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ABSTRACT: Marine dissolved organic matter (DOM) is an important component of the
global carbon cycle, yet its intricate composition and the sea salt matrix pose major challenges
for chemical analysis. We introduce a direct injection, reversed-phase liquid chromatography
ultrahigh resolution mass spectrometry approach to analyze marine DOM without the need
for solid-phase extraction. Effective separation of salt and DOM is achieved with a large
chromatographic column and an extended isocratic aqueous step. Postcolumn dilution of the
sample flow with buffer-free solvents and implementing a counter gradient reduced salt
buildup in the ion source and resulted in excellent repeatability. With this method, over 5,500
unique molecular formulas were detected from just 5.5 nmol carbon in 100 μL of filtered Arctic Ocean seawater. We observed a
highly linear detector response for variable sample carbon concentrations and a high robustness against the salt matrix. Compared to
solid-phase extracted DOM, our direct injection method demonstrated superior sensitivity for heteroatom-containing DOM. The
direct analysis of seawater offers fast and simple sample preparation and avoids fractionation introduced by extraction. The method
facilitates studies in environments, where only minimal sample volume is available e.g. in marine sediment pore water, ice cores, or
permafrost soil solution. The small volume requirement also supports higher spatial (e.g., in soils) or temporal sample resolution
(e.g., in culture experiments). Chromatographic separation adds further chemical information to molecular formulas, enhancing our
understanding of marine biogeochemistry, chemodiversity, and ecological processes.
KEYWORDS: Natural organic matter, Salt water, RP-LC-MS, Fourier transform ion cyclotron resonance mass spectrometry, PPL, SPE

■ INTRODUCTION
Marine dissolved organic matter (DOM) constitutes a large
active pool in the global carbon cycle (662 petagrams of
carbon).1 DOM is among the most complex chemical mixtures
on our planet posing the greatest challenges to even the most
advanced analytical methods targeting comprehensive chemical
characterization and structural elucidation. Due to its unrivaled
sensitivity and molecular resolution, ultrahigh resolution mass
spectrometry has greatly advanced our understanding of the
chemical composition and complexity of DOM. Each
individual measurement reveals thousands of mass peaks, for
which molecular formulas (MFs) can be assigned and, together
with their respective intensities, are commonly exploited for
DOM source and process studies.2−5

Analyzing marine DOM by mass spectrometry is impaired
by the fact that the concentration of salts in the ocean exceeds
the concentration of DOM by a factor of ∼35,000. Inorganic
ions carry most of the charge in electrospray ionization (ESI),
thus suppressing ionization of organic molecules. Conse-
quently, the quantitative direct analysis of saltwater samples
with ESI mass spectrometry has not been possible until now.
DOM concentrations (measured as the proportion of dissolved
organic carbon; DOC) of 40 μmol DOC L−1 and below1 pose
an additional challenge in terms of instrument sensitivity.
Previous approaches of separating the sea salt and enriching

the marine DOM to improve analytical sensitivity and

robustness often used solid-phase extraction (SPE). However,
SPE using a state-of-the art divinylbenzene-based polymer
(PPL) only yields approximately 40−60% of the DOC from
seawater,6,7 and the chemical composition of the extracts is
strongly influenced by the chemistry of the adsorbant,8,9 the
loading of the column,8,10 and the volume and type of eluent.11

In study areas with highly variable contributions of different
DOM sources (e.g., estuaries, phytoplankton blooms),12,13

matrix-effects during solid-phase extraction represent an
additional challenge for data interpretation.14,15

Liquid chromatography-mass spectrometry (LC-MS) using
ultrahigh resolution mass spectrometers is increasingly applied
to natural organic matter and petroleum samples to improve
the physicochemical understanding by determining polarity
and size distribution.16−22 However, major questions remain
with regard to the representativeness of extracts.23−25 Due to
the variable and largely unknown extraction efficiency of
individual DOM compounds, it is difficult if not impossible, to
quantitatively relate the molecular composition of extracts to

Received: September 5, 2023
Revised: January 20, 2024
Accepted: February 7, 2024
Published: March 1, 2024

Articlepubs.acs.org/est

© 2024 The Authors. Published by
American Chemical Society

4637
https://doi.org/10.1021/acs.est.3c07219

Environ. Sci. Technol. 2024, 58, 4637−4647

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

ST
IF

T
U

N
G

 A
L

FR
E

D
 W

E
G

E
N

E
R

 I
N

ST
 o

n 
A

pr
il 

8,
 2

02
4 

at
 0

7:
35

:5
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+J.+Lechtenfeld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Kaesler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elaine+K.+Jennings"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boris+P.+Koch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.3c07219&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07219?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07219?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07219?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07219?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07219?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/esthag/58/10?ref=pdf
https://pubs.acs.org/toc/esthag/58/10?ref=pdf
https://pubs.acs.org/toc/esthag/58/10?ref=pdf
https://pubs.acs.org/toc/esthag/58/10?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.3c07219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


the composition of DOM in original samples hampering our
understanding of marine biogeochemical cycles.
From these challenges, several key requirements emerge for

improving DOM analysis in seawater:
(i) Simplifying marine DOM sample preparation by

removing the need for sample extraction.
(ii) Improving the representativeness of marine DOM

composition as seen by FT-ICR MS.
(iii) Improving comparability of the analytical results with

other bulk and molecular-level chemical techniques.
(iv) Leveraging the quantitative potential of nontargeted

mass spectrometric analysis of complex DOM.
Such advancements would require to analyze non-extracted

seawater samples - a method that is not yet available.
Here we present a new method for DOM characterization,

which allows direct injection of original (i.e., non-extracted),
filtered ocean water samples at native salt and DOC
concentrations. To achieve this, we used reversed-phase liquid
chromatography, enhanced by an isocratic elution step and a
postcolumn counter gradient, hyphenated with Fourier trans-
form ion cyclotron resonance mass spectrometry (LC-FT-ICR
MS). The method is tested with DOM samples of varying
carbon and salt concentrations from the Central Arctic Ocean
and peat pore water. We evaluated the linearity of mass peak
magnitudes for variable DOC concentrations, repeatability and
intermediate precision, robustness against salt matrix and
changing sample pH, and compared the results with traditional
analysis of seawater DOM SPE extracts.

■ METHODS
Samples and Chemicals. Seawater samples AOlow (55

μmol DOC L−1) and AOhigh (88 μmol DOC L−1) were
collected in surface water of the central Arctic Ocean during
RV Polarstern cruise PS122/3 in spring 2020 (Table SI 1). One
liter of seawater was filtered through precombusted glass fiber
filters (500 °C, 5 h, Whatman, GF/F, approximately 0.7 μm
nominal pore size), and aliquotes of the samples were
immediately frozen at −20 °C until analysis. Original seawater
samples were thawed and filtered again immediately before
analysis (0.2 μm, Minisart RC4, Sartorius, Goettingen,
Germany) to remove any particles that may have formed
after melting the samples.
500 mL of the filtered sample AOhigh was acidified to pH 3

(HCl, ultrapure; Merck) and extracted on board using a
standard method6 (Bond Elut PPL, 200 mg, Agilent). DOM
was eluted with 2 mL of MeOH (HPLC grade, Merck) and
stored at −20 °C to minimize esterification.26 The carbon-
based extraction efficiency was ∼40%, comparable to other
marine waters.7,27 The extract was diluted (via evaporation of
MeOH and reconstitution in ultrapure water using ultra-
sonication) to the same concentration as the original sample
(AOhigh

SPE: 88 μmol DOC L−1) immediately prior LC
injections.
A peat pore water (PPW) sample was collected from the

Neustad̈ter Moor (Lower Saxony, Germany).28 The sample
was diluted with ultrapure water (Milli-Q Integral 5, Merck,
Darmstadt, Germany) to match marine DOC concentrations
(PPWS0; 20−160 μmol DOC L−1). NaCl (p.a. Merck, baked at
400 °C for 4 h) was added to simulate salt concentrations of a
seawater (salinity: 35; PPWS35), an estuarine (salinity: 17;
PPWS17), and a sea ice brine sample (salinity: 70; PPWS70).
These salt amended PPW-DOM samples were used for

method validation (for an overview and complete list of
samples used in this study, cf. Table SI 2, Figure SI 1).
For instrument quality control, 10 mg L−1 Suwannee River

Fulvic Acid standard (SRFA, 2S101H, International Humic
Substances Society) spiked with a set of previously used model
compounds (Table SI 3) was used.23,28

Reversed-Phase Liquid Chromatography. A recent
reversed-phased liquid chromatography (RPLC) method for
the direct injection of water samples25,28 was modified to
account for the very high salt concentration in seawater. The
system consisted of an ultrahigh pressure chromatography
system (UltiMate 3000RS, Thermo Fischer Scientific,
Waltham, U.S.A.), equipped with a binary high-pressure
pump (HPG-3200RS), an auxiliary quaternary low pressure
gradient pump (LPG-3400SD), an autosampler (WPS-
3000TRS), a column oven (TCC-3000RS), and a diode
array detector (DAD-3000RS). DOM separation was per-
formed with a polar end-capped C-18 reversed-phase column
(ACQUITY HSS T3, 1.8 μm, 100 Å, 150 × 3 mm, Waters,
Milford, U.S.A.) equipped with a guard column (ACQUITY
UPLC HSS T3 VanGuard, 100 Å, 1.8 μm, 2.1 mm × 5 mm), at
a column temperature of 30 °C. As mobile phases, ultrapure
water (adjusted with 0.1% formic acid and ammonium
hydroxide (NH4OH) to reach pH 3) and methanol (LC-
MS-grade, Biosolve, Valkenswaard, Netherlands, with same
amounts of formic acid and NH4OH) were used. The flow rate
was set to 0.2 mL min−1. The same mobile phases and flow
rate were used for the auxiliary pump but without modifiers. A
mobile phase gradient (isocratic step with 100% ultrapure
water for 3.5 min and linear increase to 100% MeOH within 14
min, then hold 100% MeOH for 9 min) was used. The
auxiliary pump mirrored the gradient of the main pump with
an additional delay of 4.5 min to account for the flow path
differences between both pumps and the T-piece, which was
installed after the LC column.
An adjustable flow splitter (QuickSplit #600-PO10−04, ASI,

Richmond, CA, U.S.A.) was installed after the T-piece, and the
combined flow (0.4 mL min−1) was divided between the DAD
(0.3 mL min−1) and the MS (0.1 mL min−1). The time
difference between both detectors was approximately 0.5 min.
Immediately before the MS, a 2-way-6-port valve was
programmed to divert the flow to waste during the time
when most of the salt eluted from the column (switch to ESI at
10.5 min). The void volume of the system was approximately
0.9 mL (4.3 min), and the methanol from the gradient of the
main pump first reached the MS after approximately 13 min.
For the salt-free PPW and the PPL-extracted seawater samples,
the 2-way-6-port valve was already switched at 5.5 min to
record MS spectra for the early eluting DOM compounds
(Figure SI 2).
An injection volume of 100 μL was used for all samples. The

effect of sample pH on the separation was tested by adjusting
sample AOlow to pH 3 with formic acid (AOlow

pH3, Table SI 2,
Figure SI 1). With respect to carbon concentration, the
seawater samples were not adjusted prior to injection in order
to ensure a consistent matrix across samples.
ESI-FT-ICR Mass Spectrometry. Mass spectra were

obtained with an FT-ICR mass spectrometer equipped with
a dynamically harmonized analyzer cell (solariX XR, Bruker
Daltonics, Billerica, U.S.A.) and a 12 T refrigerated, actively
shielded superconducting magnet (Bruker Biospin, Wissem-
bourg, France). The data were acquired in negative ion mode
with an ESI source (Apollo II, Bruker Daltonics, Billerica,
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U.S.A., capillary voltage: 4.3 kV) in full profile magnitude
mode with a transient size of 4 MWord (∼1.6 s free induction
decay, FID). The ion accumulation time (IAT) was set to 1.6
s, and the mass range was set to m/z 147−1000. The mass
resolving power (m/Δm, full width half-maximum) at m/z 400
was approximately 500,000 ± 40,000, which is sufficient to
resolve all major DOM ions in the considered mass range.
SRFA spiked with model compounds was measured with 0.5 s
IAT (cf. SI Text: Instrument Quality Control).
As reference to state-of-the art analysis, the PPL extracted

seawater sample (AOhigh
SPE) was diluted to 0.8 mmol DOC

L−1 (10 mg DOC L−1) in ultrapure water and MeOH (50/50,
v/v) and measured with the standard direct infusion (DI-) FT-
ICR MS method (256 scans, 4 MWord, 8 ms IAT, ESI(−), 4
μL min−1).
Data Processing. Segmentation of LC-FT-ICR MS

Spectra. Seawater DOM elution profiles in the retention
time range from 13 to 25 min did not show distinguishable
chromatographic features (Figure 1). LC-FT-ICR MS-derived
single scan full profile spectra were therefore binned into 1 min
segments using a custom script in DataAnalysis (Version 6,
Bruker, cf. SI Script for DataAnalysis; start: 13.5 min, end: 24.5
min), resulting in 11 segments. In the last two segments
(22.5−24.5 min) only the PPL extracted sample showed
typical DOM spectra, and these segments were not evaluated
for the original seawater samples. For the tests with PPW and
the PPL-extracted seawater samples, seven segments for the
early eluting DOM (6.5−13.5 min) were additionally included
due to the earlier valve switching. For the seawater samples,
these segments were not available due to the valve setting,
directing the flow to waste during the initial elution of salt
(Figure SI 2). Segment-wise retention times (RT) are reported
using the mean RT of the respective segment (e.g., 14 min for
the segment 13.5−14.5 min).
Calibration and Molecular Formula Assignment. Aver-

aged LC-FT-ICR MS and DI spectra were internally
recalibrated with a list of known DOM masses (n = 425;
150 < m/z < 980), resulting in an average root-mean-squared
error of 0.15 ppm across segments and samples (n = 165).
Molecular formulas (MFs) were assigned in the mass range
150−1000 Da with a maximum tolerated mass error of ±0.5
ppm and element ranges C:1−60, H:1−122, O:0−40, N:0−2,
S:0−1 using an in-house software. We also considered Na for
samples PPWS0 and PPWS35. Tentative Na-adducts ([M − 2H+

+ Na+]−) for highly polar DOM molecules were identified by
linking a molecular formula (CcHhNnOoSs) to its potential Na-
adduct (CcHh‑1Na1NnOoSs). To distinguish between MFs
assigned to DI-FT-ICR MS and LC-FT-ICR MS data, we
refer to molecular features as molecular formulas detected at a
given retention time (here: in a distinct segment).
Blank Correction. Pure water injections were measured in

triplicates across the sample sequence and processed in the
same way as the samples. The MFs in the individual blank
segments were subtracted from the list of MFs of the respective
segments of the sample. Subtraction was based on the presence
of a molecular formula in any of the three pure water
injections. A full method blank was not included, but we
additionally excluded MFs commonly found as contaminants
in DOM samples29 (cf. SI List of Surfactants). For the DI
measurement, an instrument blank was subtracted accordingly.
Data Visualization. To visualize chromatographic perform-

ance, total ion chromatograms (TIC, summed magnitude of all
detected mass peaks in each mass spectrum), total assigned ion

chromatograms (TAC, summed magnitude of all mass peaks
with molecular formula assignment in each mass spectrum),19

and extracted ion chromatograms (EIC) were used. Chromato-
gram data were smoothed by Savitzky-Golay with 4 (TIC,
TAC) and 11 (EIC) points and 1 cycle in DataAnalysis.
Individual MFs and aggregated molecular descriptors (e.g.,
intensity weighted average H/C and O/C ratios) were plotted
in the chemical H/C-vs-O/C or H/C-vs-mass space to
visualize compositional differences.30 Molecular formula
based biogeochemical indices reported for marine DOM
(IDEG,

31 IOS,4 ITerr, t-Peaks
32) were calculated, and the EICs

were extracted from LC-FT-ICR MS chromatograms.
For an overview of the data processing pipeline used in this

study, refer to Figure SI 3.
Method Assessment. We assessed the performance and

robustness of the method according to the following criteria:
(i) Linear detector response and sensitivity: PPW was

injected at different concentrations (20, 40, 80, 160
μmol DOC L−1) covering the typical seawater DOC
concentration range (PPWS0 samples) and measured
with LC-FT-ICR MS. The number of assigned MFs and
the total assigned intensity (i.e., sum of intensity of all
peaks having a formula assignment) and a linear
regression between DOC concentration and total/
individual MFs intensity was used to evaluate the
detector sensitivity and linearity, respectively.

(ii) Robustness: The effect of salt on the DOM mass spectra
from LC-FT-ICR MS was assessed in two ways: First, 35
g L−1 NaCl was added to the PPW samples (PPWS35

samples) prepared at different concentrations (40, 80,
160 μmol DOC L−1) to evaluate the potential masking
of polar DOM molecules due to coelution of salt and
compared the detector response of original and salt
amended PPW. Second, we checked for potential
adducts from residual salt in the PPWS35 sample and
compared it to PPWS0. Finally, the effect of sample pH
on the retention of polar DOM was tested by adding
formic acid to sample AOlow.

(iii) Repeatability and intermediate precision: Repeatability
was determined by measuring the sample (AOlow) in
triplicate with LC-FT-ICR MS, and the number of
shared MFs and the coefficient of variation (CV) of raw
mass peak magnitudes (hereafter: peak intensities) were
evaluated. Intermediate precision was assessed using the
CV of peak areas of model compounds for 11 injections
during a multiday measurement.

(iv) Comparison with PPL extracts. The PPL extracted
sample (AOhigh

SPE) was measured with LC-FT-ICR MS
(diluted to the same concentration as the original
sample, 88 μmol DOC L−1) and DI-FT-ICR MS
(diluted to 10 mg DOC L−1/0.8 mmol DOC L−1) and
compared to the original sample (AOhigh) measured with
LC-FT-ICR MS (Table SI 2). The relative difference of
the peak intensities was evaluated to test the effect of
extraction on the observable molecular composition.
Further, an intensity averaged pseudo-DI measurement
was calculated from the LC-FT-ICR MS segments. MFs
solely detected in one sample and those shared between
the three samples were evaluated based on their number
and molecular descriptors.

More details about the validation steps can be found in SI
Text: Method Assessment and Table SI 2.
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■ RESULTS AND DISCUSSION
Chemodiversity and Polarity of Marine DOM from

Original Seawater Samples. Our LC-FT-ICR MS method
allowed the direct injection of 100 μL of filtered seawater
resulting in more than 200 single DOM mass spectra at a mass
resolving power of ∼500,000 at m/z 400. The marine DOM
eluted from the column in a broad, unstructured peak between
13 and 25 min (Figure 1), as observed previously for aquatic
DOM extracts.23,28,33−35 Owing to the very low amount of
injected DOM and long accumulation times (here: 1.6 s), the
total ion chromatogram (TIC) showed a less pronounced
DOM peak as compared to previous studies using concen-
trated DOM extracts.23,36 However, DOM sample TICs were
clearly distinguishable from blank injections (Figure SI 4), and
the total assigned ion chromatograms (TAC) clearly showed
the DOM elution profile (Figure 1). Compared to a peak
width of individual model compounds of less than 0.5 min
(full-width half-maximum (FWHM), cf. Table SI 3), peak
widths of DOM m/z ratios were much wider (4−5 min
FWHM, Figure 1), reflecting the large structural diversity of
DOM.35 At the level of individual m/z ratios, the retention and
separation of DOM indicated that the method is suitable for
low concentrated seawater samples at native concentration as
well as for extracted seawater or freshwater samples (Figure SI
5). However, the low concentration of DOM in ocean water

required a longer IAT to collect enough ions for detection in
the ICR cell. The FT-ICR MS transient length was also
extended (4 MWord, ∼1.6 s with start at m/z 147) to
maximize sensitivity, resolution, and MS duty cycle. The
resulting loss of time resolution as compared to our previous
method28 using 2 MWord transients on the same 12 T FT-ICR
instrument did not result in a substantial loss of chromato-
graphic resolution (Tables SI 3,4, Figure SI 6).
Both Arctic seawater samples resulted in a comparable

summed intensity and number of detected molecular features
(AOhigh: total features: 16,800, unique MFs: 5,800; AOlow:
total features: 16,250, unique MFs: 5,700) with the largest
number of detected MFs eluting between 15 and 19 min
(Figure 2a). H/Cwa increased and O/Cwa decreased with
retention time (Figure SI 7), confirming the general
connection between the mean O/C ratio and polarity (number
of acidic groups) of marine DOM.23,33 Notably, all chromato-
graphic segments showed a higher H/Cwa and lower O/Cwa
ratio for seawater compared to peat pore water (Figure SI 7),
which also is in agreement with previous DI3 and LC
measurements23 of solid-phase extracted DOM. In addition,
we found that the average molecular mass increased with
retention time from m/z 400 at 14 min to m/z 478 at 24 min
(Figures SI 7).

Figure 1. Total assigned ion chromatograms (TAC, solid lines, right y-axis) and extracted ion chromatograms (EIC, dashed lines, left y-axis) for
two Arctic Ocean samples (AOhigh (red) and AOlow (black)) and a pure water blank injection (BLK, gray). Two m/z values on the same nominal
mass were selected, representing molecular formulas with higher O/C (m/z 353.0878: C16H18O9) and lower O/C ratios (m/z 353.1606:
C18H26O7). The yellow marker and dashed line indicate the retention time at which the first methanol reaches the MS (13 min). 100% methanol
was reached at 27 min (red marker). The color bars indicate the LC retention time segments, highlighted in subsequent figures. TAC represents
35% of the TIC in this example.
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Direct injection and polarity separation of marine DOM also
allow for novel insights into biogeochemical indices and
marker MFs. Those MFs that constitute the degradation
index31 (IDEG) eluted with the majority of the DOM (15−22
min, Figure SI 12) and the broad distribution are evidence that
the formulas represent a multitude of structural isomers. Only
a small shift in polarity could be observed between the IDEG-
POS (MFs decreasing in intensity with radiocarbon age of
marine DOM) and IDEG-NEG (MFs increasing in intensity)
formulas, despite clear differences based on their molecular H/
C ratios.31 In contrast, MFs from the terrestrial index (ITerr)
showed a pronounced maximum of highly polar isomers
related to the terrestrial markers (Terr; MFs with increased
intensity in riverine DOM, Figure SI 13).32 This confirms
previous observations (based on extracted samples) that
terrestrial DOM can be distinguished by molecular descriptors
and polarity.23 Although the isomeric overlap is still
substantial, markers for marine (e.g., IOS-MFs)4 and terrestrial
DOM (e.g., t-Peaks)32 cover distinct polarity regions in the LC
chromatograms (Figure SI 14), providing new opportunities to

resolve the compositional overlap of terrestrial and marine
DOM.
Enabling Direct Seawater DOM Analysis with LC-FT-

ICR MS. Severe interferences due to the salt matrix have
previously hampered the direct ESI-MS analysis of marine or
other salt containing samples. We achieved an effective
separation of salt from most of the DOM using a comparably
large chromatographic column (providing a large pore volume)
and an extended isocratic aqueous step after injection as
compared to our previous work (Figure SI 2).25,28 Together,
this resulted in a delayed DOM elution (main part of DOM
elution > 13 min), while the salt passed the column with only
little interaction with the stationary phase (Figure SI 15).
Dilution of the sample with buffer free solvents via the auxiliary
pump and a valve to direct the salt-containing flow to waste
were important method adjustments to reduce salt-buildup
inside the ESI source and on the cones, which otherwise limit
the sensitivity and contribute to adduct formation during
ionization. Overall, this resulted in a robust chromatography
and stable mass peak intensities for long sample sequences
(Tables SI 3,4; Figures SI 6,16). The counter gradient

Figure 2. LC-FT-ICR MS analysis of original seawater samples. (a) Summed intensity of assigned molecular formulas (MFs) based on formula
classes (colors in legend) for the AOlow sample over all 11 LC segments (14−24 min). Colors on the retention time axis relate to labels displayed in
(b). (b) Intensity-weighted average molecular H/C and O/C ratios for all segments of two seawater samples measured at native concentration
(AOlow: 55 μmol DOC L−1, black and AOhigh: 88 μmol DOC L−1, red) with LC-FT-ICR MS. Note that the segment at 24 min (lighter colors) only
contained very few MFs (AOlow: 100, AOhigh: 174). For details for sample AOlow, AOhigh and AOhigh

SPE, cf. Figures SI 8−11.

Figure 3. Effect of salt on the peak intensities of original peat pore water (PPW) measured by LC-FT-ICR MS. (a) Distribution of relative
differences between peak intensities (δRAW) of molecular formulas (MFs) detected without (PPWS0) and with salt (PPWS35; 35 g L−1 NaCl)
injected at 80 μmol DOC L−1 for individual LC-segments (14−22 min, # MFs: 105 < n < 1937; with 25th, median, and 75th percentile as white
lines). The dashed lines indicate the peak intensity repeatability limits (cf. Figure SI 25). (b) Intensity-weighted average molecular H/C and O/C
ratios for all segments between 14 and 22 min for PPW at 80 μmol DOC L−1 without (hexagons) and with salt (squares). Transparent symbols
indicate segments < 14 min and > 22 min.
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stabilized the solvent composition for ESI and reduced
suppression effects from the buffered mobile phases of the
primary pump.28,37 The counter gradient also allowed the
postcolumn addition of an internal standard that can assist
with lock-mass calibration and baseline drift correction.38

To demonstrate the suitability of the method for original
seawater, we assessed which MFs were not accessible because
they coeluted with the salt before 13 min and whether the salt
affected segments after 13 min retention time. For this
purpose, we added 35 g L−1 NaCl to PPW (i.e., PPWS35)
having different concentrations (40, 80, 160 μmol DOC L−1)
and compared the results with salt-free PPWS0 samples (Table
SI 2, Figure SI 1). Expectedly, the presence of salt prevented
the detection of the most polar DOM fraction (6−13 min;
18−20% of the total assigned intensity, Figures SI 17,18).
However, the impact of salt was only small for DOM eluting at
14−16 min and negligible for retention times > 16 min (Figure
SI 19). In the segments at 14−16 min, the salt primarily
suppressed polar MFs (Figure 3a) resulting in a small shift to
higher average H/C and lower O/C ratios, compared to the
same concentration of salt-free PPW (Figure 3b). Although the
majority of free salt eluted already in the column void volume
(Figure SI 15, cf. SI Figure 10 in Jennings et al. (2022)), part
of the oxygen-rich, polar DOM may have formed Na-adducts
([M − 2H+ + Na+]−) that were partially retained on the LC
column (Figure SI 20). The Na-adducts usually remain
undetected, if not explicitly accounted for during formula
assignment for ESI(−) MS data. Notably, this effect was
slightly higher for higher PPW concentrations (Figure SI 21).
Analysis of Samples at Native DOM Concentrations.

Linear Detector Response. We tested how the peak intensities
of MFs at a given retention time segment corresponded to the
amount of DOC injected. For this purpose, salt-free PPWS0

was diluted to concentrations covering typical seawater DOC
concentrations (20, 40, 80, and 160 μmol DOC L−1;
equivalent to 2−16 nmol DOC injected, Figure SI 1). Based
on MFs that were detected at all four concentration levels in a
given retention time segment ≥ 14 min (# MFs: 75 < n < 814),
63% (at 21 min) to 86% (at 16 min) of the respective mass
peak magnitudes showed a highly significant (p < 0.01) linear
relationship with DOC concentration (Figure 4). Deviation

from the linearity was related to peaks with lower magnitude or
LC-derived contaminants (Figure SI 22).
Consequently, within each retention time segment, total

assigned intensity (Figure 4a) and the number of MFs linearly
increased with DOC concentration (Figure SI 17). Notably, a
higher DOC concentration is likely to result in more MFs
being detected, affecting the apparent molecular composition
and requiring adjustments in data processing. However, if only
shared MFs are considered, the aggregated molecular
descriptors O/Cwa and H/Cwa of all segments in the PPW
dilution series were highly similar, confirming that the
molecular composition is largely conserved independent of
sample concentration (Figure SI 17). Therefore, our method
provides a sufficient linear range to accommodate the entire
range of DOC concentrations expected for typical seawater
samples.
Using the salt-amended PPWS35 samples, we found that the

average molecular composition was well preserved across a
concentration gradient (Figures SI 18,19), similar to the salt-
free assessment. The detector response was highly linear and
comparable to the test without salt (Figure SI 23). Expectedly,
for the most polar segments, the sensitivity decreased (flatter
slopes) reflecting the intensity suppression by salt adducts.
Overall, this resulted in a lower detector response (based on
total assigned intensity) of the saline samples (Figure SI 24).
However, removing the first three segments that were most
affected by the matrix (14−16 min), an almost identical
response was observed for saline and salt-free PPW (Figure SI
24). Lower (17 g L−1) and higher (70 g L−1) salt
concentrations still resulted in a linear detector response,
indicating that a comparison of DOM samples from a salt
gradient (e.g., estuary, sea ice) is possible.
The linear response of total assigned intensity with DOC

concentration (Figure SI 24) was previously not achievable
with SPE-based analyses and demonstrated the potential to
semiquantitatively evaluate molecular features in DOM.
However, absolute quantification can of course only be
achieved in targeted molecular approaches for which standards
are available.
Repeatability and Intermediate Precision. Sample AOlow

was measured in triplicate to explore the mass peak magnitude
variance as a function of magnitude39 and retention time. For

Figure 4. Linearity of detector response. (a) Summed intensity of assigned molecular formulas (MFs; total assigned intensity) in individual LC-
segments (7−24 min, 18 segments) of different concentrations (20−160 μmol DOC L−1) of salt-free peat pore water (PPWS0). Without salt
addition, DOM in early segments (<13 min) can be observed, which was otherwise masked by the coelution of the salt matrix (cf. Figure SI 23)
and the respective time of valve switching (green marker). The yellow marker and dashed line indicate the retention time at which the first
methanol reaches the MS (13 min). The gray box on the retention time axis indicates data displayed in (b). (b) Linear regression of peak intensities
for MFs detected in segments of the PPWS0. MF with R2 values > 0.98 (corresponding to a significant linear regression at α = 0.01) are shown,
representing 63% (21 min)−86% (16 min) of MFs that were detected at all concentrations (75 < n < 814; with 25th, median, and 75th percentile
as white lines). Segments < 13 min and > 21 min were omitted due to the low number of detected MFs for the 20 μmol DOC L−1.
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all segments, the CVs of the peak intensities were below 10%
for 60% of the MFs and below 18% for 90% of the MFs
detected in the LC segments (380 < n < 1700, Figure SI 25).
Similarly, between 51% (22 min) and 73% (18 min) of the
MFs were detected in all three replicates, which in turn
accounted for 71% to 95% of the total assigned intensity,
similar to measurements of SRFA at much higher concen-
trations (Figure SI 26).28 As found for previous assessments,
peak detection and repeatability were primarily dependent on
peak magnitude.28,40 Using the LC-derived peak areas of the
five model compounds spiked into SRFA, the method achieved
5−6% repeatability and 9−17% intermediate precision (Table
SI 4).
Recommendations for Sample and Data Handling. An

important advantage of our new method is that it drastically
simplifies sample preparation and avoids the chemical
fractionation that results from SPE. However, when working
with very small volumes of saline water, it is very important to
consider fractionation effects due to filtration. In our study, we
still used a fairly large sample volume for filtration (1 L). When
filtering minimal amounts of seawater (e.g., with syringe
filters), it is important to consider that DOM can be absorbed
on the filter surface.41 We therefore recommend cleaning and
conditioning the filter with sufficient sample volume to avoid
chemical fractionation. In DOM analysis, it is best to freeze the
sample immediately after filtration.42,43 We do not recommend
acidification with HCl, as it introduces additional inorganic
ions, but acidification with formic acid to pH 3 and cooling
might be an alternative option for sample storage. It is
noteworthy that the peak intensity increased by 15 to 38%
when samples were adjusted to pH 3 with formic acid prior to
injection (Figures SI 27,28). Acidification leads to protonation
of small, highly polar compounds, which can thus be better
separated from the salt. The robustness of the method can be
further improved for samples whose native pH values differ
greatly (e.g., from an estuary) by adjusting the sample pH prior
injection. We also recommend refiltration with 0.2 μm
cellulose acetate filters to protect the LC from particles that
may form during sample storage. Because of the highly linear
relationship between sample DOC concentration and peak
magnitude (Figure 4), we recommend measuring samples at
their native concentration rather than adjusting DOC

concentration prior to analysis, as is common with DI
measurements.
Although the longer run time of LC-FT-ICR MS increases

the cost of analysis compared to DI-FT-ICR MS measure-
ments, it eliminates the time-consuming extraction step, saving
time and chemicals during field campaigns.
DOM Composition from Original Water versus SPE

Extracts. Effect of PPL Extraction on the Observable DOM
Chemodiversity. For all segments ≥ 14 min combined, the
SPE extract of AOhigh that was adjusted to 88 μmol DOC L−1

(AOhigh
SPE) had a 59% higher total assigned intensity

compared to the original AOhigh sample at the same DOC
concentration (data not shown). Also, the total number of
molecular features differed, with 16,254 in the directly
measured and 20,540 in the PPL extracted sample. Assuming
that the bulk carbon extraction efficiency of 40% is reflected in
a corresponding (average) loss of the TAC, the SPE extract in
fact represents only 63% of the original seawater TAC, which is
explained by the improved detection of well-ionizing polar
compounds by direct LC-FT-ICR MS measurement (Figure SI
5).
Accordingly, more polar segments contained a larger

number of MFs and higher peak intensities compared to the
extract (Figure 5, Figure SI 8). The early segments (7−13
min) were not accessible with the new method (coelution of
salt) but accounted for only ∼1% of the summed intensity and
6% of the individual MFs of the extract (Figure SI 8).
However, SPE with hydrophobic resins such as PPL also
results in a loss of the most polar DOM compounds.9,25,28 The
highly polar DOM fraction that could still be observed in the
extract (<14 min) corresponded to 711 distinct MFs, of which
one-third (n = 233) was also detected in the measurement of
the original water sample (with RT ≥ 14 min). Early eluting
unassigned mass peaks in the measurement of AOhigh

SPE

probably represent chemical noise (Figure SI 29), possibly
from silanol compounds derived from the chromatographic
column. In contrast to the results obtained by adding salt to
the PPW, the loss of intensity and number of unique MFs due
to the coeluting salt in seawater samples as compared to their
PPL extracts is much smaller and can be attributed to the
unavoidable loss of such polar DOM compounds during the
SPE process. The evaluation of specific biogeochemical
markers for polar terrestrial DOM clearly demonstrated that

Figure 5. Comparison between an original (AOhigh, red) and PPL-extracted sample (AOhigh
SPE, blue) measured at 88 μmol DOC L−1 with LC-FT-

ICR MS. (a) Summed intensity of assigned molecular formulas (total assigned intensity) in each segment (7−24 min, 18 segments). No MFs were
assigned to segments < 14 min in the original sample AOhigh due to the coelution of salt and the respective time of valve switching (green marker).
The yellow marker and dashed line indicate the retention time at which the first methanol reaches the MS (13 min). (b) Relative peak intensity
difference (δRAW) of all shared MFs in original AOhigh and PPL-extracted AOhigh

SPE seawater. Positive values indicate higher peak intensity in the
original sample. The striped part of each bar for AOhigh

SPE in (a) and solid line in (b) indicate the mean loss in intensity according to the bulk
carbon-based extraction efficiency (40%).
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SPE, even if combined with LC-FT-ICR MS, misses some of
the most polar DOM compounds (Figures SI 13,14).
In the segments ≥ 14 min, 5,692 MFs were detected in the

original sample (AOhigh), as compared to 6,607 MFs in its SPE
extract AOhigh

SPE. Out of those, 3,951 MFs were detected in
both analyses (Figures SI 30,31). Although the majority of
DOM in the SPE extract eluted at distinctly larger retention
time as compared to the original sample (Figure 5, Figure SI
32), we observed a consistent shift toward lower H/C values
considering each segment individually (Figure SI 7). This
points to an additional extraction bias at the DOM isomer
level, an effect previously not observable with DI methods.
Notably, the shift in molecular composition due to the
elimination of extraction bias will also impact ionization during
ESI(−), and the observed relative peak intensity differences
(δRAW, Figure 5b) thus only reflect the change in detector
response. However, the spread in δRAW values indicated that
extraction efficiencies for individual DOM may be studied in
the future.
The overall higher intensity and number of detected MFs in

the SPE extract were mainly driven by the later eluting, less
polar DOM fractions and can be attributed to the selective
enrichment of nonpolar compounds on the PPL sorbent.9 Our
results agree with results from effluent samples,25 where also a
negligible contribution of polar DOM and a proportionally
higher contribution of less polar DOM were found in SPE
extracts, when injected at the same DOC concentration. In the
PPL-extracted AOhigh

SPE, a higher fraction of CHO MFs (48%)
was found as compared to the original sample (42%, Figure 5,
Table SI 5). The comparable proportion of CHNO formulas
(∼36%, Table SI 5) in the original and PPL extracted sample
indicated that despite lower recovery of nitrogen-containing
DOM by SPE these compounds profit from the reduced
ionization suppression as compared to DI-FT-ICR MS.
We conclude that the loss of the most polar fractions due to

coeluting salt is negligible compared to LC-FT-ICR MS of SPE
extracts and that, in contrast, more polar compounds can be
studied with the new direct injection LC-FT-ICR MS method.
Comparison of Conventional Direct Infusion and Original

Water LC Analysis. The state-of-the art method to analyze the
molecular composition of seawater DOM is direct infusion
(DI) of extracts into FT-ICR MS. We compared DI analysis of
AOhigh

SPE that was measured with approximately 9-fold
enrichment as compared to the original sample (see Methods).
While the original water LC analysis of the AOhigh sample only
used 8.8 nmol C and covered 204 LC scans, distributed over
12 min, a larger amount of carbon (27 nmol C) was needed to
generate the DI spectrum for which 256 scans were coadded in
approximately 7 min. The 9-fold higher concentration,
coaddition of a larger number of scans for a single DI-FT-
ICR MS spectrum (256 vs 17 for one segment) and
corresponding reduction of chemical noise by approximately
a factor of 4 contributed to an overall higher sensitivity
(dynamic range: 260 with DI after SPE vs 95 with LC from
original sample). However, the number of detected MFs was
lower for the DI-FT-ICR MS (n = 3,907) as compared to the
original sample measurement with LC-FT-ICR MS (n = 5,692;
Figure 6) even without considering multiple detection of the
same formula across segments. This confirms that the
suppression of low abundance ions (often heteroatom-
containing MFs) is reduced due to LC separation, possibly
supported by the lower pH of the eluent.28,44

The original sample measured with LC displayed a shift
toward more oxygenated and less saturated as well as much
larger DOM as compared to the DI measurement of its solid-
phase extract (Figure 6, Figure SI 7, Table SI 5), as previously
observed for SRFA.28 In particular, MFs that were uniquely
detected in the direct seawater analysis were more polar (i.e.,
with larger O/C ratio, Figure SI 6) and had a larger N/C and
S/C ratio (Table SI 7), confirming the benefits of LC-FT-ICR
MS for compounds highly relevant for investigation of the
biological processes and carbon cycling.2,45−47

At an S/N ratio of 4, we identified 473 MFs in DI-FT-ICR
MS measurement of AOhigh

SPE that were absent in both LC
analyses of the original and extracted sample (Figures SI
30,34). Out of those, 387 MFs had an S/N < 15 in the DI
spectrum and would likely not be detected if measured at the
same concentration as the LC analyses. These MFs were
characterized by low signal-to-noise, O/C, and H/C ratios in
the DI spectrum (Figure SI 34) and hence represented
compounds with lower polarity that were preferentially
enriched by the PPL extraction.
The comparison between DI-FT-ICR MS of sample

AOhigh
SPE and LC-FT-ICR MS of AOhigh indicated more

Figure 6. DOM chemodiversity in Arctic Ocean seawater. (a, b)
Original sample AOhigh (circles, n = 5,692) measured at 88 μmol
DOC L−1 with LC-FT-ICR MS and (c, d) the corresponding PPL-
extracted sample AOhigh

SPE (triangles, n = 3,907) measured at 0.8
mmol DOC L−1 with DI-FT-ICR MS. Molecular H/C vs O/C (a, c)
and H/C vs mass (b, d) for all detected MFs color coded by the
signal-to-noise (S/N) ratio. The respective weighted-average values
are indicated by markers on the axes. Circle size in (a, b) indicates the
number of occurrences (1 ≤ n ≤ 9) of each molecular formula across
all LC segments (14−24 min). Molecular H/C vs O/C (e) and H/C
vs mass (f) for all detected MFs shared (gray, n = 2,806) or uniquely
detected in original (AOhigh, red, n = 2,886), or the PPL extract
measured with DI (AOhigh

SPE, yellow, n = 1101).
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degraded DOM (larger IDEG) with a lower contribution of
terrestrially derived material (smaller ITerr, Table SI 6) in the
nonextracted sample. This is notable, since at the same time, a
larger relative contribution of terrestrial markers (t-Peaks) to
the total intensity was found for the AOhigh sample as
compared to AOhigh

SPE (Figures SI 13,14), highlighting
uncertainties in the application of biogeochemical indices
from DI-FT-ICR MS analyses.
Biogeochemical Implications. Original Water Analysis

Revises View on Marine DOM Chemodiversity and Polarity.
The current view on marine DOM as assessed with MS is
largely based on SPE-extracts known for its consistent
underestimation of e.g. the mean nominal oxidation state of
carbon (NOSC)48 and molecular weight as compared to bulk
measurements.49 Here we could demonstrate the bias of SPE
in marine DOM on a molecular level leading to a predominant
detection of less polar DOM, while neglecting a large fraction
of polar, heteroatom-rich DOM. Likewise, our results indicate
that a substantial fraction of terrestrial-derived DOM was
previously overlooked in SPE samples of marine DOM. Such a
comparison based on the same detection method was
previously not possible, as all molecular-level analyses of
marine DOM relied on desalting/extraction and native samples
could not be measured.
Our direct analysis of original seawater samples provides a

less biased view and allows for a better comparability between
samples and with other approaches using original water
samples (spectroscopic methods like UV/vis, fluorescence, or
FT-infrared spectroscopy). We note that despite the use of
nonextracted, original samples, biases from ionization modes
and instruments on the observed molecular composition of
DOM still exist.23,50 For the same reason, the results obtained
from our new method cannot be directly compared to DI
spectra acquired from extracts. Nevertheless, the biogeochemi-
cally most dynamic fraction of DOM (e.g., algal exudates,
bacterial exometabolites, terrestrial DOM)5,51,52 can now be
better studied due to the increased sensitivity from the polarity
separation and reduced suppression of heteroatom-containing
DOM.
New Perspectives for DOM Research. The small volume

requirements of the new method support studies where only a
small sample volume is available (e.g., in sediment pore water)
and also allow higher spatial (e.g., in soils) or temporal sample
resolution (e.g., in culture experiments). The sensitivity of the
method is unprecedented since the lowest absolute amount of
carbon injected was only 2 nmol C (20 μmol DOC L−1).
Given about 5,700 molecular formulas and 16,200 detected
molecular features in a marine DOM sample and an average
number of carbon atoms of 19, the mean absolute detectable
amount for a molecular feature was around two femtomole.
The linear response of the peak magnitudes now allows DOM
characterization beyond the compositional analyses that uses
normalized peak magnitudes. Instead, we can now use the peak
magnitude directly or, alternatively, DOC concentration as the
normalization factor for semiquantitative evaluations of MF
abundances. In combination with the isomeric separation
based on polarity, this method now allows revisiting
controversial concepts regarding the long-term stability of
marine organic matter and the fate of terrestrial organic matter
in the ocean.53,54

Compared to DI analyses, the use of LC leads to a
significant increase in the amount of data (up to 20 Gigabyte
per sample with full profile mode and retaining the free

induction decay for about 20−25 min data recoding time).
This requires revised concepts for automated data processing55

and quality control as well as statistical analysis. These
additional efforts are justified given the less biased analysis
and greater information gain, especially on the chemistry of
DOM. Further improvements in sensitivity may also allow
nontargeted environmental metabolomics studies performed
with original seawater. Ultimately, we expect that novel
biomarkers can be developed, making use of the high analytical
sensitivity obtained from LC-FT-ICR MS to study environ-
mental processes.
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T.; Álvarez-Salgado, X. A. Solid phase extraction of ocean dissolved
organic matter with PPL cartridges: efficiency and selectivity. Frontiers
in Marine Science 2023, 10, 1159762.
(8) Kong, X.; Jendrossek, T.; Ludwichowski, K. U.; Marx, U.; Koch,
B. P. Solid-Phase Extraction of Aquatic Organic Matter: Loading-
Dependent Chemical Fractionation and Self-Assembly. Environ. Sci.
Technol. 2021, 55 (22), 15495−15504.
(9) Raeke, J.; Lechtenfeld, O. J.; Wagner, M.; Herzsprung, P.;
Reemtsma, T. Selectivity of solid phase extraction of freshwater
dissolved organic matter and its effect on ultrahigh resolution mass
spectra. Environ. Sci. Process Impacts 2016, 18 (7), 918−27.
(10) Li, Y.; Harir, M.; Lucio, M.; Kanawati, B.; Smirnov, K.; Flerus,
R.; Koch, B. P.; Schmitt-Kopplin, P.; Hertkorn, N. Proposed
Guidelines for Solid Phase Extraction of Suwannee River Dissolved
Organic Matter. Anal. Chem. 2016, 88 (13), 6680−8.

(11) Lewis, C. B.; Walker, B. D.; Druffel, E. R. M. Isotopic and
optical heterogeneity of solid phase extracted marine dissolved
organic carbon. Marine Chemistry 2020, 219, 103752.
(12) Johnson, W. M.; Kido Soule, M. C.; Kujawinski, E. B.
Extraction efficiency and quantification of dissolved metabolites in
targeted marine metabolomics. Limnol. Oceanogr.: Methods 2017, 15
(4), 417−428.
(13) Zhou, Y.; He, D.; He, C.; Li, P.; Fan, D.; Wang, A.; Zhang, K.;
Chen, B.; Zhao, C.; Wang, Y.; Shi, Q.; Sun, Y. Spatial changes in
molecular composition of dissolved organic matter in the Yangtze
River Estuary: Implications for the seaward transport of estuarine
DOM. Sci. Total Environ. 2021, 759, 143531.
(14) Trufelli, H.; Palma, P.; Famiglini, G.; Cappiello, A. An
Overview of Matrix Effects in Liquid Chromatography-Mass
Spectrometry. Mass Spectrom. Rev. 2011, 30 (3), 491−509.
(15) Dulaquais, G.; Fourrier, P.; Maguer, J. F.; Denis, C.; Waeles,
M.; Riso, R. Size exclusion chromatography and stable carbon
isotopes reveal the limitations of solid phase extraction with PPL to
capture autochthonous DOM production. Marine Chemistry 2023,
249, 104213.
(16) Spranger, T.; van Pinxteren, D.; Reemtsma, T.; Lechtenfeld, O.
J.; Herrmann, H. 2D Liquid Chromatographic Fractionation with
Ultra-high Resolution MS Analysis Resolves a Vast Molecular
Diversity of Tropospheric Particle Organics. Environ. Sci. Technol.
2019, 53 (19), 11353−11363.
(17) Pemberton, J. A.; Lloyd, C. E. M.; Arthur, C. J.; Johnes, P. J.;
Dickinson, M.; Charlton, A. J.; Evershed, R. P. Untargeted
characterisation of dissolved organic matter contributions to rivers
from anthropogenic point sources using direct-infusion and high-
performance liquid chromatography/Orbitrap mass spectrometry.
Rapid Commun. Mass Spectrom. 2020, 34, e8618.
(18) Liu, Z.; Sleighter, R. L.; Zhong, J.; Hatcher, P. G. The chemical
changes of DOM from black waters to coastal marine waters by
HPLC combined with ultrahigh resolution mass spectrometry. Estuar.
Coast. Shelf S. 2011, 92 (2), 205−216.
(19) Hawkes, J. A.; Sjoberg, P. J. R.; Bergquist, J.; Tranvik, L. J.
Complexity of dissolved organic matter in the molecular size
dimension: insights from coupled size exclusion chromatography
electrospray ionisation mass spectrometry. Faraday Discuss. 2019,
218, 52−71.
(20) Duarte, R. M. B. O.; Barros, A. C.; Duarte, A. C. Resolving the
chemical heterogeneity of natural organic matter: New insights from
comprehensive two-dimensional liquid chromatography. Journal of
Chromatography A 2012, 1249, 138−146.
(21) Petras, D.; Koester, I.; Da Silva, R.; Stephens, B. M.; Haas, A.
F.; Nelson, C. E.; Kelly, L. W.; Aluwihare, L. I.; Dorrestein, P. C.
High-Resolution Liquid Chromatography Tandem Mass Spectrome-
try Enables Large Scale Molecular Characterization of Dissolved
Organic Matter. Frontiers in Marine Science 2017, 4, 405.
(22) Rowland, S. M.; Smith, D. F.; Blakney, G. T.; Corilo, Y. E.;
Hendrickson, C. L.; Rodgers, R. P. Online Coupling of Liquid
Chromatography with Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry at 21 T Provides Fast and Unique Insight into
Crude Oil Composition. Anal. Chem. 2021, 93 (41), 13749−13754.
(23) Patriarca, C.; Bergquist, J.; Sjoberg, P. J. R.; Tranvik, L.;
Hawkes, J. A. Online HPLC-ESI-HRMS Method for the Analysis and
Comparison of Different Dissolved Organic Matter Samples. Environ.
Sci. Technol. 2018, 52 (4), 2091−2099.
(24) Sandron, S.; Rojas, A.; Wilson, R.; Davies, N. W.; Haddad, P.
R.; Shellie, R. A.; Nesterenko, P. N.; Kelleher, B. P.; Paull, B.
Chromatographic methods for the isolation, separation and character-
isation of dissolved organic matter. Environmental Science-Processes &
Impacts 2015, 17 (9), 1531−1567.
(25) Jennings, E.; Kremser, A.; Han, L.; Reemtsma, T.; Lechtenfeld,
O. J. Discovery of Polar Ozonation Byproducts via Direct Injection of
Effluent Organic Matter with Online LC-FT-ICR-MS. Environ. Sci.
Technol. 2022, 56 (3), 1894−1904.
(26) Flerus, R.; Koch, B. P.; Schmitt-Kopplin, P.; Witt, M.; Kattner,
G. Molecular level investigation of reactions between dissolved

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c07219
Environ. Sci. Technol. 2024, 58, 4637−4647

4646

https://pubs.acs.org/doi/10.1021/acs.est.3c07219?ref=pdf
https://doi.org/10.5670/oceanog.2009.109
https://doi.org/10.5670/oceanog.2009.109
https://doi.org/10.5670/oceanog.2009.109
https://doi.org/10.1126/science.aaf7796
https://doi.org/10.1126/science.aaf7796
https://doi.org/10.1016/j.gca.2005.02.027
https://doi.org/10.1016/j.gca.2005.02.027
https://doi.org/10.1016/j.gca.2005.02.027
https://doi.org/10.1016/j.gca.2013.11.009
https://doi.org/10.1016/j.gca.2013.11.009
https://doi.org/10.1016/j.gca.2013.11.009
https://doi.org/10.5194/bg-11-4173-2014
https://doi.org/10.5194/bg-11-4173-2014
https://doi.org/10.5194/bg-11-4173-2014
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.3389/fmars.2023.1159762
https://doi.org/10.3389/fmars.2023.1159762
https://doi.org/10.1021/acs.est.1c04535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6EM00200E
https://doi.org/10.1039/C6EM00200E
https://doi.org/10.1039/C6EM00200E
https://doi.org/10.1021/acs.analchem.5b04501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b04501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b04501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.marchem.2020.103752
https://doi.org/10.1016/j.marchem.2020.103752
https://doi.org/10.1016/j.marchem.2020.103752
https://doi.org/10.1002/lom3.10181
https://doi.org/10.1002/lom3.10181
https://doi.org/10.1016/j.scitotenv.2020.143531
https://doi.org/10.1016/j.scitotenv.2020.143531
https://doi.org/10.1016/j.scitotenv.2020.143531
https://doi.org/10.1016/j.scitotenv.2020.143531
https://doi.org/10.1002/mas.20298
https://doi.org/10.1002/mas.20298
https://doi.org/10.1002/mas.20298
https://doi.org/10.1016/j.marchem.2023.104213
https://doi.org/10.1016/j.marchem.2023.104213
https://doi.org/10.1016/j.marchem.2023.104213
https://doi.org/10.1021/acs.est.9b03839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b03839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b03839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/rcm.8618
https://doi.org/10.1002/rcm.8618
https://doi.org/10.1002/rcm.8618
https://doi.org/10.1002/rcm.8618
https://doi.org/10.1016/j.ecss.2010.12.030
https://doi.org/10.1016/j.ecss.2010.12.030
https://doi.org/10.1016/j.ecss.2010.12.030
https://doi.org/10.1039/C8FD00222C
https://doi.org/10.1039/C8FD00222C
https://doi.org/10.1039/C8FD00222C
https://doi.org/10.1016/j.chroma.2012.06.022
https://doi.org/10.1016/j.chroma.2012.06.022
https://doi.org/10.1016/j.chroma.2012.06.022
https://doi.org/10.3389/fmars.2017.00405
https://doi.org/10.3389/fmars.2017.00405
https://doi.org/10.3389/fmars.2017.00405
https://doi.org/10.1021/acs.analchem.1c01169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c01169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c01169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c01169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5EM00223K
https://doi.org/10.1039/C5EM00223K
https://doi.org/10.1021/acs.est.1c04310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.marchem.2010.12.006
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c07219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


organic matter and extraction solvents using FT-ICR MS. Marine
Chemistry 2011, 124, 100−107.
(27) Longnecker, K. Dissolved organic matter in newly formed sea
ice and surface seawater. Geochim. Cosmochim. Acta 2015, 171, 39−
49.
(28) Han, L.; Kaesler, J.; Peng, C.; Reemtsma, T.; Lechtenfeld, O. J.
Online Counter Gradient LC-FT-ICR-MS Enables Detection of
Highly Polar Natural Organic Matter Fractions. Anal. Chem. 2021, 93
(3), 1740−1748.
(29) Lechtenfeld, O. J.; Koch, B. P.; Gasp̌arovic,́ B.; Frka, S.; Witt,
M.; Kattner, G. The influence of salinity on the molecular and optical
properties of surface microlayers in a karstic estuary. Marine Chemistry
2013, 150, 25−38.
(30) Kim, S.; Kramer, R. W.; Hatcher, P. G. Graphical method for
analysis of ultrahigh-resolution broadband mass spectra of natural
organic matter, the van Krevelen diagram. Anal. Chem. 2003, 75 (20),
5336−44.
(31) Flerus, R.; Lechtenfeld, O. J.; Koch, B. P.; McCallister, S. L.;
Schmitt-Kopplin, P.; Benner, R.; Kaiser, K.; Kattner, G. A molecular
perspective on the ageing of marine dissolved organic matter.
Biogeosciences 2012, 9 (6), 1935−1955.
(32) Medeiros, P. M.; Seidel, M.; Niggemann, J.; Spencer, R. G. M.;
Hernes, P. J.; Yager, P. L.; Miller, W. L.; Dittmar, T.; Hansell, D. A. A
novel molecular approach for tracing terrigenous dissolved organic
matter into the deep ocean. Global Biogeochem. Cycles 2016, 30 (5),
689−699.
(33) Koch, B. P.; Ludwichowski, K.-U.; Kattner, G.; Dittmar, T.;
Witt, M. Advanced characterization of marine dissolved organic
matter by combining reversed-phase liquid chromatography and FT-
ICR-MS. Mar. Chem. 2008, 111 (3−4), 233−241.
(34) Kim, D.; Kim, S.; Son, S.; Jung, M. J.; Kim, S. Application of
Online Liquid Chromatography 7 T FT-ICR Mass Spectrometer
Equipped with Quadrupolar Detection for Analysis of Natural
Organic Matter. Anal. Chem. 2019, 91 (12), 7690−7697.
(35) Hawkes, J. A.; Patriarca, C.; Sjöberg, P. J. R.; Tranvik, L. J.;
Bergquist, J. Extreme isomeric complexity of dissolved organic matter
found across aquatic environments. Limnology and Oceanography
Letters 2018, 3 (2), 21−30.
(36) Felgate, S. L.; Craig, A. J.; Moodie, L. W. K.; Hawkes, J.
Characterization of a Newly Available Coastal Marine Dissolved
Organic Matter Reference Material (TRM-0522). Anal. Chem. 2023,
95 (16), 6559−6567.
(37) Lohse, M.; Blaser, S.; Vetterlein, D.; Schluter, S.; Oburger, E.;
Reemtsma, T.; Lechtenfeld, O. J. Online Nano Solid Phase Extraction
Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry
Workflow to Analyze Small Scale Gradients of Soil Solution Organic
Matter in the Rhizosphere. Anal. Chem. 2020, 92 (15), 10442−10449.
(38) De Nicolo, A.; Cantu, M.; D’Avolio, A. Matrix effect
management in liquid chromatography mass spectrometry: the
internal standard normalized matrix effect. Bioanalysis 2017, 9 (14),
1093−1105.
(39) da Silva, M. P.; Koch, B. P.; von Tümpling, W.; Herzsprung, P.;
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