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ABSTRACT: Fourier transform-ion cyclotron resonance mass spectrometry (FT-
ICR MS) has been increasingly employed to characterize dissolved organic matter
(DOM) across a range of aquatic environments highlighting the role of DOM in
global carbon cycling. DOM analysis commonly utilizes electrospray ionization
(ESI), while some have implemented other techniques, including dopant-assisted
atmospheric pressure photoionization (APPI). We compared various extracted
DOM compositions analyzed by negative ESI and positive APPI doped with both
toluene and tetrahydrofuran (THF), including a fragmentation study of THF-
doped riverine DOM using infrared multiple photon dissociation (IRMPD). DOM
compositions followed the same trends in ESI and dopant-assisted APPI with the
latter presenting saturated, less oxygenated, and more N-containing compounds
than ESI. Between the APPI dopants, THF-doping yielded spectra with more
aliphatic-like and N-containing compounds than toluene-doping. We further
demonstrate how fragmentation of THF-doped DOM in APPI resolved subtle
differences between riverine DOM that was absent from ESI. In both ionization
methods, we describe a linear relationship between atomic and formulaic N-
compositions from a range of DOM extracts. This study highlights that THF-
doped APPI is useful for uncovering low-intensity aliphatic and peptide-like
components in autochthonous DOM, which could aid environmental assessments
of DOM across biolability gradients.

■ INTRODUCTION

Dissolved organic matter (DOM) is a diverse mixture of
organic molecules representing a range of terrestrially derived
(allochthonous) and aquatic (autochthonous) compounds that
vary along a spectrum of reactivity.1,2 This spectrum includes
biolabile compounds that are prone to biological mineraliza-
tion, such as saturated and heteroatom-rich molecules, and
biostable molecules which are generally more unsaturated and
oxygenated.3−5 Together, these compounds are critical
components of the carbon cycle and their characterization
has revealed many global physical and environmental
processes.6−8 Fourier transform-ion cyclotron resonance mass
spectrometry (FT-ICR MS) has been extensively utilized to
characterize thousands of molecules that constitute DOM
within a diverse range of aquatic environments.9−11 Predom-
inantly, DOM analysis has been conducted by negative
electrospray ionization (ESI) due to the selective ionization
of polar acidic functional groups (e.g., carboxylic acids) and
small required sample volumes12,13 but suppresses ionization of
many lower abundance N,S-containing compounds. Further-
more, chromatographic separations suggest that a higher
molecular weight and UV-active pool of compounds are

excluded from ESI spectra.14−16 In contrast, atmospheric
pressure photoionization (APPI) has been used to ionize
nonpolar organic compounds from several environments17,18

with potential to reveal compounds invisible to ESI that could
be important components in aquatic DOM.19

Positive APPI FT-ICR MS has been implemented in
petroleum analysis due to its nonselective ionization and
simultaneous production of both positive and negative ions. In
practice, DOM ionization in APPI from direct photon
absorption is poor but can be enhanced by a chemical dopant,
forming both radicals and protonated ions.20,21 Numerous
studies have utilized toluene as an APPI dopant to ionize a
wide range of less polar and aromatic compounds,21−23 while
other dopants such as tetrahydrofuran (THF) have displayed a
high efficiency for ionizing S-containing molecules in

Received: August 3, 2020
Revised: October 16, 2020
Accepted: November 5, 2020
Published: November 19, 2020

Articlepubs.acs.org/est

© 2020 American Chemical Society
16249

https://dx.doi.org/10.1021/acs.est.0c05206
Environ. Sci. Technol. 2020, 54, 16249−16259

D
ow

nl
oa

de
d 

vi
a 

FL
O

R
ID

A
 S

T
A

T
E

 U
N

IV
 o

n 
Ja

nu
ar

y 
13

, 2
02

1 
at

 2
1:

47
:3

6 
(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="Martin+R.+Kurek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brett+A.+Poulin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amy+M.+McKenna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+G.+M.+Spencer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.0c05206&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?fig=agr1&ref=pdf
https://pubs.acs.org/toc/esthag/54/24?ref=pdf
https://pubs.acs.org/toc/esthag/54/24?ref=pdf
https://pubs.acs.org/toc/esthag/54/24?ref=pdf
https://pubs.acs.org/toc/esthag/54/24?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05206?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


petroleum.24,25 Given the differences in ionization energy for
toluene and THF (8.83 and 9.40 eV, respectively), as well as
polarity (0.375 and 1.750 dipole moment, respectively),26 the
choice of dopant will likely influence the ionization, and
therefore, detection of molecules within DOM samples. For
instance, given the highly aromatic nature of aquatic DOM
compounds,7,11 toluene has been utilized in APPI analysis of
DOM across several samples,27−30 but still only represents a
minor fraction of the total DOM with uncharacterized
structures.
Fragmentation studies of organic compounds with FT-ICR

MS have been used to probe the dominant features within
complex mixtures.31−33 Most commonly in ESI-DOM analysis,
collision induced dissociation (CID) has investigated the
functional groups of DOM fractions, revealing series differing
by CO2 and H2O units originating from highly ionizable
carboxylic groups.34−36 In contrast, infrared multiple photon
dissociation (IRMPD), often used in APPI, fragments C−O
and C−C bonds, providing more structural information and
not solely reflecting the best (carboxyl and hydroxyl) leaving
groups.32,37 Although IRMPD has characterized petroleum
mixtures,31,32 it has scarcely been applied to aquatic DOM,38

providing a new opportunity to study the structural diversity of
DOM, including aquatic heteroatom-containing compounds.
Dissolved organic N (DON) represents an important subset

of DOM that indicates land cover,39−41 microbial processing,42

and possibly abiotic N incorporation.43 N-containing com-
pounds are important biolabile components of DOM that are
leached into headwaters from cropland or pastures where they
sustain further microbial processing of organic matter.40,41,44

DON is also a major component of wastewater effluent, that if
left unmonitored, could contribute to nutrient loading in N-
sensitive watersheds.45

The inherent complexity of DOM requires multiple
analytical dimensions to understand its role within the carbon
cycle. Previous studies have probed the compositions of DOM
between APPI and ESI,27,28,46,47 but have either been limited
in their compositional scope to a single DOM sample or
confined to DON characterization. Additionally, no DOM
study, to our knowledge, has utilized dopants other than
toluene, which is already selective toward many of the
aromatics that are ionized in ESI.27 Here, we extensively
compare the molecular compositions of DOM across a range
of autochthonous and allochthonous endmembers ionized in
negative ESI and positive APPI. DOM analyzed in APPI was
doped with two dopants (toluene, THF) and further
characterized using IRMPD fragmentation to reveal functional
groups.33,38 We propose that parallel analysis of DOM using
dopant-assisted APPI and ESI, along with IRMPD fragmenta-
tion, will offer greater insight into molecular biolability and
functional diversity across environmental gradients than using
routine ESI analysis alone. Moreover, we hypothesize that
THF-doped APPI will provide enhanced sensitivity to detect a
different subset of DOM compared to toluene-doped APPI
including N- and S-containing compounds, and may be more
suitable than toluene for aquatic DOM analysis.

■ MATERIALS AND METHODS
Study Sites and Sampling Procedures. The Suwannee

River, as the source of the International Humic Substances
Society (IHSS) Suwannee River Fulvic Acid (SRFA), has a
long history as a DOM allochthonous endmember9,11,28,48 due
to its nature as a blackwater ecosystem. The river originates

from the peat-rich Okefenokee swamp in Southeast Georgia
and discharges into the Gulf of Mexico in North Florida. The
Suwannee River is characterized by its acidity, low inorganic
ion concentrations, and high relative content of humic and
fulvic acids.48 Sample water was collected at Suwannee River
State Park near Ellaville, FL (30°23′08.5″N 83°10′13.9″W) on
10/06/19.
The Kissimmee River is an anthropogenically impacted river

in South Florida with its headwaters starting at the Kissimmee
Chain of Lakes south of Orlando and draining into Lake
Okeechobee. The watershed consists primarily of natural
wetlands and floodplains surrounding the river including
pasture, citrus, and dairy farmland.49 The river has been
identified as a key source for nutrient loading into Lake
Okeechobee from its mixed watershed, further complicated by
the effects of stream channelization on the local wetlands since
the 1960s.50 For these reasons it was selected to represent an
anthropogenic riverine endmember. Water was collected from
site S-65E (27°13′32.0″N 80°57′46.0″W) on 10/06/19.
Wakulla Springs is the largest and deepest freshwater spring

in the world serving as the source of the Wakulla River which
confluences into the St. Mark’s River before emptying into the
Gulf of Mexico in the Florida panhandle. The Spring is
surrounded by mostly forested karst topography and consists
of a network of conduits supplied by groundwater with low
DOC and microbial-derived DOM.42 It was selected to
represent an autochthonous endmember and sampled at
Sally Ward Spring (30°14′29.8″N 84°18′39.2″W) on 10/02/
19.
Water samples (4 L) from the three terrestrial Florida waters

were collected into acid-washed polycarbonate bottles using a
peristaltic pump and filtered in-line using Nalgene tubing
through a 0.45 μm capsule filter before transport to the
laboratory in the dark at 4 °C and frozen immediately until
analysis.
A suite of organic hydrophobic fraction (HPOA) and fulvic

acid (FA) samples were also included in this study, isolated by
XAD-8 resin.51 Samples included: Penobscot River at
Eddington (HPOA),52 Suwannee River (HPOA),48 Lake
Fryxell (FA) from 11m depth,53 Pacific Ocean surface water
(HPOA),54 and Florida Everglades 2B South (HPOA),55

representing well-characterized endmember DOM sources.
The five isolates were reconstituted in Milli-Q water to a
concentration of 10 mg C L−1 prior to solid phase extraction
on PPL resin and analysis (described in detail below).

Geochemical Analysis. In triplicate, filtered samples were
acidified with HCl and analyzed for dissolved organic carbon
(DOC) concentration using a Shimadzu TOC-L CPH high
temperature catalytic oxidation total organic carbon analyzer
(Shimadzu Corp., Kyoto, Japan) with sparging to remove
dissolved inorganic C using established methodology.5,11,42

Chromophoric DOM was measured as the absorbance at 254
nm at room temperature using a Horiba Scientific Aqualog
(Horiba Ltd., Kyoto, Japan). The specific UV absorbance at
254 nm (SUVA254) was calculated by normalizing the
absorbance to the DOC concentration.56 The total N and C
content of the isolates were used to calculate the atomic N/C
as determined using a CHN analyzer by Huffman Hazen
Laboratories (Golden, CO).

Solid Phase Extraction. All eight DOM samples,
including the Florida whole waters and isolates, were acidified
(pH 2) and solid phase extracted. Bond-Elut PPL columns
(Agilent Technologies Inc., Santa Clara, CA) were used for the
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extraction following established protocols.57 PPL columns
were prepared by soaking overnight with methanol, rinsing
with methanol once, and rinsing with Milli-Q water at pH 2
twice. For the samples intended for ESI analysis, 40 μg organic
C was isolated onto 100 mg 3 mL PPL columns (assuming at
least 65% recovery57) and eluted with 1 mL of methanol.
Organic C for the samples intended for APPI were collected at
a higher concentration (750 μg C) onto 1 g 6 mL PPL
columns and eluted with 3 mL of methanol. Methanol eluents
were collected into precombusted (550 °C, > 4 h) glass vials
and stored at −20 °C until analysis. Prior to analysis, APPI
samples were treated with an organic dopant to increase
ionization efficiency. All APPI samples were diluted with 1-part
THF and 4-parts methanol (volume-to-volume; v/v) to a final
organic C concentration of 50 μg mL−1. A subset of the
extracts was further diluted, due to lower solubility, with 1-part
toluene and 9-parts methanol (v/v) to 50 μg mL−1 organic C.
FT-ICR MS Analysis. Methanol PPL extracts were analyzed

on a custom built 9.4-T FT-ICR MS (Oxford Corp., Oxney
Mead, UK) with a 22 cm diameter bore at the National High
Magnetic Field Laboratory (Tallahassee, FL).58 The instru-
ment was optimized for m/z 150−1800, with ion optics
(including accumulator, transfer quadrupole), excitation
(150−2000 Da with a broadband frequency sweep excitation
waveform), and detection (m/z 143). Signal acquisition for
each sample were optimized using IHSS SRFA dissolved in
methanol according to previous methods59 with a modular
Predator ICR data station.60 Negatively charged ions from
DOM were produced via ESI at a flow rate of 500 nL min−1

and collected over 100 coadded scans. Organic C concen-
trations and flow rates for both dopants in APPI positive were
all tested on IHSS SRFA in the range of 50−250 μg C mL−1

and 30−100 μL min−1 before optimization for the DOM
samples. Ions from the doped extracts were produced at
atmospheric pressure with an external APPI source (Ion Max
APPI source, Thermo-Fisher Scientific, Inc., San Jose, CA) at a
flow rate of 30 μL min−1, collected over 100 coadded scans,
and internally calibrated based on highly abundant oxygen
containing alkylation series with a “walking calibration”
equation (141<m/z < 1000).61 Mass spectral peaks with
signal magnitude greater than six times the baseline root-mean-
square noise level were exported to a peak list. Elemental
composition assignments were made with PetroOrg©62

constrained by C4−45H4−92O1−25N0−4S0−2 and not exceeding
0.2 ppm error.
Fragmentation experiments were performed using IRMPD

on the THF-doped Suwannee and Kissimmee River PPL
extracts (50 μg C mL−1) in APPI positive. The isolated mass
range of 392−408 Da was collected over 30 coadded scans and
then fragmented using a 40 W continuous-wave CO2 laser (λ =
10 μm; Synrad model J48−2 Mukilteo, WA) for 300−500 ms
of irradiation at 50% laser power. Ions were collected over the
mass range of 141−391 m/z over 50 coadded scans.
Data Processing and Statistical Analysis. Post process-

ing and statistical analysis of the assigned formulae were done
using Microsoft Excel and R using the ggplot263 and eulerr64

packages. Molecular properties such as the double bond
equivalence (DBE and DBE/C) and modified aromaticity
index (AImod) were calculated according to Koch and
Dittmar65,66 and the CHO-index (average carbon oxidation
state) according to Mann et al.67 For each formula, the N/C
and S/C ratios were calculated as the sum of all N or S atoms
divided by the sum of all C atoms.55 The average formulaic N/

C and S/C for a DOM sample were determined by averaging
individual N/C and S/C molecular ratios, respectively.
Formulae were binned into classes based on their heteroatomic
composition (CHO, CHON, CHOS, and CHONS com-
pounds) calculated using both number-weighted averaged
formulae and intensity-weighted averaged formulae (relative
abundance). Principal Component Analysis (PCA) was
conducted on the FT-ICR data to assess the relationships
between ionization modes and molecular stoichiometries using
the factoextra package in R.68

For IRMPD experiments, a wide mass range (392−408 Da)
enabled ionization of various compounds differing in
aromaticity and heteroatoms. Molecular classes of isolated
parent molecules and fragments were subjected to Kendrick
mass defect analysis based on homologous series of CH2, O,
H2, CH2O, CO2, and H2O units69 to find potential
fragmentation patterns in the series. Homologous series length
distributions between the Suwannee and Kissimmee River for
each Kendrick unit (as means) were compared using the
nonparametric Wilcoxon method according to previous
studies.42

■ RESULTS AND DISCUSSION
DOM Compositions of Diverse Florida Waters. The

range of DOC concentrations and DOM compositions of the
sampled Florida waters reflected different sources and
biogeochemical processes (Table 1). DOC concentrations
were the highest in the Kissimmee River (18.8 mg L−1),
followed by the Suwannee River (6.4 mg L−1), and the lowest
at Wakulla Springs (2.1 mg L−1, Table 1). Although the
Kissimmee River had almost 3 times the organic C
concentration as the Suwannee River, they both exhibited
comparable SUVA254 values (4.30 and 4.34 L mg−1C1−m−1,
respectively) suggesting they contain similar amounts of
terrestrial aromatic carbon.56 Similarities between the
Suwannee and Kissimmee River DOM were also observed in
molecular compositions from negative ESI-FT-ICR MS spectra
(hereafter referred to as “ESI”) which revealed a similar
number of assigned formulae, H/C, and aromaticity
(quantified using the AImod) (Table 1). Heteroatomic content
is also consistent between the two rivers which contain
primarily CHO-containing molecules and similar formulaic N/
C than S/C ratios (Table 1). Notably, Kissimmee River DOM
exhibits more molecules with O/C < 0.5 in van Krevelen space
than Suwannee River DOM (Figure 1, Supporting Information
(SI) Figure S1), suggesting Suwannee River DOM is more
oxygenated. Aside from the extent of oxygenation, the ESI
spectra did not reveal meaningful compositional differences
between Suwannee and Kissimmee River DOM that differ-
entiate natural blackwaters from anthropogenically impacted
riverine DOM, probably due to their abundance of highly
ionizable carboxylic groups in negative ESI, resulting in ion
suppression.13

Wakulla Springs DOM, however, is quite distinct from the
riverine DOM as it has a much lower SUVA254 value (0.99 L
mg−1C1−m−1) with less chemodiversity (Table 1). DOM from
Wakulla Springs is more saturated, less oxygenated, and
contains greater N-content from the formulaic N/C and
relative proportion of CHON-containing formulae (Table 1).
Both the FT-ICR and optical data suggest Wakulla Springs
DOM consists of more autochthonous DOM from a localized
source, whereas DOM from the Suwannee and Kissimmee
rivers are more allochthonous representing various terrestrial
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sources such as vegetation, leaf litter, and soil inputs.11 These
observations agree with optical and fluorescence measurements
from Wakulla and other clearwater springs within the area42 as
well as various blackwaters and vegetation leachates from
North Florida.5

Comparing ESI to Dopant-Assisted APPI. While ESI
differentiated between autochthonous and allochthonous
DOM, few compositional differences between DOM from
natural and impacted sources were observed (Table 1).
Therefore, the molecular composition of each DOM sample
was investigated using positive APPI spectra (hereafter referred
to as “APPI”), a method known to enhance ionization of N-
containing molecules in DOM using toluene doping.27,28 THF
was also considered as a dopant since it has been shown to
ionize many N- and S-containing molecules in APPI from
petroleum-affected water24 but has not yet been applied to
DOM analysis. Figure 1 shows the overlap of all compounds
ionized in ESI with toluene and THF-doped APPI for three
different DOM samples. In all three waters, ESI produced
more ions than either THF- or toluene-doped APPI and had
the highest proportion of unique ions with some commonality
shared with APPI (Figure 1, SI Figure S1). In contrast,
toluene- and THF-doped APPI shared more common
formulae with each other (>50%), yielding fewer unique
compounds compared to ESI (Figure 1; SI Tables S1−S3;
Figure S2).
Generally, molecules ionized in toluene-doped APPI were of

lower mass, more aliphatic (i.e., higher H/C), with lower O/C
ratios than molecules ionized by ESI (SI Tables S1−S3, Figure
S2). In agreement with past studies,27,28 toluene-doped APPI
resulted in greater N-content with higher N/C ratios and more
CHON formulae than in ESI (Table 1; SI Tables S1−S3).
However, the higher relative abundance of heteroatoms in
toluene-doped APPI spectra and all shared formulae was
restricted to only CHON formulae, whereas S-containing
molecules were less effectively ionized given their lower
relative abundance of CHOS and S/C (SI Tables S1−S3).
Compared to ESI, the THF-doped APPI spectra also yielded
greater N-content, higher aliphaticity, as well as lower O/C
ratios, mass, and S-content (SI Tables S1−S3; Figure S2).
However, the THF-doped samples had lower AImod values than
in ESI suggesting a preferential ionization of more saturated or
biolabile DOM. This preferential ionization was even observed
between toluene- and THF-doped APPI spectra, where THF
ionized DOM with greater N-content and higher H/C ratios
while toluene ionized compounds that were lower in mass and
more unsaturated (SI Tables S1−S3; Figure S2). Furthermore,
within the compounds common between both dopants, THF
consistently resulted in higher relative abundances of aliphatic
compounds while toluene favored more oxygenated and
unsaturated molecules, regardless of the DOM source (SI
Figure S2).
In both APPI dopants, DOM from Wakulla Springs was

shifted to higher H/C and lower O/C ratios than in the
riverine DOM, mirroring the autochthonous signatures from
ESI (Table 1; Figure 1). In contrast, Suwannee and Kissimmee
River DOM was compositionally similar in all aspects, except
in N-content which was higher in Kissimmee River DOM with
both dopants (SI Table S1 and S2). Within both APPI-doped
spectra, Kissimmee River N-content was also greater in each
unique and shared fraction (Figure 1) as well as in the fractions
common with ESI (SI Tables S1 and S2), meaning this
difference was not just a consequence of the ionization. Indeed,T
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APPI ionization suggests Kissimmee River DOM contains
more dissolved organic N than Suwannee River DOM and less
oxygenated compounds, most likely representing DOM
sourced from agricultural practices that leached into the
river.39,41,70 Agricultural DOM has been shown to be highly
biolabile with great potential for downstream microbial
processing41,71 and in the case of the Kissimmee River basin,
may contribute to the ecological imbalance of eutrophic Lake
Okeechobee.
Understanding DOM Functionality with Fragmenta-

tion. Traditional analysis of DOM in ESI offers thousands of
molecular formulae but does not provide structural informa-
tion, unless CID fragmentation is utilized to infer functional
groups from specific parent ions.34−36 Here we fragmented
THF-doped Suwannee and Kissimmee River DOM samples in
APPI using IRMPD to investigate possible molecular features
while comparing their molecular compositions. Although we
could not determine the exact precursor molecule for each
fragment using IRMPD, we provide a robust description of
potential series differing by exact chemical units to infer
functional groups of the isolated ion distributions. Precursor
ions were isolated from 392 to 408 Da and classified according
to their molecular compositions (SI Table S4). Within this
narrow mass range, both DOM samples contained a nearly
equal number of assigned formulae, but Kissimmee River
DOM contained a greater relative abundance of CHON
compounds than Suwannee River DOM (27% vs 17%,
respectively) (SI Table S4; Figure S3A,B). Within each
sample, fragments from 141 to 391 Da contained similar
molecular class distributions to the precursor ions (SI Table
S4) and a Gaussian pattern similar to DOM, except for
Suwannee River DOM which had abundant higher masses

(Figure 2A). The fragments spanned van Krevelen space
similar to each other centered on lower H/C and O/C ratios
than the original DOM, suggesting that fragmentation
produced resolvable patterns across C−H and C−O bonds
(Figure 2C,D). Many of these patterns occur naturally in the
environment from biological processing and photochemistry as
the majority of the fragment ions in each sample (86%) were
also present in the original spectra. Although IR fragmentation
and photolysis both cleave C−C bonds, these fragmentation
patterns were unlikely due to the same mechanism causing
photolysis of aromatic rings since this would produce more
saturated compounds7 and IRMPD fragmentation at longer
wavelengths (10 μm) primarily cleaves C−O linkages37 as well
as alkyl and cycloalkyl bonds while retaining aromatic cores
intact.32

The DOM molecular fragments from the Suwannee and
Kissimmee rivers thus represent subunits of their precursor
molecules with mass defects that can be used to infer chemical
features of homologous series.69 CHO-containing molecules
from the fragments and precursors mostly consisted of
homologous series differing by H2, CH2, and O series with
less from decarboxylation (CO2) and dehydration (H2O)
series (Figure 2B), in contrast to CID fragmentation
studies.34−36 The same trends persisted in the CHON-
containing molecules, but with shorter series lengths (Figure
2C), implying that the primary DOM functional groups from
this mass window distribution include alkyl chains and
noncarboxylic double bonds. Despite their differing sources,
DOM functionalities in both rivers were largely the same with
no significant differences (α = 0.05) in Kendrick series
distributions between the samples in the CHO and CHON
classes. Even within the CHON class, molecules were further

Figure 1. Size-proportional Venn diagrams of the Suwannee River, Kissimmee River, and Wakulla Springs DOM comparing assigned formulae
measured in ESI negative, APPI positive with THF doping, and APPI positive with toluene doping. Corresponding van Krevelen diagrams
represent all assigned formulae observed using all three ionization approaches; molecular formulae are colored by heteroatom composition (blue =
CHO, orange = CHON, green = CHOS, red = CHONS) with the sizes scaled to relative abundances.
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subdivided by their N-content (CHON1, CHON2, CHON3)
and did not differ between the two samples even though
Kissimmee River fragments had higher abundance- and
number-based N-content (SI Figure S4, Table S4). In contrast,
CHOS-containing series did differ significantly between the
two DOM sources with Kissimmee containing longer H2, O,
and CH2O Kendrick series (Figure 2D) and almost twice as
many CHOS fragments (SI Table S4). We interpret the
elevated CHOS assignments in Kissimmee River DOM to be a
result of sulfurization reactions from agricultural sulfur
applications, as has been demonstrated in South Florida.55

These data suggest APPI ionizes more molecules with alkyl
and unsaturated features in both riverine DOM samples,
contrasting the high ionization efficiency of oxygenated and
carboxylic groups seen in negative ESI spectra.13 Additionally,
the high similarity of fragments with each other and with their
precursor spectra provides further evidence for a universal
cascade of reaction pathways responsible for shaping DOM, as
was suggested across a larger aquatic gradient.33 This means
that despite the differences in DOM sources between the
rivers, downstream transport resulted in a similar degradation
pattern of high-abundance CHO and CHON molecules. In
contrast, the Kissimmee River DOM composition was distinct
in the presence of CHOS molecules, which are normally low in
abundance but have been attributed to anthropogenic
origins39,71 and/or abiotic S incorporation.43,55 These results
illustrate the ability of low-abundance ions to differentiate
between DOM signatures of terrestrial origins.

Endmember Compositions and Atomic Gradients.
The DOM isolates represent a variety of well-characterized
autochthonous and allochthonous endmembers with a range of
atomic N compositions and stoichiometric ratios in ESI
consistent from previous studies (SI Table S5; ref 11). To
further evaluate the novel information gained from APPI
spectra, we compared the ESI and THF-doped APPI spectra of
the DOM isolates (SI Table S5). The THF-doped APPI DOM
isolates differed in composition from their ESI spectra (e.g.,
higher H/C, lower O/C, lower aromaticity, greater N-content,
lower mass; SI Table S5), similar to the way Florida DOM
differed between THF-doped APPI and ESI (SI Tables S1−
S3). Molecular compositions of allochthonous endmembers
(Suwannee River, Penobscot River, Everglades) exhibited
greater changes in H/C and aromaticity in APPI versus ESI
compared to the autochthonous samples (Lake Fryxell FA and
Pacific Ocean HPOA) (SI Table S5). The shift to more
saturated van Krevelen space in APPI was likely due to reduced
ionization of terrestrial aromatic compounds compared to ESI,
which are normally abundant in ESI and more unsaturated,11

in contrast to autochthonous DOM which is naturally more
aliphatic.2

PCA was conducted on the diverse suite of DOM isolates
and Florida waters to visualize the compositional differences of
ESI and APPI (THF- and toluene-doped) across a broader
framework of aquatic endmembers (Figure 3). Components 1
(PC1) and 2 (PC2) together explain 83% of the variance
between the samples using bulk properties derived from the

Figure 2. Results from IRMPD experiments of isolated masses at 392−408 Da from the Suwannee River DOM (black) and Kissimmee River DOM
(red). (A) Mass spectrum of fragments (141−391 Da) scaled to relative abundances. Boxplots of CH2, O, H2, CH2O, CO2, and H2O-based
Kendrick series lengths of the two riverine DOM samples is shown for (B) CHO-containing, (C) CHON-containing, and (D) CHOS-containing
formulae. Asterisks (*) on x-axis labels indicate a significant difference in series means between the two DOM samples (α = 0.05).

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

https://dx.doi.org/10.1021/acs.est.0c05206
Environ. Sci. Technol. 2020, 54, 16249−16259

16254

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05206/suppl_file/es0c05206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05206/suppl_file/es0c05206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05206/suppl_file/es0c05206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05206/suppl_file/es0c05206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05206/suppl_file/es0c05206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05206/suppl_file/es0c05206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05206/suppl_file/es0c05206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05206/suppl_file/es0c05206_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05206?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05206?ref=pdf


mass spectra. There was a clear separation of samples in ESI
(blue) and APPI (green represents toluene-doped; magenta
represents THF-doped) along PC1 which had strong positive
correlations with H/C, N/C, %CHON and was negatively
correlated with O/C, DBE, and CHO-index (Figure 3; SI
Table S6). In contrast, PC2 revealed a gradient between
samples correlating positively with S-content (S/C, %CHOS,
and %CHONS) and negatively with %CHO (Figure 3; SI
Table S6). This gradient follows DOM compositional
differences associated with biolability,72 separating biolabile
microbial DOM from stable and highly processed marine
DOM.73 Although hydrophobic acids are generally less
biodegradable,3 the Everglades HPOA clustered with the
Florida DOM rather than the riverine DOM (Suwannee and
Penobscot HPOA), illustrating the high N- and S-content
present within the region.55 Furthermore, the separation of
riverine DOM isolates from the Florida rivers reflects the
compositional differences between DOM retained in XAD-8
(HPOA) and PPL resins,74 though procedural fractionation
was minimized by extracting all samples with PPL prior to
analysis. Regardless of the DOM isolation method, the data
shows that across a broad range of DOM sources, the greatest
amount of variance can be explained by ionization mode alone
(ESI vs APPI) while still maintaining a consistent gradient of
inferred biolability within each ionization approach. This is
further supported by considering the toluene-doped APPI
spectra (green) which grouped more closely to the THF-
doped spectra (magenta) (i.e., lower PC1 and PC2) rather
than clustering separately (Figure 3).
An advantage of APPI over ESI is the additional composi-

tional coverage gained in DON,28−30,75 though it has not been
quantitatively compared to the total atomic N-content. Using
the atomic and formulaic N/C ratios from the DOM isolates
(SI Table S5), we report a monotonically increasing relation-
ship between total organic N (atomic N/C) and FT-ICR-

ionized organic N (formulaic N/C) across a globally diverse
range of DON (Figure 4; ref 11). This relationship is

consistent for samples measured by ESI (blue), THF-doped
APPI (magenta), and ions common between the two
approaches (orange) (Figure 4). Applying a linear regression
to all samples revealed statistically significant slopes (α = 0.05)
in all series except for the THF-doped APPI DOM (SI Figure
S5), which improved after removing Lake Fryxell from the
regression (Figure 4). All regressions plotted above the 1:1 line
with slopes slightly greater than unity, suggesting an over-
estimation of organic N from the formulaic N/C (Figure 4), in
contrast to Poulin et al., who reported an underestimation of
formulaic S/C with a similar relationship.55 This over-
estimation could partly be due to the extraction procedure
with PPL retaining a high proportion of extractable organic N
compounds57,74 and subsequent ionization of the concentrated
compounds. This is expected to be the case in APPI which
ionizes nonpolar, N-containing compounds more effectively
than ESI.28 While both ionization modes increase in formulaic
N/C across a gradient of organic N, ESI is more representative
because the slope is closer to unity and the intercept is closer
to the origin (Figure 4). Indeed, the larger intercept in THF-
doped APPI relative to ESI confirms that APPI ionizes an
additional set of organic N compounds that are inaccessible
during routine ESI-FT-ICR analysis (Figure 1). This is
supported by the overlap of the ESI and common ion
regressions, showing that formulaic N-content detected by ESI
and APPI is conserved in APPI spectra and also increases
linearly with atomic N-content (Figure 4).
Although Lake Fryxell DOM is entirely biogenic, the

formulaic and atomic N/C relationship was closer to the 1:1
line and did not match other DOM isolates (Figure 4), which
is likely explained by its source and isolation procedure. Lake
Fryxell is the only fulvic acid extract from the isolates giving it a

Figure 3. Principal component analysis biplot of DOM samples
ionized in ESI negative (blue triangles), THF-doped APPI positive
(magenta circles), and toluene-doped APPI positive (green squares).
Variables from the FT-ICR spectra are represented by black vectors.
HPOA refers to hydrophobic fraction DOM isolates while FA refers
to fulvic acid DOM isolates, respectively.

Figure 4. Relationship between the measured atomic N/C of the
DOM isolates and the number-averaged formulaic N/C from the FT-
ICR spectra measured by ESI negative (blue circles), THF-doped
APPI positive (magenta squares), and formulae common to both
ionization modes (orange triangles). Linear regressions (colored solid
lines) and 95% confidence intervals (colored dashed lines) from each
ionization were modeled, omitting the Lake Fryxell fulvic acid sample.
The black dashed line denotes the 1:1 line.
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different chemical composition than the hydrophobic acids
which contain both fulvic and humic acids.51 One of these
differences is that fulvic acids have a lower average N-content
than humic acids and DOM,2 shifting the extracts to lower N/
C ratios and introducing less N-containing ions into the
instrument. The Antarctic lake is also a “true” autochthonous
endmember, composed of biolabile microbial DOM11,76 and
permanently covered by ice, receiving no input from terrestrial
vegetation or soil.51 While the Pacific Ocean HPOA isolate is
also considered autochthonous, marine surface DOM does
have some terrestrial influence, although many of these
signatures are highly processed and degraded.77 Therefore,
the linear relationship of atomic and formulaic N/C in Figure 4
represents organic N that has had some influence from
terrestrial sources, and we hypothesize that a similar linear
relationship exists for fulvic acids as well as other “true”
autochthonous DOM sources with differing slopes from Figure
4 (e.g., groundwater, glaciers, hypersaline lakes). Although
regression equations may differ between aquatic environments
and different sources,78 patterns such as in Figure 4 and in
Poulin et al.55 demonstrate the potential of FT-ICR spectra to
provide quantitative relationships across environmental gra-
dients with high applicability to targeted studies.
Perspectives and Recommendations. This detailed

analysis of DOM ionized in ESI and APPI suggests the overall
compositional trends within the scope of diverse endmembers
remain largely the same (Figure 1). Although both ionization
modes overestimate N-content, formulaic N/C increases
linearly with atomic N/C (Figure 4) and we suspect a closer
1:1 relationship may be achieved through different extraction
procedures. Between the two dopants tested (toluene and
THF), THF-doped APPI provides greater molecular diversity
and ionization of organic N while containing many of the same
formulae as toluene-doped APPI (Figure 1, SI Tables S1−S3).
While both dopants are miscible with methanol, THF is also
miscible with water, allowing extra flexibility to directly dope
THF into DOM subsets dissolved in water for FT-ICR analysis
prior to infusion. Therefore, we recommend doping DOM
with THF when analyzing in APPI. In all cases, the common
ions between APPI and ESI displayed identical chemical trends
to ESI, indicating good agreement between the two methods,
but ESI produced more total and unique formulae than either
APPI doping method (Figure 1, SI Tables S1−S3, Table S5).
In addition, APPI ionized fewer S-containing compounds than
in ESI (SI Table S5), contrary to THF-doped petroleum.24,25

However, a clear advantage of APPI over ESI is the number
and diversity of DON and aliphatic-like compounds that were
detected (SI Figure S2, Tables S1−S3, Table S5, Figure 4)
revealing compositional differences between the Suwannee and
Kissimmee Rivers that were indistinguishable in routine ESI
analysis (Figure 3) and providing another analytical dimension
to DOM analysis.
Realistically, DOM analysis is time and resource-intensive

necessitating the highest resolution possible per unit time
spent. Therefore, due to the larger sample volumes and higher
extraction concentrations needed for APPI to obtain results
that corroborate with ESI (Figure 1), we recommend
ionization in ESI for all routine analyses. An exception would
be for DOM containing uncharacterized DON compounds as
well as saturated molecules, such as in highly autochthonous
samples,11 permafrost thaw,79 or anthropogenically impacted
streams which have increased proportions of N-containing
formulae due to heightened microbial activity.39−41 Greater

ionization of these compounds through APPI would provide
improved sensitivity in bioincubation studies of anthropogeni-
cally impacted DOM, where these compounds are typically the
most biolabile yet poorly ionized in ESI.44 APPI analysis could
also be beneficial in wastewater DOM analysis to monitor the
effects of secondary treatment on removing saturated and
peptide-like compounds and assessing needs for advanced
treatment.80 Even after advanced treatment is implemented,
further analysis of wastewater effluent could be used to assess
DOM biolability as it can be highly reactive in bioassays and
contribute to N-loading in local watersheds.45 Furthermore,
when DOM samples are compositionally similar in ESI but
require a more detailed comparison to resolve subtle
differences (e.g., Suwannee and Kissimmee River DOM;
Figure 2), APPI should be considered post hoc in addition
to IRMPD fragmentation of selected mass windows. These
combined approaches may provide structural information and
reactivity pathways that are often unavailable in routine ESI
analysis and are even more descriptive than CID fragmenta-
tion, potentially deciphering another aspect of DOM complex-
ity.
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T.; Jaffe,́ R. Linking the molecular signature of heteroatomic dissolved
organic matter to watershed characteristics in world rivers. Environ.
Sci. Technol. 2015, 49 (23), 13798−13806.
(40) Drake, T. W.; Podgorski, D. C.; Dinga, B.; Chanton, J. P.; Six,
J.; Spencer, R. G. Land-use controls on carbon biogeochemistry in
lowland streams of the Congo Basin. Global Change Biology 2020, 26
(3), 1374−1389.
(41) Spencer, R. G.; Kellerman, A. M.; Podgorski, D. C.; Macedo,
M. N.; Jankowski, K.; Nunes, D.; Neill, C. Identifying the Molecular

Signatures of Agricultural Expansion in Amazonian Headwater
Streams. J. Geophys. Res.: Biogeosci. 2019, 124 (6), 1637−1650.
(42) Luzius, C.; Guillemette, F.; Podgorski, D. C.; Kellerman, A. M.;
Spencer, R. G. Drivers of dissolved organic matter in the vent and
major conduits of the world’s largest freshwater spring. J. Geophys.
Res.: Biogeosci. 2018, 123 (9), 2775−2790.
(43) Sleighter, R. L.; Chin, Y. P.; Arnold, W. A.; Hatcher, P. G.;
McCabe, A. J.; McAdams, B. C.; Wallace, G. C. Evidence of
incorporation of abiotic S and N into prairie wetland dissolved
organic matter. Environ. Sci. Technol. Lett. 2014, 1 (9), 345−350.
(44) Lu, Y.; Li, X.; Mesfioui, R.; Bauer, J. E.; Chambers, R. M.;
Canuel, E. A.; Hatcher, P. G. Use of ESI-FTICR-MS to characterize
dissolved organic matter in headwater streams draining forest-
dominated and pasture-dominated watersheds. PLoS One 2015, 10
(12), 1−21.
(45) Mesfioui, R.; Love, N. G.; Bronk, D. A.; Mulholland, M. R.;
Hatcher, P. G. Reactivity and chemical characterization of effluent
organic nitrogen from wastewater treatment plants determined by
Fourier transform ion cyclotron resonance mass spectrometry. Water
Res. 2012, 46 (3), 622−634.
(46) Hertkorn, N.; Frommberger, M.; Witt, M.; Koch, B. P.;
Schmitt-Kopplin, P.; Perdue, E. M. Natural organic matter and the
event horizon of mass spectrometry. Anal. Chem. 2008, 80 (23),
8908−8919.
(47) Hockaday, W. C.; Purcell, J. M.; Marshall, A. G.; Baldock, J. A.;
Hatcher, P. G. Electrospray and photoionization mass spectrometry
for the characterization of organic matter in natural waters: a
qualitative assessment. Limnol. Oceanogr.: Methods 2009, 7 (1), 81−
95.
(48) Averett, R. C.; Leenheer, J. A.; McKnight, D. M.; Thorn, K. A.;
Humic substances in the Suwannee River, Georgia; interactions, properties,
and proposed structures (No. 2373). USGPO; US Geological Survey,
Map Distribution. 1994
(49) Chebud, Y.; Naja, G. M.; Rivero, R. Phosphorus run-off
assessment in a watershed. J. Environ. Monit. 2011, 13 (1), 66−73.
(50) Assegid, Y.; Melesse, A. M.; Naja, G. M. Spatial relationship of
groundwater−phosphorus interaction in the Kissimmee river basin,
South Florida. Hydrological Processes 2015, 29 (6), 1188−1197.
(51) Aiken, G.; McKnight, D. M.; Thorn, K. A.; Thurman, E. M.
Isolation of hydrophilic organic acids from water using nonionic
macroporous resins. Org. Geochem. 1992, 18 (4), 567−573.
(52) Cao, X.; Aiken, G. R.; Butler, K. D.; Huntington, T. G.; Balch,
W. M.; Mao, J.; Schmidt-Rohr, K. Evidence for major input of riverine
organic matter into the ocean. Org. Geochem. 2018, 116, 62−76.
(53) Aiken, G.; McKnight, D.; Harnish, R.; Wershaw, R. Geo-
chemistry of aquatic humic substances in the Lake Fryxell Basin.
Biogeochemistry 1996, 34 (3), 157−188.
(54) Green, N. W.; Perdue, E. M.; Aiken, G. R.; Butler, K. D.; Chen,
H.; Dittmar, T.; Stubbins, A. An intercomparison of three methods for
the large-scale isolation of oceanic dissolved organic matter. Mar.
Chem. 2014, 161, 14−19.
(55) Poulin, B. A.; Ryan, J. N.; Nagy, K. L., Stubbins, A.; Dittmar, T.;
Orem, W.; Aiken, G. R. Spatial dependence of reduced sulfur in
Everglades dissolved organic matter controlled by sulfate enrichment.
Environ. Sci. Technol. 2017, 51(7), 3630−3639.
(56) Weishaar, J. L.; Aiken, G. R.; Bergamaschi, B. A.; Fram, M. S.;
Fujii, R.; Mopper, K. Evaluation of specific ultraviolet absorbance as
an indicator of the chemical composition and reactivity of dissolved
organic carbon. Environ. Sci. Technol. 2003, 37 (20), 4702−4708.
(57) Dittmar, T.; Koch, B.; Hertkorn, N.; Kattner, G. A simple and
efficient method for the solid-phase extraction of dissolved organic
matter (SPE-DOM) from seawater. Limnol. Oceanogr.: Methods 2008,
6 (6), 230−235.
(58) Kaiser, N. K.; Quinn, J. P.; Blakney, G. T.; Hendrickson, C. L.;
Marshall, A. G. A novel 9.4 T FTICR mass spectrometer with
improved sensitivity, mass resolution, and mass range. J. Am. Soc. Mass
Spectrom. 2011, 22 (8), 1343−1351.
(59) Smith, D. F.; Podgorski, D. C.; Rodgers, R. P.; Blakney, G. T.;
Hendrickson, C. L. 21 T FT-ICR mass spectrometer for ultrahigh-

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

https://dx.doi.org/10.1021/acs.est.0c05206
Environ. Sci. Technol. 2020, 54, 16249−16259

16258

https://dx.doi.org/10.1016/j.fuel.2018.07.118
https://dx.doi.org/10.1016/j.fuel.2018.07.118
https://dx.doi.org/10.1016/j.fuel.2018.07.118
http://webbook.nist.gov/
https://dx.doi.org/10.1002/rcm.4421
https://dx.doi.org/10.1002/rcm.4421
https://dx.doi.org/10.1002/rcm.4421
https://dx.doi.org/10.1002/rcm.4421
https://dx.doi.org/10.1021/ac300800w
https://dx.doi.org/10.1021/ac300800w
https://dx.doi.org/10.1021/ac300800w
https://dx.doi.org/10.1002/rcm.6521
https://dx.doi.org/10.1002/rcm.6521
https://dx.doi.org/10.1002/rcm.6521
https://dx.doi.org/10.1002/rcm.6521
https://dx.doi.org/10.1002/rcm.6521
https://dx.doi.org/10.1016/j.watres.2017.11.040
https://dx.doi.org/10.1016/j.watres.2017.11.040
https://dx.doi.org/10.1016/j.watres.2017.11.040
https://dx.doi.org/10.1021/ef301737f
https://dx.doi.org/10.1021/ef301737f
https://dx.doi.org/10.1021/ef301737f
https://dx.doi.org/10.1021/acs.energyfuels.7b02873
https://dx.doi.org/10.1021/acs.energyfuels.7b02873
https://dx.doi.org/10.1021/acs.energyfuels.7b02873
https://dx.doi.org/10.1038/s41467-018-05665-9
https://dx.doi.org/10.1038/s41467-018-05665-9
https://dx.doi.org/10.1021/ac802624s
https://dx.doi.org/10.1021/ac802624s
https://dx.doi.org/10.1021/ac802624s
https://dx.doi.org/10.1007/s00216-015-8499-3
https://dx.doi.org/10.1007/s00216-015-8499-3
https://dx.doi.org/10.1016/j.marchem.2017.02.005
https://dx.doi.org/10.1016/j.marchem.2017.02.005
https://dx.doi.org/10.1016/j.marchem.2017.02.005
https://dx.doi.org/10.1021/ac0519458
https://dx.doi.org/10.1021/ac0519458
https://dx.doi.org/10.1021/ac0519458
https://dx.doi.org/10.1016/j.chroma.2016.10.005
https://dx.doi.org/10.1016/j.chroma.2016.10.005
https://dx.doi.org/10.1021/acs.est.5b00525
https://dx.doi.org/10.1021/acs.est.5b00525
https://dx.doi.org/10.1111/gcb.14889
https://dx.doi.org/10.1111/gcb.14889
https://dx.doi.org/10.1029/2018JG004910
https://dx.doi.org/10.1029/2018JG004910
https://dx.doi.org/10.1029/2018JG004910
https://dx.doi.org/10.1029/2017JG004327
https://dx.doi.org/10.1029/2017JG004327
https://dx.doi.org/10.1021/ez500229b
https://dx.doi.org/10.1021/ez500229b
https://dx.doi.org/10.1021/ez500229b
https://dx.doi.org/10.1371/journal.pone.0145639
https://dx.doi.org/10.1371/journal.pone.0145639
https://dx.doi.org/10.1371/journal.pone.0145639
https://dx.doi.org/10.1016/j.watres.2011.11.022
https://dx.doi.org/10.1016/j.watres.2011.11.022
https://dx.doi.org/10.1016/j.watres.2011.11.022
https://dx.doi.org/10.1021/ac800464g
https://dx.doi.org/10.1021/ac800464g
https://dx.doi.org/10.4319/lom.2009.7.81
https://dx.doi.org/10.4319/lom.2009.7.81
https://dx.doi.org/10.4319/lom.2009.7.81
https://dx.doi.org/10.1039/C0EM00321B
https://dx.doi.org/10.1039/C0EM00321B
https://dx.doi.org/10.1002/hyp.10241
https://dx.doi.org/10.1002/hyp.10241
https://dx.doi.org/10.1002/hyp.10241
https://dx.doi.org/10.1016/0146-6380(92)90119-I
https://dx.doi.org/10.1016/0146-6380(92)90119-I
https://dx.doi.org/10.1016/j.orggeochem.2017.11.001
https://dx.doi.org/10.1016/j.orggeochem.2017.11.001
https://dx.doi.org/10.1007/BF00000900
https://dx.doi.org/10.1007/BF00000900
https://dx.doi.org/10.1016/j.marchem.2014.01.012
https://dx.doi.org/10.1016/j.marchem.2014.01.012
https://dx.doi.org/10.1021/acs.est.6b04142
https://dx.doi.org/10.1021/acs.est.6b04142
https://dx.doi.org/10.1021/es030360x
https://dx.doi.org/10.1021/es030360x
https://dx.doi.org/10.1021/es030360x
https://dx.doi.org/10.4319/lom.2008.6.230
https://dx.doi.org/10.4319/lom.2008.6.230
https://dx.doi.org/10.4319/lom.2008.6.230
https://dx.doi.org/10.1007/s13361-011-0141-9
https://dx.doi.org/10.1007/s13361-011-0141-9
https://dx.doi.org/10.1021/acs.analchem.7b04159
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05206?ref=pdf


resolution analysis of complex organic mixtures. Anal. Chem. 2018, 90
(3), 2041−2047.
(60) Blakney, G. T.; Hendrickson, C. L.; Marshall, A. G. Predator
data station: a fast data acquisition system for advanced FT-ICR MS
experiments. Int. J. Mass Spectrom. 2011, 306 (2−3), 246−252.
(61) Savory, J. J.; Kaiser, N. K.; McKenna, A. M.; Xian, F.; Blakney,
G. T.; Rodgers, R. P.; Marshall, A. G. Parts-per-billion Fourier
transform ion cyclotron resonance mass measurement accuracy with a
“walking” calibration equation. Anal. Chem. 2011, 83(5), 1732−1736.
(62) Corilo, Y. E. PetroOrg software. Florida State University; All
Rights reserved., 2014; http://www.petroorg.com.
(63) Wickham, H. ggplot2: elegant graphics for data analysis;
Springer, 2016.
(64) Larsson, J. eulerr: Area-Proportional Euler and Venn Diagrams
with Ellipses. R package version 4.1.0, 2018; https://cran.r-project.
org/package=eulerr.
(65) Koch, B. P.; Dittmar, T. From mass to structure: An aromaticity
index for high-resolution mass data of natural organic matter. Rapid
Commun. Mass Spectrom. 2006, 20 (5), 926−932.
(66) Koch, B. P.; Dittmar, T. From mass to structure: An aromaticity
index for high-resolution data of natural organic matter. Rapid
Commun. Mass Spectrom. 2016, 30 (1), 250.
(67) Mann, B. F.; Chen, H.; Herndon, E. M.; Chu, R. K.; Tolic, N.;
Portier, E. F.; Graham, D. E. Indexing permafrost soil organic matter
degradation using high-resolution mass spectrometry. PLoS One 2015,
10(6), 1−16.
(68) Kassambara, A.; Mundt, F. Factoextra: extract and visualize the
results of multivariate data analyses. R package version 2017, 1 (4),
2017.
(69) Hughey, C. A.; Hendrickson, C. L.; Rodgers, R. P.; Marshall, A.
G.; Qian, K. Kendrick mass defect spectrum: a compact visual analysis
for ultrahigh-resolution broadband mass spectra. Anal. Chem. 2001,
73 (19), 4676−4681.
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