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ABSTRACT: Fourier transform ion cyclotron resonance mass
spectrometry of dissolved organic matter (DOM) extracted from
environmental samples provides molecular speciation that enables
visualization of compositional trends in the fate and cycling of biogenic
and anthropogenic organics. Often, chemical contamination is
introduced during field sampling (i.e., remote locations, cannot use
glass). Further, preconcentration of DOM by solid-phase extraction
often results in chemical contamination. When chemical noise is a
dominant fraction of the ion signal, mass spectral performance is
degraded by reduction of the ion trap analyte accumulation capacity and
enhanced ion cloud dephasing during ICR detection. We have
developed gas-phase ion depletion of unwanted chemical contaminants
during ion injection into the linear RF ion trap of the hybrid linear ion
trap 21 T FT-ICR mass spectrometer that improves detection of analytes by removing unwanted chemical noise. We demonstrate
improvements in signal-to-noise ratio, dynamic range, and the number of observed analytes in dissolved organic matter samples that
results in a 40−100% increase in the number of identified analytes. In many cases, the number of peaks observed per nominal mass
more than doubles over select m/z regions. This gas-phase “clean-up” can salvage precious samples challenged by sampling location,
sample volume, or collection protocols that cannot be avoided and maximizes the compositional information obtained. Further, this
approach is generalizable and extendable to any hybrid linear ion trap instrument platform (e.g., LTQ-Orbitrap or linear ion trap-
TOF). We highlight the power of gas-phase depletion with electrospray ionization, but this method is also applicable to other
ionization modes.
KEYWORDS: Fourier transform ion cyclotron resonance, organic matter, DOM, linear alkyl sulfonates, natural organic matter,
linear ion trap MS, complex mixture analysis

■ INTRODUCTION
Chemical noise (i.e., signals observed from sample contami-
nation rather than analytes of interest) is a ubiquitous and
confounding problem throughout analytical chemistry. Sulfo-
nate contamination is commonly observed in environmental
samples submitted to the Maglab ICR facility but is especially
problematic for water samples that seek to track and
understand organic carbon cycling in the environment.
These compounds are leached into water samples through
plastics, tubing, filters, and connectors used in sampling
protocols applied in field sites that study extreme environments
(e.g, arctic ice sheets, glacial rivers and lakes, and offshore
ocean sampling), where cleaner sampling techniques are
virtually impossible. Samples collected in extreme environ-
ments and far-flung locales are expensive and sometimes even
considered “once in a lifetime” collections. Regardless,

recollection of samples that have been deemed contaminated
is often not possible. Therefore, any methodology which
enables the reduction or elimination of sample contamination
is extremely advantageous.

Alkylbenzenesulfonates are anionic surfactants composed of
a hydrophilic sulfonate headgroup and a hydrophobic
alkylbenzene tail and are some of the oldest and most widely
used synthetic detergents. These compounds are often
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accidentally introduced into water samples due to widespread
use of plastics and reusable sampling containers They often
appear as a suite of SO3 peaks as shown in Figure S1. Several
natural organic matter (NOM) studies by FT-ICR MS report
highly abundant peaks at m/z 311, 325, and 339, which are
identified as SO3 compounds and attributed to alkylbenzene-
sulfonates.1−7

Mass spectrometers are unique in the ability to remove
unwanted species selectively from a complex sample matrix
based on the mass-to-charge (m/z) ratio of the unwanted
species. In fact, a mass resolving quadrupole selectively purifies
the incoming ion beam by allowing only the desired m/z ions
to transmit. Selective broadband filtering approaches have
previously been reported but have not been robustly applied in
the literature. McLuckey et al. were among the first to
demonstrate this approach with both single frequency resonant
ejection8 and tailored waveforms.9 Bruce et al.10 applied
“colored” noise waveforms to peptide samples and simulta-
neously enriched analyte signal while removing unwanted
species during ion accumulation inside the ICR cell. Another
application highlights the selective ejection of abundant species
in DREAMS, dynamic range expansion applied to mass
spectrometry (DREAMS).11

Often, unwanted chemical contaminants such as alkylbenze-
nesulfonates are the most abundant species in the mass
spectrum, due to their high ionization efficiency compared to
DOM in negative-ion electrospray ionization, the most widely
used ionization mode for DOM FT-ICR MS. Highly selective
and efficient removal of these species is possible in the gas
phase, within the mass spectrometer. Application of a m/z-
dependent “depletion” waveform during ion injection into the
linear RF ion trap on the front-end of the 21 T FT-ICR mass
spectrometer ejects most of the unwanted contaminant ions.

When applied to dissolved organic matter analysis, depletion
“clean-up” of a water sample facilitates collection of a larger
population of desirable analyte ions, which results in a 40−
100% increase in the number of detected compounds. The
analytical advantages of this approach are demonstrated on
several NOM samples of varying ratios of contamination
ranging from ∼10:1−100:1 (contaminants:analyte). Improve-
ments were observed in mass measurement accuracy, number
of detected and identified compounds, expansion in composi-
tional classes observed, and improved number of detected
peaks per nominal mass. This method can be applied to
selectively remove a user-defined list of m/z values that can be
curated through prescreen analysis of analytical and field
blanks.

■ EXPERIMENTAL METHODS
Sample Preparation. Water samples were acidified, and

solid-phase extracted with Bond-Elut PPL columns (Agilent
Technologies Inc., Santa Clara, CA) based on previous
protocols.12 HPLC grade methanol was purchased from JT
Baker Chemical Company (Phillipsburg, PA). We have
selected a few representative samples submitted through the
NHMFL ICR facility user program to highlight the
applicability of gas-phase depletion to a range of chemical
contamination detected in negative-ion electrospray ionization.

Synthesis and Application of Chemical Noise
Depletion Waveforms. Waveform synthesis was achieved
using a custom ITCL script, which permits the synthesis of a
broadband waveform with multiple depletion regions (up to
ten in our implementation, but the number of regions is
adjustable). Each depletion region features independent
variables for center m/z, m/z width, and waveform amplitude.
The user must possess a priori knowledge of chemical

Figure 1. (A) Broadband ion depletion waveform acquired prior to amplification and coupling to the x-rod segments of the linear RF ion trap. (B)
Fourier transform of the time-domain signal from panel A illustrating the frequency components present within the ion depletion waveform. Of
note are the four depletion regions of interest between 220 and 260 kHz. These regions correspond directly to ion frequencies of m/z 297.08,
311.08, 325.08, and 339.08 with a width of 5 Da. The ion trap was set to Q = 0.250.
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contaminants expected, and these masses are then defined by
the user for waveform synthesis. Often these contaminants are
identified through analysis of analytical blanks. Application of
the waveform is accomplished via the standard commercial
Velos-Pro dual cell linear RF ion trap hardware for arbitrary
waveform synthesis and amplification. The waveform is applied
to the x-rod set across all three linear segments (front, center,
and back) via the arbitrary waveform output device, analogous
to the application of ion isolation and ion injection waveforms.
In fact, it can be thought of as a “modified” injection waveform.
The ion frequency to q-value calibration performed routinely
for ion isolation waveforms is utilized to ensure the depletion
waveform frequency components are properly calibrated to the
measured m/z values. Figure 1 shows a scope capture of the
broadband ion depletion waveform and the accompanying
Fourier transform to reveal the frequency components.
Frequency is inversely proportional to m/z in the linear RF
ion trap such that the low frequency high power (>∼30 000
Hz) regime represents frequencies corresponding to m/z >
2000. The depletion waveform is applied for the entire
duration of ion injection into the high-pressure cell of the
Velos, with typical ionization times between 0.1 and 100 ms.
The depletion waveform is applied for a minimum of 4 ms,
which represents two full cycles of the waveform looped from
beginning to end.

Mass Spectrometry and Data Analysis. Ions were
generated at atmospheric pressure via micro-electrospray.13 All
samples were analyzed by negative-ion electrospray 21 T FT-
ICR MS.14,15 Ions were initially accumulated in the high
pressure cell of a dual-linear RF ion trap (which is where the
ion depletion waveform is applied) and subsequently trans-
ferred to an external multipole storage device (MSD) (1−5
ms) and ejected axially with m/z-dependence to mitigate time-
of-flight dispersion in transit from the MSD to the ICR cell.16

Ions were excited to m/z-dependent radii to maximize the
dynamic range and number of observed mass spectral peaks
(m/z 150−1500; 32−64%),17 and excitation and detection
were performed on the same pair of electrodes.18 The
dynamically harmonized ICR cell in the 21 T FT-ICR is
operated with 6 V trap potentials.19,20 Time-domain transients
of 3.1 s were acquired with the Predator data station (100

transient acquisitions were averaged for all experiments),21

which handled excitation and detection initiated by a TTL
trigger from the Thermo data station.15 Mass spectra were
phase-corrected22 and internally calibrated with a high-
abundance homologous series based on the walking calibration
method.23 For each elemental composition, CcHhNnOoSs, the
heteroatom class, type (double bond equivalents, DBE =
number of rings plus double bonds to carbon, DBE = C − h/2
+ n/2 + 1)24 and carbon number, c, were tabulated for
subsequent generation of heteroatom class relative abundance
distributions and graphical relative-abundance weighted DBE
versus carbon number images. Peaks with signal magnitude
greater than 6 times the baseline root-mean-square (rms) noise
at m/z 500 were exported to peak lists, and molecular formula
assignments and data visualization were performed with
PetroOrg software.25 Molecular formula assignments with an
error >0.5 parts-per-million were discarded, and only chemical
classes with a combined relative abundance of ≥0.15% of the
total were considered. All FT-ICR MS data files are publicly
available via the Open Science Framework https://osf.io/
spk2h/ at DOI 10.17605/OSF.IO/SPK2H.

■ RESULTS AND DISCUSSION
Here, we apply a novel broadband waveform during ion
injection which is designed to selectively eject up to ten of the
most abundant contaminant species observed within the mass
spectrum. Once an m/z list has been curated, we utilize
selective ejection with multiple resonant frequencies to
simultaneous remove selected m/z during ion accumulation,
which is similar in principle to other approaches.8−11 Though
synthesis and application of the waveform is automated via
instrument control programming language, a priori knowledge
of the contaminant m/z values are required input for this new
instrument function.

On the basis of analysis of analytical field blanks,
contaminant peaks were identified as sulfonate contaminants
(O3S, DBE value of 4), with signal magnitude more than 10
times that of the analyte. Figure 1 shows the depletion
waveform applied to a series of four dominant sulfonate
contaminant species (at m/z1−4 297.08, 311.08, 325.08,
339.08) across a 5 Da width in the linear ion trap mass

Figure 2. (A) Broadband FT-ICR mass spectrum of DOM that contains significant contamination by sulfonate (SO3) based detergent. The
spectrum is the average of 100 transient acquisitions. (B) Broadband FT-ICR mass spectrum of the same sample with a chemical noise depletion
waveform applied to eject the unwanted sulfonate contaminant species (average of 100 transient acquisitions). The ion signal attributed to the
chemical contaminants is suppressed by nearly 1 order of magnitude.
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spectrometer. Spectral regions of the frequency domain which
exhibit nonzero magnitude impart kinetic excitation to ions
entering the ion trap which are in resonance. This kinetic
excitation results in ejection of these ions from the linear RF
ion trap, forming the basis of the waveform depletion strategy.
Regions highlighted where zero magnitude is observed (except
for some small discrete electronic noise) are intended to allow
desired analyte ions to remain stably trapped. The synthesis of
these waveforms is completely customizable based upon initial
empirical observations of each sample. Currently, the approach
has been developed to support the depletion of up to 10
independent m/z values. Often contamination is presented in
the form of a polymeric series in which each contaminant peak
differs by a discrete repeat unit (ex. polyethelyne glycol; PEG
Δm/z = 44 Da), which makes it possible to recognize and
target these species using the ion depletion waveform
technique.

Waveform Depletion Increases Peak Assignments.
Figure 2 shows broadband negative ESI 21 T FT-ICR mass
spectra for a DOM sample without depletion (top) and with
depletion applied at m/z 297.08, 311.08, 325.08, 339.08 across
a 5 Da width (bottom) as demonstrated in the waveform
shown in Figure 1. These contaminants are present as a
polymeric series with a delta m/z ∼ 14 Th corresponding to
CH2 additions to the aliphatic tail of these detergent
compounds. Table S1 shows a list of O3S contaminant peaks
detected in the field blank, with Figure S1 showing DBE versus
carbon number images for the O3S class. Chemical noise peaks
that correspond to linear alkylbenzenesulfonates (Figure S1)
can be observed at ∼10 times higher signal magnitude
compared to the DOM distribution between m/z 185−275*,
with the molecular weight distribution of both spectra (with
and without depletion) from m/z 150−900. Without
depletion, approximately 22 000 peaks are detected and
assigned elemental compositions (89 ppb rms error). With
chemical noise depletion applied, approximately 31 000 peaks
are assigned, which is an increase of ∼40%.

Signal-to-Noise Ratio and Spectral Complexity Im-
proves with Waveform Depletion. Figure 3 further
highlights the improvement in signal-to-noise ratio and
resolving power in another DOM sample that contains O3S
contaminant species that are several orders of magnitude
higher in abundance than the DOM analyte species (the
broadband mass spectrum is shown in Figure S2). The number
of peaks detected per nominal m/z is improved, as shown for
selected regions of the spectrum in Figure 3. In the case where
ion depletion was not applied (Figure 3a), 5 peaks were
observed at a limit of detection of 6σ, whereas 13 peaks were
detected at the same threshold with the depletion enabled
(Figure 3b). This illustrates direct improvement in spectral
complexity elicited through ion depletion observed over this
region of the spectrum. Minimizing contaminant ions improves
signal-to-noise ratio for all observed species, and many
additional analyte species are observed above the limit of
detection. In addition, the resolving power at m/z 300
improves by ∼35% with depletion enabled. Across the same
mass region, the spectrum with waveform depletion more than
doubled the number of peaks per nominal mass and resulted in
higher resolving power, thus allowing for subsequent detection
and elemental composition assignment. The improved S/N,
resolving power, and mass spectral complexity with waveform
depletion reveals molecular compositional information un-
detectable in the presence of chemical contamination.

Increased Compositional Coverage with Waveform
Depletion. Figure 4 shows van Krevelen diagrams (H/C ratio
versus O/C ratio)26,27 calculated from neutral elemental
compositions derived from negative-ion ESI FT-ICR MS
without (left) and with (right) depletion waveform applied.
Each van Krevelen diagram is composed of molecular formulas
unique to the mass spectrum collected without and with
application of the ion depletion waveform. Furthermore,
Figure 4 highlights the increased compositional range of
species detectable only in the depleted spectrum, with 3655
unique peaks (57 ppb rms error) identified in the depleted
spectrum across a wide range of H/C (0.5−2.0) and O/C

Figure 3. Expansion of a single nominal m/z to display the underlying spectral complexity in the absence (left) and presence (right) of a chemical
noise depletion waveform. The observed number of peaks increases from 5 peaks to 13 peaks in the top zoom insets. Further, the average resolving
power for the detected peaks is improved from 900 000 to 1 400 000.
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(0.1−0.8) ratios. This highlights that FT-ICR mass spectral
performance enhancement observed through the application of
ion depletion waveforms is a global effect that improves
detection of ions of all m/z in the sample and is not localized
to only the m/z ranges that are proximal to the depleted
contaminant.

Furthermore, Figure 5 shows a separate surface water sample
contaminated with unknown chemical species. Based on blank
analysis, the waveform depletion was set to exclude m/z 195.8,
197.8, 199.8, 201.8, and 203.8. Without depletion, ∼ 15 000
peaks were assigned (79 ppb RMS error). With waveform
depletion enabled, more than twice the number of peaks were
assigned (28 044 peaks with 87 ppb RMS error (Figure 5a). In
addition, the compositional information recovered from the
sample after application of waveform depletion is shown in
Figure 5b. More than 16 000 unique elemental compositions
are detected across a wide range of O/C and H/C ratios that
span the entire molecular weight distribution. Importantly, this
further highlights the improvement in compositional informa-
tion achieved with waveform depletion, because the con-
taminant peaks are outside of the molecular weight distribution

for the majority of the DOM peaks, yet an increase is observed
across the entire molecular weight range of the spectrum.
Therefore, waveform depletion can be applied to any chemical
peaks in a mass spectrum at any m/z and result in a significant
improvement in the data quality and compositional informa-
tion from samples that cannot be replicated and have been
compromised due to chemical contamination from any source.

■ CONCLUSION
We have shown that an ion injection waveform can be
constructed and applied to a linear ion trap to reduce chemical
noise and improve the mass spectral figures of merit in FT-ICR
mass spectrometry. Further, gas-phase ion depletion is
extensible beyond chemical contaminants. It has also been
effective in depletion of the most abundant analytes of complex
mixtures, which permits analogous gains in the number of
unique species detected. The current implementation of gas-
phase ion depletion requires a priori knowledge of the desired
m/z values for depletion. However, this could be implemented
data-dependently for real-time benefit. The authors expect this
approach to have broad applicability in LC-MS and MALDI-
based28 acquisition in which background ions can dominate
the total ion composition. Finally, this approach has been
shown to benefit hybrid FT-ICR MS; however, it could be
extended to any linear RF hybrid mass spectrometry platform,
including an LTQ-Orbitrap or Obitrap Tribrid instruments.

■ ASSOCIATED CONTENT

Data Availability Statement
All raw mass spectral data can be obtained at the following
Open Science Framework project: DOI 10.17605/OSF.IO/
SPK2H.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jasms.4c00261.

A figure and table to support the main text (PDF)

Figure 4. van Krevelen diagram of H:C ratio versus O:C ratio
calculated from neutral elemental compositions derived from
Negative ESI FT-ICR MS without (A) and with (B) a chemical
noise depletion waveform applied. Each van Krevelen image contains
only elemental compositions derived from mass-to-charge ratios that
are unique to each mass spectrum. 538 peaks are unique to the
nondepleted sample, compared to 3655 peaks unique to the depleted
sample.

Figure 5. (A) Broadband mass spectrum of a groundwater sample contaminated with peaks between m/z 199−203 (top), in which ∼15 000 peaks
were assigned at 79 ppb RMS error without waveform depletion (top) and nearly twice the number of peaks (∼28 000) assigned with waveform
depletion enabled (bottom) at 87 ppb. (B) van Krevelen diagrams for species unique to the spectrum without depletion (top, ∼2700 species) and
increased detection of more than ∼16 000 species with waveform depletion enabled (bottom).
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