trends consistent with those
observed in the segmented analysis.

From the individual spectra, abundance-weighted features,
such as aromaticity and O/C ratios, were calculated and
plotted over time (Figure 4b), yielding a compositional
chromatogram. Aromaticity, defined as the ratio of abun-
dance-weighted double bond equivalents (DBE) to H/C,
reflects molecular unsaturation and condensation. Molecules
with high aromaticity typically show elevated DBE and low H/
C due to limited CH2 content, as in condensed structures like
coronene. In contrast, low aromaticity corresponds to species
with low DBE and high alkylation.

The aromaticity chromatogram shows a baseline of ∼5
before 3 min, corresponding to methanol-soluble compounds.
Aromaticity then increases steadily, peaking just after 20 min as
more aromatic species elute. A decline between 20−27 min
likely reflects background ions commonly observed in
negative-ion ESI, such as fatty acids, which ionize efficiently
but exhibit low aromaticity and O/C. At 28 min, aromaticity
increases again as the gradient shifts from 2 to 5% DEA,
releasing the more strongly retained compounds. A local
maximum appears near 30 min, just before column
reconditioning. These patterns align with the van Krevelen
diagrams, which show a shift toward lower H/C ratios.

Importantly, background ions (e.g., m/z = 255, 283, and
410) correspond to persistent contaminants present in blanks
and system washes. They remain stable across the chromato-
graphic gradient during blank runs but are partially suppressed
during sample analyses when highly ionizable DOM
components elute, consistent with competitive ionization
effects rather than chromatographically retained background.

The O/C chromatogram follows a similar trend. It starts at
∼0.23 and increases to 0.40 during early elution, followed by a
brief dip, and then rises again to a maximum at ∼15 min. A

Figure 4. (a) Single-scan mass spectrum of SRFA at 9.3 min with
3,033 assigned formulas. Van Krevelen diagrams show compositional
changes across the chromatographic run, labeled by acquisition time.
(b) Abundance-weighted aromaticity and (c) O/C ratio chromato-
grams, calculated from individual spectra using PyC2MC. Numbered
points match the spectra shown in panel (a).
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plateau from 15 to 20 min reflects continued elution of oxygen-
rich species. The agreement between these trends and the
segmented van Krevelen profiles confirms that PyC2MC
captures molecular-level changes throughout the chromato-
graphic run.

It is important to highlight that both the segmented
(PetroOrg) and individual spectra (PyC2MC) workflows
produced consistent compositional trends and comparable
mass-accuracy performance (median 0.12−0.15 ppm). Pet-
roOrg maximizes molecular coverage through signal coad-
dition, whereas PyC2MC increases temporal resolution by
tracking molecular variations scan-by-scan. The two methods,
therefore, provide complementary views of the same under-
lying chromatographic behavior.

Furthermore, the consistency between Figures 3 and 4
demonstrates that both the segmented and individual-spectra
(PyC2MC) analyses capture the same compositional evolution
for the Ox species, characterized by decreasing H/C ratios and
increasing O/C.
Comparison of HPLC-MS and DI-MS Analyses
Figure 5 compares molecular formula assignments from
segmented HPLC-MS and DI-MS analyses. The first column

displays the full HPLC-MS data set, the last column shows DI-
MS results, and the middle highlights shared and unique
formulas. Assignments exclusive to HPLC-MS appear in blue,
DI-MS in orange, and those shared in green. HPLC-MS
assignments were consolidated across adjacent segments. If a
formula appeared in nonadjacent segments separated by more
than 10 min, it was counted as a distinct species, indicating
potential isomeric diversity. This threshold is supported by the
elution behavior of model compounds (Figure 2), where
individual peaks span up to ∼10 min, and confirmed isomers
(e.g., compounds 6 and 7) elute within overlapping time-
frames. A recent study on biooil characterization using the

same stationary phase and a similar eluent system also reported
isomer separations under 10 min.36 This conservative cutoff
avoids overcounting overlapping isomers while still capturing
relevant chromatographic resolution. Figure 5 also presents
Venn diagrams summarizing the number of formulas unique to
each method and those shared between them.

For SRFA, HPLC-MS revealed a broader molecular formula
distribution, with H/C ratios ranging from 0.3 to 2.0 and O/C
ratios from 0.1 to 1.0. In contrast, DI-MS covered narrower
ranges: H/C from 0.3 to 1.7 and O/C from 0.2 to 0.9. Both
methods detected shared formulas concentrated in the central
region of the van Krevelen diagram. However, HPLC-MS
uniquely captured compounds with lower oxygen and higher
hydrogen contents, extending into the saturated, low-oxygen
region. By contrast, DI-MS more effectively identified highly
oxygenated species (e.g., O25−29), benefiting from the superior
signal-to-noise ratio achieved through coaddition of hundreds
of transients from a constant-composition sample. These
results highlight the complementary strengths of the two
methods: HPLC-MS improves detection of less oxygenated,
more saturated species, while DI-MS excels at identifying low-
abundance, oxygen-rich compounds.

Globally, average O/C, H/C, and m/z values indicate that
HPLC-MS preferentially detects more polar, lower-mass
species, whereas DI-MS favors slightly more oxygenated,
higher-mass compounds. These quantitative differences are
modest but systematic, consistent with the compositional
overlap shown in Figure 5.

For PPFA, HPLC-MS revealed a broader molecular formula
distribution, with distinct gains in the high H/C and low O/C
region typical of aliphatic species. DI-MS assignments were
concentrated in the central region of the van Krevelen diagram
and included unique formulas with moderate and elevated O/
C. HPLC-MS also captured additional species in the
carbohydrate-like region (high H/C, high O/C), while DI-
MS emphasized highly aromatic compounds.

SRHA showed compositional trends similar to those of
PPFA. DI-MS produced a more continuous distribution
extending from the central region toward the high H/C, low
O/C domain of the van Krevelen diagram, consistent with
humic material rich in carbon and low in oxygen. In contrast,
HPLC-MS provided broader coverage of carbohydrate-like
species.

Coal-derived samples exhibited pronounced differences
between methods. In the coal tar water-soluble fraction,
HPLC-MS uniquely detected species with H/C > 1.6, absent
in DI-MS. Consistent with this behavior, coal-asphaltene
water-solubles showed additional HPLC-MS formulas in the
low O/C, high H/C region, whereas DI-MS favored more
oxygen-rich species concentrated in the high O/C domain.

Figure 5 highlights the distinct yet complementary coverage
of HPLC-MS and DI-MS across all sample types. For SRFA,
most formulas fall within the shared region, reflecting strong
compositional agreement. In contrast, PPFA and SRHA show
more HPLC-exclusive assignments, particularly at high H/C
across a broad O/C range, extending from oxygen-depleted
compositions to O/C ≈ 1, consistent with carbohydrate-like
species. These patterns indicate that while both techniques
capture the core DOM composition, HPLC-MS extends
detection into more saturated regions often missed by DI-MS.

In the coal C7 asphaltene water-soluble fraction, DI-MS
produced more exclusive assignments, primarily among highly
oxygenated species. In contrast, the coal tar water-soluble

Figure 5. Van Krevelen diagrams from HPLC-MS and DI-MS
analyses for each sample type. Center column shows overlapping
(green) and exclusive formulas for LC (blue) and DI (orange). Venn
diagrams indicate the number of unique and shared molecular
formulas per method.
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sample yielded a substantially larger number of HPLC-
exclusive formulas, concentrated in the low O/C, high H/C
region. These findings indicate that HPLC-MS offers broader
molecular coverage because chromatographic separation
reduces ion suppression by distributing analytes over time,
minimizing competition for ionization.

Figure S6 further illustrates differences in the oxygen class
distributions across samples. For SRFA, PPFA, and coal
asphaltene water-solubles, DI-MS profiles are centered around
higher oxygen numbers, whereas HPLC-MS shifts toward
compounds with lower oxygen content. In SRHA and coal tar
samples, HPLC-MS shows flatter and broader distributions,
while DI-MS remains narrower and skewed toward more
oxidized species. For example, coal tar−derived species span
from O1 to O14 in DI-MS, whereas HPLC-MS shows a more
even distribution across this range, with increased relative
abundance at lower oxygen classes. Highly oxidized samples
like SRFA extend to O29 in DI-MS. These patterns confirm
that HPLC-MS enhances detection of species with low oxygen
numbers and expands overall molecular coverage.

■ CONCLUSIONS
This study demonstrates a method that couples ultrahigh-
resolution mass spectrometry with liquid chromatography to
improve molecular characterization of DOM from both natural
and anthropogenic sources. The method uses a polymeric
stationary phase with dimethylaminopropyl functionalities,
enabling weak anion exchange and hydrogen-bonding
interactions. This retention mechanism offers a functional
alternative to conventional C18 chromatography, which relies
on hydrophobic interactions and poorly retains polar acidic
species. The POROS-based approach improves detection of
polyfunctional compounds, particularly hydrogen-rich/low-
oxygen species often missing in DI-MS.

PyC2MC enabled spectrum-by-spectrum analysis of the
chromatographic run, revealing compositional trends in
aromaticity and oxygen content not apparent in DI-MS.
While DI-MS provided greater sensitivity for oxygen-rich, low-
abundance compounds due to transient coaddition, HPLC-MS
broadened coverage of saturated, low-oxygen species, partic-
ularly in samples such as PPFA and coal asphaltene water-
solubles. DI-MS remained more effective for detecting highly
oxidized materials, including coal tar−derived compounds.

The individual spectral approach provides higher temporal
resolution, resolving fine compositional changes across the
chromatographic run. This increased resolution comes with a
moderate trade-off in signal-to-noise ratio and the number of
assigned molecular formulas per time segment, as each
transient represents a narrower elution window. In contrast,
the segmented approach, which coadds multiple transients,
enhances mass accuracy and molecular coverage but reduces
temporal granularity. Both methods yielded consistent
compositional trends. Thus, the optimal strategy depends on
the analytical goal. Individual spectra are preferred when
temporal resolution and elution dynamics are of interest,
whereas segmented spectra are advantageous for comparisons
between segments and samples and overall molecular coverage.

The complementary strengths of HPLC-MS and DI-MS
provide a more comprehensive view of DOM composition and
emerging contaminants. Combined, these approaches enhance
molecular coverage and improve confidence in the analysis of
complex environmental mixtures.
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