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ABSTRACT

TRANSFORMATION OF SOIL ORGANIC MATTER IN FOREST FIRE IMPACTED

WATERSHEDS ELUCIDATED BY FT-ICR MASS SPECTROMETRY

Soils provide numerous ecosystem services that are essential to life on Earth, including food
security, water filtration and purification, and infrastructure for biodiversity. Soil properties (e.g., soil
productivity, moisture retention, structure and aggregation, and nutrient supply) that facilitate these
services depend on the soil organic matter (SOM), which can be dramatically impacted from
ecosystem disturbances such as wildfires. Wildfires can provide benefits to an ecosystem through the
cleaning of the forest floor, soil nourishment, and the removal of competitive underbrush. However,
wildfires have grown in frequency and severity around the world, and there is great interest in
resolving changes to SOM composition under wildfire conditions to secure water resources and
recover fire-affected areas. In the following work, Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) was critically evaluated for the analysis of SOM. Data processing
methods for FT-ICR MS were investigated to improve compositional analysis. Laboratory-simulated
and field-based burn samples were collected and used to investigate changes to water-soluble
fractions over progressive series of fire intensity, burn severity, and burn extent gradients.

FT-ICR MS currently achieves the highest mass resolving power in the world, which makes
it suitable for the study of complex mixtures with tens of thousands of compounds that are
separated by mass on the order of a few electrons. Recent strategies for SOM characterization by
FT-ICR MS are critically reviewed, with emphasis on SOM sample collection, preparation, analysis,
and data interpretation. Importantly, the range of structures, functionalities, and mass means no

technique achieves “complete” characterization, and methods used for processing and visualizing
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FT-ICR MS spectra can influence representation and interpretation of data. The complexity of
DOM and influence of post-data processing was demonstrated by studying the effect of peak-
picking threshold (3o, 40, 50, and 60) on a Suwannee River Fulvic Acid standard measured by a
custom 21 tesla FT-ICR mass spectrometer. Applying a 30 peak-picking threshold revealed an
additional 13,000 peaks that could be assigned compared to a 6o peak-picking threshold with a
difference of only 12 ppb root-mean-square mass error. Furthermore, isobaric overlaps differing by
as little as the mass of an electron ate identified up to m/z 1000, and "*O and O isotopologues
were assigned for the first time in DOM at 3o.

Ecosystem recovery after wildfires in forested watersheds depends on revegetation and soil
microbial communities and is therefore limited by the availability of nutrients. The remaining
nutrients and substrate available for microbes depends on specific wildfire intensities and are poorly
understood. To investigate SOM byproducts during heating and mechanisms that contribute to
pyrogenic organic matter (pyOM) formation and mobilization, water-extractable organic matter was
extracted from soils heated at discrete temperatures using laboratory microcosms. Relative to the
unburnt control, dissolved organic carbon and nitrogen increased at =2150°C and decreased when
=>450°C. Nitrogen-containing species predominated mass spectra at temperatures >150°C, and mass
difference-based analysis suggested that products formed during heating could be used to model
transformations along the Maillard reaction pathway.

To investigate the short-term impacts of burn extent on water chemistry and dissolved
organic matter (DOM) in fire-affected watersheds, streams originating from catchments of low,
moderate, and high burn extent within the area of the Cameron Peak Fire of 2020 were sampled
before, during, and after the first large rainstorm following the fire. Water chemistry parameters
(DOC, TDN, turbidity) for moderate and high burn extents streams tended to increase during the

storm and decrease following the storm in high burn extent streams. Fluorescence indices indicated
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that low/moderate burn extent streams exhibited an increase in microbially-derived residues
compared to high burn extent. While a substantial portion of DOM species between every stream
were common between each event and included labile and aromatic residues during the storm, the
low burn extent exhibited the most unique aromatic features after the storm. When chlorinating
stream samples to simulate drinking water treatment, the total DBPs were greater in streams of
moderate/high burn extents compated to low burn extent. When DBP concentrations were
normalized to DOC, the DOM introduced during the storm resulted in fewer DBPs, suggesting the
increase in DBP formation is due to increased DOM loading overall rather than increased reactivity
of the DOM.

In total, the work presented here contributes to the mechanistic understanding of the
residues produced during SOM heating that can be mobilized and impact water chemistry in fire-

affected watersheds.
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CHAPTER 1: INTRODUCTION

1.1 Soil Organic Matter Influences Ecosystem Functions

Soils provide a myriad of ecosystem services that make them essential for life on Earth. This
includes food security, water and air filtration and purification, and infrastructure to support
biodiversity and mitigate the effects of ecosystem disturbances."” Soil also acts as the largest dynamic
carbon reservoir on Earth,” where the amount and type of carbon stored is influenced by the organic
inputs (e.g., plant, animal, and microbial), organo-mineral interactions, and environmental conditions
(e.g., temperature and precipitation). This results in a mixture of organic inputs at various stages of
decomposition that comprises most of the organic carbon found in soils and is referred to as soil

*> moisture retention,® structure and

organic matter (SOM). Soil properties (e.g., soil productivity,
aggregation,” contaminant regulation,’ and nutrient supply)’ depend in part on the SOM present,
making the SOM content and characteristics crucial for ecosystem services. These functions make

impacts from ecosystem disturbances, such as wildfires, of great interest for protecting SOM and

ecosystem functions.

1.2 Studying Organic Mixtures using Ultrahigh Resolution Mass Spectrometry

Studying organic matter composition has been challenging historically due to the number of

10,11 12-14

organic inputs and biotic (e.g., enzymatic) " and abiotic (e.g., wildfire, sunlight)' =" transformations
that result in a wide range of molecular weights, structure, functional groups, and heteroatoms
comprising the resultant heterogenous SOM mixture.”"” The exceptional heterogeneity means that
no single measurement technique can provide a “complete” molecular level fingerprint for organic

matter samples. The introduction of Fourier transform ion cyclotron resonance mass spectrometry

(FT-ICR MS) revolutionized the analysis of complex natural mixtures by providing resolution



sufficient to distinguish tens of thousands of individual molecular weights that can differ by as little
as the mass of an electron."

FT-ICR MS application has increased substantially in the last two decades in the analysis of
SOM, petroleum, aquatic and marine dissolved organic matter (DOM), biochar and pyOM, and
biological substrates.!619-25 However, the preparation, specialized instrumentation, ionization
selectivity, complexity of the mass spectra, and expertise in data treatment and interpretation needed
for FT-ICR MS limits the number of researchers capable of applying FT-ICR MS. Importantly,
linking molecules measured in FT-ICR MS to corroborative and statistical methods is key to
unlocking a clearer understanding molecular level influences on macro-scale processes.'® Review and
discussion detailing the preparation, ionization, analysis, and interpretation of SOM using FT-ICR
MS is presented in Chapter 2.

Given the resolution afforded by FT-ICR MS, differences in experimental conditions (e.g.,
lonization parameters, ion transfer optics, magnetic field strength, detection cell geometry,
calibration, data treatment) can substantially influence the representation of organic matter mixtures
and limit the reproducibility of complex organic mixture analysis between FT-ICR instruments. This
is demonstrated by Hawkes et al. 2020 that studied a Suwannee River Fulvic Acid (SRFA) standard
obtained from the International Humic Substances Society across ten commercial and custom-built
FT-ICR mass analyzers, where only ~1000 assigned peaks were common between each instrument
despite ~2000 to ~5000 assigned in each.”” The disparity in instrument assignments highlights
both the “inaccessible” fraction of DOM that lies under noise or matrix effects and the impact of
post-data processing. To investigate the complexity and impact of post-data treatment processes on
FT-ICR measurements, peak-picking thresholds (3o, 40, 50, and 60) were compared using SRFA by
the assignment of molecular compositions, mass measurement accuracy, and dynamic range.” 1

hypothesize that if peak-picking thresholds are lowered, the number of assignments and assignable



features in SRFA will increase with a negligible amount of additional mass assignment error using
the 21 tesla FT-ICR MS. Results and discussion about the improved sensitivity, resolving power, and

range of compositional features afforded by 21 tesla FT-ICR analysis at 30 are presented in Chapter

3.

1.3 Increasing Wildfires Threaten Watershed Ecosystem Functions

Forested watersheds supply water to millions of people in the United States and abroad
every year,””* and are vulnerable to ecosystem disturbances such as wildfires. Wildfires can be
beneficial to ecosystems by increasing nutrient availability and through the removal of detritus along
the forest floor.” However, wildfires continue to grow in frequency and severity around the

d’34,35

wotl and can confer negative effects to soil health (e.g., increased erosion, decreased water

permeability) and downstream water quality (e.g., increased suspended solids, nutrients, and pH).*
Incomplete combustion will transform residues from plants, animals, and SOM into pyrogenic
organic matter (pyOM), ranging from slightly charred biomass and SOM to charcoal and soot, based
on environmental and wildfire conditions.”” Char and pyOM can remain in soils for decades
following the fire, impacting soil properties and ground and surface water health.””*' Therefore,
understanding how pyOM is formed and cycles through soils is key to evaluating wildfire effects and
taking steps towards watershed recovery.

Studies investigating the effects of fire intensity (i.e., heat energy released over time) and
burn severity (i.e., amount of organic matter remaining) have indicated shifts in molecular
characteristics starting as low as 200°C."”>'** Higher temperatures appear to drive predominant
characteristics towards highly condensed aromatic materials, often discussed as black carbon.**

Specific biomass burning markers are also used to evaluate pyOM source and composition, such as

levoglucosan.” However, key knowledge gaps remain connecting the compositional changes at



discrete temperatures with the charring and enhanced mobility of water-extractable organic matter
following heating. To probe transformation mechanisms for SOM during heating, a laboratory
muffle furnace experiment was conducted on soils heated at discrete temperatures. Changes to
composition were investigated using organic carbon and nitrogen analysis, solid-state °C nuclear
magnetic resonance spectroscopy (NMR), and FT-ICR MS. Nitrogenated residues were compared
between heating temperatures to model reactions and suggest common pathways for nitrogen
transformation. I hypothesize that if soils are heated progressively up to 450°C: (i) the amount of
water-extractable and aromatic organic matter will increase compared to an unheated soil, (ii)
nitrogen-containing aromatic species will be enriched above 200°C, and (iii) species at consecutive
heating temperatures will be related through reactions within the Maillard Reaction pathway. Results
and discussion from this study are presented in Chapter 4.

Wildfires will alter physical and chemical soil properties (e.g., water infiltration, structure,
density, pH), where streams within fire-affected catchments can exhibit degraded water quality for

P44 Higher levels of salt, turbidity, nutrients and metals, and pyOM

decades following the fire.
mobilized will require additional treatment or infrastructure that will increase water treatment costs,
and negatively impact the amount of water available for agriculture and drinking water.*® Changes to
water chemistry vary depending on the burn severity and extent (i.e., percentage of catchment
burned), and precipitation events appear to act as controllers for nutrient and DOM export
downstream.*” However, precipitation can exhibit high spatial and temporal variability throughout a
stream catchment, making it challenging to decouple changes to stream water chemistry and the
export of pyOM from areas of different burn extent.*””” Precursors to toxic disinfection byproducts
(DBPs) that can form during DOM chlorination at drinking water treatment facilities also increase

with greater burn severity in fire-affected stream waters.” To investigate the short-term impacts of

precipitation and burn extent on water chemistry and DOM in fire-affected watersheds, streams



within the area of the Cameron Peak Fire of 2020 were sampled before, during, and after the first
large summer rainstorm following the fire. Streams were distinguished by catchment burn extent
(low: 24% burned area with 14% at moderate-high burn severity, moderate: 70% burned with 38%
at burn moderate-high severity, and high: 86% burned with >50% at moderate-high burn severity).
DBP formation potential was also evaluated by chlorinating each of the stream water samples used
to investigate the effect of the precipitation on DBP precursor mobilization in burned areas. I
hypothesize that if wildfire-affected watershed stream catchments are within the area of a storm: (i)
stream waters associated with catchments of greater burn extent will exhibit lower water quality
during the storm, and (ii) the amount of total DBP precursors will be greater in stream water during

the storm. Results and discussion from this study are presented in Chapter 5.

1.4 Publications and Presentations

This dissertation examines the opportunities and challenges of developing and applying FT-
ICR MS methods to organic matter (Chapter 2,3), and the effects of heating on water-extractable
and dissolved organic matter composition in laboratory and field settings (Chapter 4,5). This
dissertation includes work that is either published in peer-reviewed journals or in review. Chapter 2
(Bahureksa et al. 2021) and chapter 4 (Bahureksa et al. 2022) were published in Environmental Science
and Technology.'**® Chapter 3 (Bahureksa et al. 2022) was published in Analytical Chemistry.*® Chapter 5
is in preparation to be submitted to Environmental Science and Technology. This research has been
presented at the Chemistry Research Seminar (Oct 2020, poster),”* Graduate Student Showcase
(November 2020, poster),” ACS Spring National Meeting (April 2021, talk),'*** THSS Virtual Global
Conference (August 2021, talk),'* ACS Fall national Meeting (August 2021, talk),”**® and the
Gordon Research Conference (June 2022, poster). Work with my collaborators also resulted in three

co-authored publications: Appendix E was published in Soi/ Systems (Young et al. 2018), Appendix F



was published in Pest Management (Rehberg et al. 2021), and Appendix G was published in Analytical
Chemistry (Roth et al. 2022)."%>> Additionally, two co-authored works are in preparation to be
submitted: a manuscript studying the impact of pyrolysis temperature on photodegradation and
toxicity of wheatgrass biochar to Biochar, and a manuscript studying the efficacy and degradation of a

pesticide within an infected citrus grove to Pest Management.



CHAPTER 2: SOIL.  ORGANIC MATTER CHARACTERIZATION BY FOURIER
TRANSFORM ION CYCLOTRON RESONANCE MASS SPECTROMETRY: A CRITICAL

REVIEW OF SAMPLE PREPARATION, ANALYSIS, AND DATA INTERPRETATION'

2.1 Introduction

Soil organic matter (SOM) is the accumulated, decaying debris of biota in the soil. It is both
the largest active reservoir of terrestrial organic carbon,” and fuel for microbial activity and plant
nutrient production, “giving life” to soil through its decay.”” SOM affects soil structure, moisture
retention, ion exchange capacity, and other properties, and it can be studied from many diverse
perspectives, from soil health to contaminant transport. Most recently, urgent attention has been
given to its relationship with atmospheric CO, concentrations and climate change.”*™”’

The sources of SOM are vast and various, including extracellular compounds like root
exudates, extracellular enzymes, and extracellular polymeric substances,”®”” decomposition products

63

from above-ground plant litter, root litter, and microbial necromass,"* and abiotic reaction

byproducts. The succession of biotic and abiotic reactions, and the disparate conditions across both

64,65

spatial and temporal scales,”* create mixtures with chemical diversity that is far more complex than

the original biological source materials.**” Recent observations also show that SOM is heterogenous

at high spatial resolution,”®”

and that physical separations (i.e., water extractable, particulate, and
mineral-associated organic matter) reflect the formation, persistence and function of SOM in the

environment better than operational fractions produced by solubilities under different pH

conditions (i.e., humic acids, fulvic acids, and humins.””" A wide range of complementary analytical

! This chapter contains material that was reproduced with permission from Bahureksa, W.; Tfaily, M. M.; Boiteau, R. M.;
Young, R. B,; Logan, M. N.; McKenna, A. M.; Borch, T.; Young, R. B.; Logan, M. N.; Borch, T. Soil Organic Matter
Characterization by Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR MS): A Critical Review of
Sample Preparation, Analysis, and Data Interpretation. Environ. Sci. Technol. 2021, 55 (14), 9637-9656. Copyright 2021,
American Chemical Society.



techniques are required to study such a complex and dynamic mixture when it is heterogeneously
distributed among different physical environments at nearly every measurable scale (i.e., nm to
km).”

The introduction of Fourier transform ion cyclotron resonance mass spectrometry (FTICR
MS) analysis established a means to reliably detect and resolve individual SOM molecules when
studying its composition, distribution, or transformation. FTICR MS achieves sufficient mass
resolving power over a wide mass range (from a hundred to several thousand Da) to identify an /3
difference of a single electron, where # is ion mass in daltons (Da) and g is the ion charge.” This
resolution is capable of separating the closely spaced /3 peaks that are found in a typical SOM
mass spectra (Figure 2.1).

Am=0.00088- - -

0./ CH,S, M, =0.000548

C20H23015

MJ\M \| Cz1stS Oy,

503.09 503.10 503 11

- o13 // T’
L l]“n IJ”IJ Al ll-l I ?B 07

503.0  503.1 503.2 503.3
92 peaks > 6o

200 400 600 800 1000
miz

Figure 2.1 FTICR mass spectra of a SOM extract displaying the resolution needed to differentiate unique peaks. The
peaks (C20H23015 and Ca1H2s5:010) differ by 0.00088 m/z, requiting a resolution of ~600,000 (tresolution = m/Am) to
separate and assign. The mass of an electron (M.) is provided as reference. Unpublished data from the National
Magnetic Field Lab.

However, biases that originate from sample preparation and the chosen analysis conditions
make full characterization of any SOM sample difficult, whatever the mass resolving power of the
FTICR MS. Due to the diversity of molecular components that comprise SOM, any extraction
method will only target a specific fraction and must be tailored to a specific research question to

8



collect the desired fraction most effectively. Ionization efficiencies vary greatly between molecules of
different chemical composition and sample matrices, which complicates the quantitative comparison
of SOM mass spectra. Furthermore, once mass spectra are collected, data analysis requires making
assumptions to assign reasonable molecular formula to masses, grouping features by calculated
indices, and creating visualizations that reflect chemical differences. Robust interpretation relies on
critical assessments of the uncertainties introduced during each of these steps.

Importantly, FTICR MS is not, by itself, able to differentiate between isomers, determine
molecular structures, or identify functional groups, meaning that FTICR mass spectra are still
simplified representations of SOM.™ FTICR MS provides a qualitative view into a subset of SOM
compositional space. However, these data can be further examined using LC-MS and other
complementary approaches to identify and characterize specific isomers of interest and contextualize
relationships between peaks and samples.

There has been significant progress in overcoming the challenges of organic matter analysis
using FTICR MS,”"" and the user base of FTICR MS analyses is growing rapidly as techniques for
soil organic matter analysis become more standardized. Herein, we aim to provide a comprehensive
resource to multidisciplinary researchers interested in applying FTICR MS to obtain molecular level
insight to soil organic matter chemistry. Workflows for FTICR MS based SOM analysis will be
presented from an experimental design perspective, and potential biases from sample extraction,
ionization, and formula assignment methods will be highlighted. Data visualization and exploration
methods will also be discussed, with suggested usage to avoid misinterpretations. Finally, techniques
complementary to FTICR MS for SOM analysis will be presented with their specific strengths to
support more robust conclusions about SOM composition, microbial decomposition pathways and

other relevant areas of study (Figure 2.2).
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Figure 2.2 Workflow for analysis involving FTICR MS to provide meaningful conclusions about a set of samples.

2.2 Sampling and Extraction of Soil Organic Matter

SOM sampling methodology depends primarily on the scientific focus of the study and
which fraction of SOM will provide the most relevant information. The heterogeneity of SOM, soil
surfaces, and microenvironments make a single extraction procedure for all SOM features
impossible.”” SOM has been historically isolated into fractions operationally defined by their
solubility at different pH.* While this method continues to be used,”® other fractions of interest
can be collected by targeting specific SOM sorption mechanisms. SOM is bound to soil minerals and
other organic matter via different mechanisms, from weak electrostatic, hydrophobic, and other
nonspecific interactions to strong polar covalent bonds produced by ligand exchange with carboxylic
and phenolic functional groups.”® (Figure 2.3) The most commonly used extraction methods
include water, alkaline, mineral dissolution, and organic extractions, and each method has been
shown to extract different fractions of SOM. Details on specific procedures can be found in Table
A.1. Extracted fractions can be related and even complement each other, however they cannot be
assumed to be “complete” or truly representative of total SOM as they, by design, only target

specific operational fractions defined by the targeted stabilization mechanism.** This review outlines
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the major extraction methods and the key shortcomings of each that must be considered when

collecting samples for FTICR MS.

Acid/Base Solvent Water
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Figure 2.3 Model soil particle depicting an Fe(I1I) mineral (brown) and clay (black) surface exhibiting various possible
interactions with model SOM. The variety of possible interactions will create fractions with varying extractability based
on the extraction solution (e.g., acid/base, organic solvent, and water), mineral surface, and intermolecular forces.

2.2.1 Water/polarity-based Extraction

For approximately two decades, water extraction has been used as a collection method for
SOM that is released to the soil solutions when equilibrium conditions change.* The resulting
fraction, referred to as water-extractable SOM (WEOM),*** is closely related to dissolved organic
matter (DOM), which is defined operationally by filtration (i.e. passing through 0.4 - 0.6 um pore
sizes)® of water-extractable or aquatic organic matter.*”” These terms both describe complex
natural organic matter and have been shown to be highly related through biomolecular origin and
degree of decomposition.””” Therefore, the following discussion on preparation, ionization, and
analysis can be similarly applied.

WEOM is considered the most dynamic and bioavailable fraction of SOM and therefore its

analysis is highly applicable to a variety of studies.”*”

The importance and broad application of
water extractable SOM is due to its roles in aqueous photochemistry, nutrient cycling, ion
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distribution, and pH buffering; in addition to acting as an energy and carbon source for microbes.”
"2 Water extraction is performed with ultrapure water or salt solutions such as potassium sulfate (or
potassium chloride) which increases ionic strength, generally improving SOM yield.*™'"%
Additional alteration of extraction conditions, such as increasing temperature, pressure, or time,
have failed to produce significant improvement over leaching or batch extractions at room
temperature.” Overall, water extractions are easily performed but are generally unable to extract
SOM adsorbed to mineral surfaces, hydrophobic molecules, or physically protected SOM, which are

important when considering carbon sequestration and mineral-organic interactions.””'""

2.2.2 Alkaline Extraction

Alkaline extraction of SOM was first described by Achard in 1786 and has remained
relatively unchanged to the current day."” """ This extraction is widely used due to its high organic
carbon yield usually achieved through the use of 0.1 M NaOH. Alkaline extractions are expected to
contain a more diverse range of SOM molecules than WEOM, including molecules that are not
hydrophilic under the normal range of  situ equilibrium conditions. Alkaline extractions function by
deprotonation of acidic functional groups present on SOM, greatly increasing SOM polarity and
aqueous solubility.""" This process’s effectiveness relies on the extracting solution having a higher pH
than the acidity (pKa) of the targeted functional groups (Figure 2.4), and the abundance and
distribution of those functional groups in the SOM.'™!"". The potential for base-catalyzed hydrolysis
of SOM collected by alkaline extractions has been debated,'""""* but many of the extracted features
do appear to be identical with other methods."**'"*'"* Importantly, any extraction that shifts the 7
sitn conditions of the SOM, including alkaline extractions, may produce artifacts or side effects that
alter “native” SOM composition, so considering the character and extent of such artifacts is essential

to any extraction method.”"'"""'!'% Subject to these considerations, alkaline extractions reach SOM
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that is inaccessible to water extractions, and provide a more comprehensive view of SOM

composition.'?

2.2.3 Selective Mineral Dissolution

Study of the role of mineral protection in SOM stability has increased considerably in recent
years as mineral-organic associations are thought to increase protection from microbial degradation
processes.””""” For example, iron oxide minerals are effective sorbents or organic matter through
interactions that include co-precipitation, and ligand exchange under more acidic conditions."*"*
To study these mineral-organic associations directly, mineral dissolving solutions are used to

8

selectively extract SOM associated with those minerals.'"® These extractions function by either

reduction, chelation, or dispersion of a mineral phase; resulting in the release of SOM stabilized by

that mineral,¥”""*=1%

Example mineral phases include short range order (SRO) Fe(Ill) oxides,
crystalline Fe(III) oxides, aluminum oxides, and aluminosilicate clays among others. Selection of
appropriate extraction solutions has been extensively studied in SOM-mineral or mineral cycling

87,103,118,124-126

studies. Not as well characterized is the potential for SOM alteration by extraction

126-128 - After dissolution, new

conditions or interactions between the DOM and dissolved minerals.
SOM-mineral interactions can be inhibited by inclusion of an appropriate buffering or stabilizing
agent, such as citrate for Fe**, that can complex metal ions and prevent re-adsorption or aggregation
of extracted SOM."""*"* ~All mineral extraction will require a cleanup process to remove the
extracting chemicals and stabilizing agents that can affect ionization, discussed below. Finally,
mineral extractions have the potential to extract compounds that overlap with water extractions and

should be noted when comparing extraction yields and spectra.'"**"!

2.2.4 Organic Extraction
Soil organic matter is known to contain hydrophobic domains' and laboratory studies have

indicated that non-selective sorption of DOM contributes substantially to the overall presence of
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mineral-organic associations.” To study these interactions, it is useful to have an extraction method
that targets more hydrophobic domains.

Organic solvents can be more efficient extractors than polar solvents depending on the
source material and target fraction (e.g., the hydrophobic domain).””” Tfaily e a/ showed that
extracted H/C and O/C ratios are influenced by solvent polarity by petforming a series of parallel
extractions, and in a subsequent study show that low/non-polar solvents detect a greater number of
low O/C peaks in FTICR-MS analysis.”*'” Furthermore, Mckee and Hatcher'™ demonstrated that
pyridine extractions of lake sediment isolate a larger range of mass spectral and spectroscopic
features compared to other organic and aqueous extractions. Organic extractions can also induce
alterations to the SOM, such as esterification following methanol and acetonitrile extraction, that
should be considered before usage and when comparing between samples prepared differently.'”
Extraction with organic solvents also dissolves fewer inorganic salts that inhibit SOM ionization
compared with aqueous extractions. This is a potentially large benefit as other extractions methods

require cleanup that further bias SOM composition.94

2.2.5 Sequential Extraction

Extractants can also be applied sequentially to soils to selectively collect SOM bound at
different degrees of stabilization. This can be very beneficial when comparing the quantity and
characteristics of SOM stabilized by the different mechanisms mentioned above. Lopez-Sangil and
Rovira'” demonstrated this with seven extracting solutions on four soils of varying pH and organic
carbon content. Each extractant collected a fraction of SOM but the majority of SOM was collected
with sodium tetraborate or sodium pyrophosphate, indicating that cation bridging or chelating
interactions predominated, respectively. Tfaily ez a/’* also showed that sequential extractions with
water followed by different organic solvents resulted in an overall increase in peak counts by 2- to 4-

fold. As above, it is possible that extractants overlap in the SOM collected, therefore each extraction
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should be performed several times to ensure that as much of the target fraction is extracted as
possible before continuing with the next extractant. The additional extracts collected will increase
preparation time, however sequential extraction protocol can be tailored to specific research

questions based on the mineral-organic associations of interest.

2.2.6 Sample Preservation and Cleanup

Once a soil sample has been collected, it is important to perform an extraction as soon as
possible or store the sample to minimize biological degradation of SOM." If extraction soon after
sampling is impossible, it is recommended that soil samples be treated as similarly as possible to
maintain their comparability, as no storage method can perfectly preserve the i situ conditions.'>'*
Before extraction, soil sample storage by freezing or drying should be avoided as both treatments

129,137,138

can aggregate the soil or SOM , which can alter the structure of the soil matrix, reducing

129,137,138 29,138

exposure/contact with the extracting chemicals, and has shown variable carbon yield'
when compared to “wet” or 7 sitn samples.

After extraction, long-term storage of SOM extracts is also preferably avoided to minimize
post extraction alteration. SOM stability in the extract should be accounted for, but this is easily
addressed by sterile filtration, or immediate processing to prepare the samples for FTICR MS. When
the extract is aqueous, freezing can provide long-term SOM stability if the solution cannot be sterile
filtered, but SOM aggregation can occur so analysis before long-term storage is ideal."”” The use of
acidification or biocides to sterilize sample extracts for storage is also not recommended as there is
evidence for alteration of SOM properties.'**!*!

After extraction, SOM often requires concentration and salt removal to make it suitable for
FTICR MS analysis. This process is most commonly performed by solid phase extraction (SPE),

which utilizes the difference in polarity between small, highly polar inorganic salts and less polar

SOM for separation.'' As SPE cartridges use a variety of nonpolar packing matetial and acidic
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functional groups are common, retention of the SOM is assisted by adjusting the extract to around
pH 2, resulting in protonation of acidic functional groups, decrease in polarity, and improvement of
stationary phase binding, however acidification can cause compositional changes in the SOM.""'*
Additionally, amino functional groups and N heterocycles can be protonated at low pH, increasing
their polarity and preference for cation exchange sorbents.'®

There are a wide variety of SPE cartridges that retain targeted or broad molecular features,

146

and must be selected based on the design of the experiment. ™ The recovery of SOM from this

method is highly variable and depends greatly on the cartridge being used, the origin of the SOM,

145,147,148

and the elution procedure, with recoveries varying between 20 to 90%.'*'* Addressing the

source of variable yields is challenging as there is often no reliable way to identify if the retention or
elution were incomplete.*'*>*

Alternatives to SPE include ultrafiltration (UF), electrodialysis (ED), and reverse osmosis
(RO). Techniques using membranes (i.e., UF and RO) are susceptible to fouling,”'> however
coupling these techniques with SPE can increase carbon recoveries.””*'*> When coupling SPE with
an RO/ED method, Green ¢f al.'* reported near 100% carbon recoveries for marine DOM samples.
It is unclear how the higher recovery would affect FTICR MS spectra, and the RO/ED setup costs

at least twice as much to perform than SPE."

While the combination of methods is still subject to
artifacts from procedures in both methods, the improved recovery warrants evaluation for similar

performance in extracted SOM.
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Figure 2.4 Examples of SOM compounds with a variety of functional groups that result in a range of acidity and
hydrophobicity, impacting their solubility and ionizability. These features determine their optimal extraction and
ionization method. Details on the exact values used to plot these compounds can be found in Table A.2.
2.3 Ionization Techniques and Matrix Effects

Characterization of SOM by any mass spectral technique requires the conversion of
nonvolatile analytes from solution to gas phase ions by ionization. All soft ionization techniques are
selective, and since OM contains a wide range of polyfunctional species across a wide molecular
weight range and ionization potentials, ionization efficiency is determined based on the analyte
composition. Different ionization mechanisms preferentially ionize certain components of OM (i.e.,
functional groups), enhancing their signal and suppressing the signal from other ions, since
ionization efficiency depends on acidity/basicity, hydrophobicity, molecular weight, and degree of
conjugation. Thus, experimental design begins with a consideration of the selectivity of each
ionization technique including the potential need for using multiple techniques for a better

understanding of the formulas and features present.”*"
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2.3.1 Electrospray Ionization

Electrospray ionization (ESI) is the most'>® routinely applied ionization techniques for
WEOM components. lonization is achieved by infusing the analyte (e.g., OM) solution through a
positively or negatively charged capillary that generates a fine mist of droplets. Solvent removal,
often assisted by heating, yields charged molecular ions. This process is one of the softest
methods of ionization and during OM analysis is often assumed to produce intact analyte ions,
although some analytes may still undergo in-source fragmentation, particularly at high spray
voltages.'60-162

Ion formation by ESI depends largely on the pKa of the analyte as well as the ionization
polarity (e.g., negative or positive mode). In negative mode, ions are generally formed by
deprotonation or formation of adducts with anions such as Cl". Negative ionization efficiency
generally correlates inversely with pKa and the extent of charge delocalization, such as in
conjugated and aromatic chemical structures.'®> Common acidic functional groups in SOM such
as carboxylic acids and phenolic groups tend to form negative ions. In positive mode, ions form
by protonation or adduct formation with cations such as Na", K*, NH4", or metal ions. Many
functional groups in SOM such as amines, alcohols, and carbonyls can be protonated to form
cations, and their ionization efficiency is largely correlated with basicity (conjugate acid pKa).!*
Thus, positive and negative polarity modes may detect distinct components from a SOM
mixture.

Analyte hydrophobicity and molecular size influences ESI efficiency. Hydrophobicity
often correlates with higher ionization efficiencies, particularly in aqueous solutions, due to

enhanced affinity for the surface of droplets where molecules have a greater probability of being

desolvated and charged.'®®> ESI sensitivity is often also increased when the analyte is already
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ionized in solution (i.e., acidic conditions for basic analytes and basic conditions for acidic

) 166 167,168
b

analytes although specific pH effects vary depending on analyte chemistry.

Solvent composition influences the relative solubility and droplet surface affinity for
polar and nonpolar components, and therefore ionization efficiency.!®>1%® Novotny et al.'®
demonstrates that different solvent compositions, including neat solvents, efficiently ionize
specific fractions and influence the representativeness of a sample spectra. Solvent mixtures
commonly used for ESI include water, methanol, and acetonitrile, and can improve ionization
efficiency of target molecules'® and reproducibility of mass spectra'’® by altering the proportion
of organic solvent.

Additives, contaminants, salts, and metals can also enhance or suppress ionization by ESI
(i.e., introduce matrix effects) and can also dilute feature signals across multiple adducts,
discussed further below. Additives can extend the range of compositional features collected!”!:!"2
and enhance the ionization of specific molecular features.'” In contrast, there are numerous
contaminants that can be introduced accidentally during sample collection and preparation that
will suppress SOM ionization. This is especially true for surfactants, which preferentially ionize
due to their amphiphilic nature and ionizable head groups (Figure 2.5).>> While the bulk SOM
characteristics and most ionizable species will likely still be observable, ionization suppression
will limit the number of other peaks that can be detected and assigned near the limit of detection.
This can dramatically influence heteroatomic assignments and peak count overall, therefore, it is

crucial that materials used for sampling, filtration, and processing prior to collection and sample

analysis are tested.
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Figure 2.5 FTICR mass spectra collected from biosolid-extracted DOM, pre- and post-sorption to Fe(IIT)-
montmorillonite. Surfactant contaminants present in the native biosolid-extracted DOM were absent after sorption to
Fe(III)-montmorillonite. Produced with data obtained from Young e# al>?

The use of micro or nano ESI reduces ion suppression from salts and other species, and
improves the ionization efficiency of compounds with less surface affinity, because droplet sizes
are reduced and desolvation is enhanced compared to electrospray at higher flow rates.!™
However, high proportions of surfactants or other contaminants can still influence the number of
SOM peaks that can be detected and assigned because it remains desirable to limit the number of
trapped ions during SOM analysis to prevent adverse effects from space charging!”> (discussed
below).

2.3.2 Ionization Techniques for Non-polar and Water-insoluble Soil Organic Matter

While ESI remains the most common ionization technique used for OM analysis,
atmospheric pressure photoionization (APPI) offers different ionization mechanisms and selectivity.
Using APPI extends the analytical window of FTICR MS to less polar analytes, evidenced by direct
comparisons with ESI that display ionization of formulas with lower oxygen content and higher
carbon unsaturation.”*”"""* This will affect heteroatom abundance and peak assignments (Figure
2.0), as less polar nitrogen-containing compounds can be preferentially ionized using positive ion
APPL'"" yet sulfur atoms presumed in polar functional groups are diminished.”® For positive ion

APPI, radical cation (M™) and protonated [M + H] ™ species are formed based on ionization energies
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of the analyte in respect to the dopant. For negative APPI, analyte ions differ based on electron
affinity and include M, [M — H], [M — X + O], and [M + A] where A is an anion (typically a

halogen) and X is H, CI, or NO,. Developments and mechanistic discussions of APPI have recently

been reviewed.!”

[C2aH29N, O7+H]*

4+ 444.2017 m/z
(+)APPI [CZFHZSN105+H]+
< 54 444,1805 m/z
100 1 5 a0l
B [CaaHpa0a]" [CrsHys0s]" [C2gH29N, 0, +H]*
< g{[448.121m/2| |444.1631 mfz | || 944.2169 m/z
o 75- &
g 4
O =
< 50+
© I I
o 3 i 3
X 25 3 3 3
I N ’ i
| [H1 iy
0_
o 2 3 3 2
0 0 B 3 =
™ ~ ny © 41 "
m/z
(+)ESI Gyt N0yl |
100 T 37 | [CaHlyNiOgthal*
el 2 SAEA62 it [C2oH,N, O +Na]"
— <, | Ay |
o 75 2
g o
o =1
< 50+
[} : I I
4 . : ;
X 254 3 : 3
e 3 3
0-
o 2 B 3 3
i) 1 B S R
) ~ " @ "
m/z

Figure 2.6 FTICR mass spectra of DOM from Lake Drummond (Great Dismal Swamp National Forest, VA, USA).
Samples were prepared using Cys solid phase extraction and spectra were obtained with atmospheric pressure ionization
sources: (+)APPI (top) and (+)ESI (bottom). Spectra display peaks assigned with <1 ppm mass error, where insets
indicate molecular formulas unique to each ionization source assigned over 444.16 — 444.22 /3. Produced with data
obtained from Hockaday ez a/.'5

The main benefit of APPI over ESI is the simultaneous formation of gas phase ions from
both polar and non-polar compounds. Other benefits include less suppression from salt and solvent
effects as charge acquisition occurs differently than in ESL'” Comparisons of these methods for
lipid analysis suggest that APPI is far more sensitive than ESI, and is particularly useful for studies

focusing on condensed aromatics and hydrocarbons within natural organic matter.'* However, the
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additional ionization mechanisms also increase the number of peaks in APPI compared to ESI,"™’

increasing the complexity of the mass spectrum and requiring even higher mass resolving power to
separate the increased number of isobaric species. The amount of sample required for APPI is also
generally higher as injection flow rates can be orders of magnitude larger than in ESL.">*""'"
Solid phase samples can also be ionized through desorption techniques, including desorption
atmospheric pressure photoionization (DAPPI), laser desorption ionization (LDI), and matrix-
assisted laser desorption ionization (MALDI). These techniques allow ordinarily insoluble SOM
components to be analyzed directly, such as with the application of DAPPI to pyrolyzed
carbon.""'®* Similar to APPI, LDI and MALDI have been shown to compliment ESI-FTICR MS
by ionizing more conjugated and aromatic DOM constituents.®>'® Mechanisms and substrate
selection for LDI and MALDI are reviewed by Zenobi ¢# a/. and Dreisewerd.'®'®

Importantly, while using multiple techniques will provide a larger window into the OM
compositions present, it is not feasible to use every technique nor can the use of every technique
unequivocally ionize every organic residue present in injected samples. Technique and polarity mode
should therefore be chosen based on a priori knowledge of the sample and target fraction, as
ionization parameters can greatly influence sample representation. Additionally, the intensity and

m/z distribution are sensitive to instrumental parameters, meaning FTICR MS is not well suited for

resolving controversies regarding the size distribution of SOM.

2.4 Analysis and Interpretation of Soil Organic Matter using FTICR MS

When analyzing NOM, FTICR MS typically detects and resolves many thousands of peaks
in the /% range from 150 to 1000 72/ z. Molecular formula assignment involves calibrating the mass
spectra, computing formulas that fit each mass within the applicable mass error window, and
choosing an appropriate assignment when there are conflicts using all available information (e.g.,

187

elemental content, and chemical or structural relationships with other formulas).™" Uncertainty in
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assignments rises dramatically with mass and the number of elements'™ as the number of possible
formula increases. While automated assignment procedures often select the formula with lowest
mass error or smallest number of non-oxygen heteroatoms (i.e., atoms in the ring of a cyclic
compound other than carbon or hydrogen atoms), these approaches can sometimes yield incorrect
results.”” Accordingly, various methods, including 7/ vs. error'® and DBE minus O plots'’ can be

used to further evaluate dubious or conflicting formula assignments.w0

Following formula
assignment, several assumptions will be present in data visualizations and should be carefully
considered to avoid misinterpretations. Additional methods, both online and offline to FTICR MS,

will be discussed that can provide additional insights into SOM composition, microbial

decomposition pathways, and other relevant areas of study.

2.4.1 Mass Calibration

Molecular formula assignment relies on mass error windows, so mass calibration is a critical
part of the formula assignment process.'” External calibration cannot provide better mass accuracy
than a few ppm because the number of ions in the ICR cell varies from sample to sample.'”* As a
result, complex organic mixture FTICR mass spectra benefit from internal calibration, wherein the
ion cyclotron resonance frequency (f) is converted to ion mass-to-charge ratio (»/3) by fitting
experimental data spanning the entire detected 77/% range (e.g., multiple homologous seties) to the
relation m/3 = A/f+ B/f, to yield root-mean-square mass error as low as ~10-200 ppb.'”
Savory et al. developed a calibration protocol in which the spectrum is divided into dozens of
adjoining segments, with separate calibrations applied to each, to eliminate systematic error with
respect to m/z, and introduced a third calibration term to minimize systematic error with respect to
ion abundance.'” In addition, Dittmar e# a/. recently reported improved mass accuracy by averaging
mass spectral data from independent environmental samples, and increased mass precision through

peak alignment during post-detection data processing."*
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The minimum resolution requirements to adequately analyze a sample composition will
change depending on signal-to-noise (S/N) thresholds, the dynamic range of the instrument
measurements, digital resolution, and isotopic fine structure.” Ideally, the instrument and resolving
power should be considered based on @ priori information as additional constraints, such as inclusion
or exclusion of specific heteroatoms, can substantially change the minimum resolving power
required.” Increasing magnetic field strength will increase mass resolution, dynamic range, and peak
non-coalescence.”™” Increasing the time-domain acquisition period will also increase resolution,
however if sample signal magnitude is low (i.e., sample ions are very low in abundance), instrument
noise can also erroneously be assigned.” Increasing ion accumulation times can increase sensitivity,
however high ion densities in the ICR cell can produce space charge effects that coalesce peaks or
alter ion frequencies, adversely affecting both formula assignment and mass accuracy.”">"”"'"*® The
limited ion capacity during FTICR MS measurement also means that intensity and m/z distributions
are sensitive to instrumental parameters. Molecular weight distributions are better determined in low
resolution MS systems like linear ion trap and time-of-flight that also capture lower molecular
weights (<200 m/z) efficiently.*”"” Thresholds for S/N will also strongly affect peak detection and

/ 200

reproducibility. Discussions by Sleighter ez a/*" indicate how S/N affects minimum common peak

assignments and describes methods to evaluate meaningful differences between samples.

2.4.2 Automated Molecular Formula Assignment

There are a range of tools available for automated molecular formula assignment, including
in-house programs (PetroOrg/EnviroOrg at the National High Magnetic Field Laboratory),”" open-
source programs (Formularity, UltraMassExplorer, and ICBM-OCEAN) and publicly-available R or
Matlab scripts (MFassignR, CIA, and TRFu).""*"**” The Compound Identification Algorithm (CIA)

developed by Kujawinski e/ a4/ computes elemental compositions for low molecular weight

compounds (<500 7/3), where the potential for conflicting solutions is minimal,* and uses a
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“formula extension” approach to connect the assigned formulas with higher molecular weight
compounds via established chemical and functional group relationships (e.g., CH,, CHy — O, Ho,
CO; and NH). The existence of these relationships has also been separately established by mass
difference and network analyses.”>*"* Mass difference-based network analysis links detected ions by
characteristic mass differences, such as the mass of the methylene subunit (CH, = 14.01565 amu) or
the mass change from nitrosylation (HNO = 31.005814 amu),”**” but multiple subunits can be
used simultaneously. When plotted as one or more interconnected networks, the resulting plot can
seem exceedingly complex because the number of “nodes” is equal to the number of detected ions,
and because each node can be connected to other nodes through one or several mass-difference-
based “edges” (i.e., subunits) (Figure 2.7). However, subgraphs can be extracted using a subset of

206

the mass differences,™ and nodes or edges can be colored by sample type, element counts, or other

characteristics,” to focus on specific features. Mass difference-based network analyses have already
been used for diverse purposes including formula assignment,*” untargeted metabolite profiling,”*"
and reaction pathway identification.”' To be clear, the assignment of an elemental composition is

insufficient to identify a metabolite, and the occurrence of a specific mass difference can be

coincidental in a complex sample.
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Figure 2.7 Abiotic reactions at low pH occurring in cellulose-like compounds produced by Sphagnum (peat moss),
plotted using mass difference-based network analysis to study how plant leachates degrade in soils. Each assigned
FTICR MS peak (circle) is colored by a biomolecular class approximation using van Krevelen plot regions and related
through different reactions (lines). Produced with data obtained from Fudyma ez a/21?

Indeed, some version of formula extension is used in almost every formula assighment
algorithm. The CIA algorithm has been incorporated into the freely-available Formularity software
platform, which includes an associated database and formula filters based on the “Seven Golden
Rules”.*”” The CIA component is restricted to C, H, N, O, S and P, but a separate isotopic pattern
algorithm (IPA) is available to identify other elements, particularly when they present a strong
isotopic signature (e.g., Br, Cl or Hg).*"* ICBM-OCEAN is a server-based tool that integrates
published and novel approaches for standardized processing of ultrahigh resolution mass
spectrometry data from complex molecular mixtures.””” Importantly, ICBM-OCEAN incorporates
diagnostic and validation tools for each step in data processing, including noise and systematic error
reduction and spectra recalibration and alignment, and it has been tested and applied to both FTICR

MS and Orbitrap MS for more than 1000 NOM samples.
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After automated formula assignment, equivocal assignments (i.e., peaks above S/N with
multiple feasible compositions) will generally remain. Molecular formula assignment for equivocal
assignments can be highly subjective, therefore different calculated indices and empirical evidence
should be used to increase the reliability of manually distinguished assignments wherever applicable.
For instance, the selection of heteroatoms during assighment can dramatically alter the number of
equivocal assignments (Figure 2.8), however prematurely excluding elements can also result in
erroneous assignments.”* Kendrick mass defect analysis can be used to study patterns in OM
assignments, discussed below. Double-bond-equivalents-minus-O (DBE-O) plots are also used that

compare equivocal and unequivocal assignments using heteroatoms and oxygen content (Figure

2.9).1%

80 (a) CHO, SIN>20 80 {b) CHO, S/N>3 80 (c) CHON, S/N>3 80 (d) CHONSP, S/IN>3 .
E 70 - Total assigned: 1580 70 - 4072 7041 6917 704 7547
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Figure 2.8 Possible formula assignments for peaks at a given molecular mass under different heteroatom and S/N
conditions. A) and B): the number of assignments increase as S/N thresholds ate lowered. B), C), and D): possible
compositions for a given peak increase as the number of heteroatoms included and molecular mass increases.
Reproduced from Koch ez al.7
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Figure 2.9 Contoured plots of DBE vs. O (a, ¢, €) and bar graphs of DBE — O vs. number of molecular formulas (b, d,
f) for unequivocal assignments in a Suwannee River fulvic acid standard, where color indicates number of m/z values.
The positioning and number of m/z values from unequivocal assignments can be compared to equivocal assignments to
indicate which compositions have the highest reliability, where reliable equivocal compositions will most frequently lie or
overlap within the same regions as unequivocal assignments in the same class. Black lines are to indicate a diagonal range
between -10 and 10 DBE — O, and the green line indicates regions where equivocal assignments would be unreliable due
to their high hydrophobicity (e.g., black carbon components). Reprinted by permission from Copyright Clearance
Center: Springer Nature, Analytical and Bioanalytical Chemistry, Understanding molecular formula assignment of
Fourier transform ion cyclotron resonance mass spectrometry data of natural organic matter from a chemical point of
view, Peter Herzsprung, Oct. 31 2014.188

2.4.3 Visualization and Data Analysis
Once elemental compositions have been assigned, several parameters can be calculated using
the stoichiometry of the assigned molecular formulas. These include rings-plus-double-bonds

213,216

equivalents (RDBE), aromaticity indices (Almod), and the average nominal carbon oxidation state
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(NOSC) (Figure 2.10B).*)” NOSC has been used to examine chlorinated disinfection byproduct
formation,”® water solubility,”’ and the biogeochemical reactivity of SOM.* Indeed, NOSC makes
it possible to calculate the Gibbs free energy (AG) provided by the oxidation of a particular
compound (AG°c.) given the available electron acceptors and environmental conditions.” > Thus,
NOSC and AG°cox have been used to provide a thermodynamically relevant metric for
approximating the energy stored in organic matter, or whether microbial oxidation of OM is
thermodynamically favorable under a given set of redox conditions.”**

Kendrick mass defect (KMD) analysis™ was initially adopted by the organic matter
community as the standard means for visualizing complex mass spectra prior to formula

ztssignrncsnt.zz“230

Kendrick plots are generated by plotting nominal mass as a function of KMD,
most commonly based on a methylene (CH;) subunit (Figure 2.10C). In effect, each /7 is
normalized by the accurate mass of the subunit (e.g., 14/14.01565 for CH, subunits, common to
lipid (Figure 2.4), sugar, and lignin derivatives™'). Afterwards, compounds whose elemental
compositions only differ by the number of subunits possess the same KMD wvalue and line up
horizontally in the associated KMD plot. KMD analysis on SOM is useful for: i) molecular formula
assighment by assisting in assigning molecular formulas at higher 7/ ions when there are more
formulas that match an exact /7 value, ii) identifying multiply chatged ions, and iii) multiply

charged polymer ions of plant origin in soils.”* >
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Figure 2.10 The 21T FTICR mass spectrum of Pahokee Peat extracted with pyrophosphate with formula assignment
conducted using PetroOrg software?! to assign 15506 assigned formulas. Two series are highlighted (orange and purple)
that represent CHz Kendrick mass defect (KMD) series (0.55857 and 0.65806) and are present in each of the plots to
illustrate their appearance and patterns through different visualizations: A) mass spectra displaying semi-gaussian
abundance distributions, B) nominal oxidation state carbon (NOSC),?!” C) the CH, KMD series over the entire mass
spectrum, and D) a van Krevelen diagram which sections plot regions indicating oxygen content (LO = low-oxygen,
MO = mid-oxygen, HO = high-oxygen content) and degree of saturation (ARO = aromatic,?!® MS = mid-saturated, and
ALI = aliphatic?¢). Formulas are colored based on abundance quartiles. Unpublished data from the Borch Lab.

Van Krevelen (VK) diagrams™” are constructed with assigned formulas using molar ratios of
hydrogen-to-carbon (H/C) on the x-axis and oxygen-to-carbon (O/C) on the y-axis (Figure 2.10D).
Points can be colored, or a z-axis can be added, to provide additional information such as relative
abundances, molecular weights, or elemental classes (e.g., CHO vs. CHNO). VK plots are widely
used to make inferences about predominant reaction pathways (e.g., methylation, hydrogenation,
condensation), and to estimate the abundance of major compound categories based on the major
biogeochemical components of the source material (e.g., lignin-like, lipid-like, or carbohydrate-like),

which have characteristic H/C versus O/C ratios.”*** However, the boundaries of the compound
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classes vary among published studies, and often overlap. Moreover, “lignin-like” components may

211

be derived from non-lignin source materials,”" or even reflect synthetic chemicals if anthropogenic

impacts are present (Figure 2.11), and lignin sources may generate some non-“lignin-like”
signatures.”' Accordingly, while the major compound categories do signify molar ratios similar to
well-known biogeochemical classes, they are not reliable indicators of source or structure without

238

additional, complementary information (e.g., on the prevalent reaction pathways).~” Recent revisions

/ 242

proposed by Rivas e a improves compound classification in biological samples using
C/H/O/N/P stoichiometric ratios, but was only tested on different metabolite compositions and
omitted “lignin-like” and “condensed hydrocarbon” compounds that could be a major component

of soil organic matter.

Synthetic Chemical Example
(Subset - NORMAN Suspect List Exchange)
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Figure 2.11 NORMAN suspect list exchange?#’ plotted onto a VKD with two of the synthetic molecules plotted
to demonstrate that assignments unrelated to SOM are still plotted in regions pertaining to specific biomolecular
assignments (regions are based on Hockaday 2009).244

Regardless of the VK plot limitation, this tool can still provide useful insights into C cycling
and changes in soil organic matter composition with perturbation. Users are advised to use O/C and
H/C boundatries that are consistent with the chemistry of their sample and carefully interpret their

results while acknowledging that these classifications are only putative. Relative abundance values of
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different compound classes can also be calculated from count values associated with each observed
biomolecule group normalized by the total number of C molecules identified (i.e., number-
weighted).”** When comparing multiple samples in side-by-side comparisons or combined
analyses, it is important to ensure that systematic biases (e.g., ion suppression or differences in SPE
extraction efficiency) are minimized or eliminated, particularly because many SOM constituents are
detected at signal intensities close to the detection limit. Molecular weight distribution, heteroatom
content, constituent presence or absence, and VKD coverage can all be influenced by these low-

intensity signals. Past approaches to eliminate systematic bias include extracting the same number of

247 53,248

the most intense signals from every sample,™’ or the formulas common to every sample, and
then normalizing the extracted signals based on total intensity.

Other visualizations are common in the petroleum and aerosol field for rapid visual
comparisons to highlight compositional differences/similarities between samples and can be
beneficial to SOM studies.”**! These include: i) plotting the number of carbons in each formula
versus its nominal mass (C versus M), where the molecules are classified into different categories
based on their sum of carbon and oxygen atoms (1 = C + O), ii) contoured plots of RDBE vs
carbon number™ for members of a single heteroatom class, iii) relative abundance histograms for
heteroatom classes, and iv) Kroll diagrams where NOSC is plotted as a function of number of
carbons (Figure 2.10B).** Kroll diagrams are especially useful when looking at changes in SOM
composition under different redox*” conditions.

When comparing multiple samples, such as DOM from different sources, principle
component analysis (PCA)*** and hierarchical clustering analysis (HCA)** can be used to group
similar samples. PCA takes advantage of the fact that many variables are correlated (e.g., H/C ratios

and double bond equivalents), and produces diagrams that group similar samples and show

correlations among variables. In one example, PCA was used with intensity-weighted element
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number, 7/z, H/C, O/C, Alwne, and DBE values to compare the DOM in ten wotld rivers,
associating the intensity-weighted variables with different levels of anthropogenic influence and
other watershed characteristics (Figure 2.12).' PCA is particularly useful for visualizing the relative
similarities and differences of multiple samples, and for identifying the variables that best explain
their differences. Importantly, compositional data, such as the %CHO of a DOM sample, are
generally not appropriate for PCA.*” In comparison, HCA uses Bray-Curtis dissimilarity or another

distance calculation to perform a series of partitioning calculations that group samples into

clusters.”"”**” The result is a tree-like dendrogram, where common branches indicate greater
similarity.
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Figure 2.12 Ten rivers around the world were evaluated using FTICR MS and compared with PCA to identify sample
groupings. The largest vatriance originated from the unsaturation/aromaticity and heteroatom content. Reproduced from
Wagner et al?!

2.4.4 Analysis of NOM-Associated Metals

Mineral associated SOM and DOM are known to bind a range of metals and thus control
the biogeochemical cycling, mobility, and bioavailability of both toxic metals (e.g., Hg, As, Cd) and
essential mineral elements (e.g., Fe, Mn, Zn).>>** FTICR MS is particularly well suited for

elucidating the speciation of metals and micronutrients that are complexed by or incorporated into
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organic molecules that influence their solubility and reactivity. In soils, these elements are often

299260 that seek to

binned into operationally defined fractions based on extraction protocols
differentiate water soluble, mineral associated, or bioavailable content. However, understanding the
origin and dynamics of these elemental pools requires knowledge of their chemical identity. FTICR
MS can resolve diagnostic isotopologues and mass defects that are characteristic of many
heteroatoms, including trace metals (e.g. Fe,* ™" Zn, Cu,”* Ni, Hg*”) (Figure 2.13), as well as

halogens (Cl, Br, I*), thus providing a means to identify the particular SOM components that play a

role in the cycling of these elements.

Am/z = 1.9953

C25H4608N6>°Fe”
6142721 m/z
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Figure 2.13 Mass spectra in a water extract of SOM that depicts the isotope pattern for a siderophore-Fe complex,
Ferrioxamine B. Inset displays the mass and abundance difference indicative of iron complexation. Unpublished data
from the Boiteau Lab.

Direct infusion FTICR MS analysis, however, is not well suited to identifying metal-bound
molecules in DOM due to the number of peaks that results in unrelated species that mimic mass

differences and relative abundances of metals. Furthermore, molecular formula assignments become
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more ambiguous as heteroatoms ate included in the assignment algorithm (Figure 2.8).”* Boiteau ef
al*" developed a method for confident detection of metal-organic complexes by comparing direct
infusion FTICR MS spectra of samples spiked with both natural and rare isotopes of metals of
interest, comparing the ratio of features across samples. This was compared to another method
based on separation using online HPLC-FTICR MS and detection of isotopologues with coherent
elution profiles. While the isotope exchange method required significantly shorter analysis time,
nearly twice as many metal-organic species were measured by HPLC-FTICR MS. This highlights
how ion suppression is one of the key challenges in overcoming the detection of metal-organic
species in complex mixtures.

Techniques such as liquid chromatography hyphenated inductively coupled plasma mass
spectrometry (LC-ICPMS) have been used to quantify the various metal species present in DOM
samples,” and FTICR MS and other high-resolution mass spectrometry techniques have been used
to determine the molecular formula of these compounds. This approach has been used to identify
and quantify chelating agents of biological origin in soil samples and the chemical form of heavy
metal or halogenated contaminants in terrestrial environments.* Thus, FTICR MS combined with
metal quantification provides insight into the processes that govern the transport, fate, and
ecological effects of nutrients and contaminants in soils by providing unprecedented information on
elemental speciation.

2.4.5 Fragmentation, Separation, and Metabolomics

While FTICR MS analysis can attribute chemical formulas to molecules within complex
SOM mixtures, identifying specific molecular structures such as metabolites or their transformation
products requires pairing FTICR MS with chromatographic and fragmentation analyses. Liquid
chromatographic separations prior to offline or online FTICR MS has several benefits. The

separation of molecules that must otherwise compete for charge reduces the suppression of pootly
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ionizing molecules, reducing matrix effects and enabling the detection of a greater number of
species.”?* In addition, separations can often resolve structural isomers that appear as a single
feature with direct infusion FTICR MS (Figure 2.14).”"" These structural variants may have distinct
sources, functional groups, and fates in soils, and thus distinguishing between isomers by LC-FTICR
MS could be important to decipher processes that form, preserve, and degrade SOM. The
chromatographic separation modes generally selected for these analyses are aimed at separating low
molecular weight molecules within the /7 range of FTICR MS. Reverse phase liquid
chromatography is typically applied to organic matter extracts, often mimicking the mode of

0 0_ .y . .
209.201207209272 Hydrophilic interaction chromatography

retention used during solid phase extraction.
(HILIC), a variant of normal phase chromatography, is also well suited for the separation of polar
components of SOM.””>*"* Both separation and ionization are strongly impacted by the choice of
mobile phase. Methods commonly employ mass spectrometry grade water, alcohols, and acetonitrile
along with volatile pH buffers (e.g., formic acid, acetic acid, ammonium formate, ammonium
acetate, or ammonium hydroxide) due to their compatibility with ESI MS. The selectivity of
different chromatographic methods for separating DOM has recently been reviewed by Sandon ez
al?”

Separation also facilitates the acquisition of tandem MS/MS fragmentation spectra for

individual compounds by reducing the number of ions that may appear within a single MS isolation

window. Fragment analysis has been used to determine the presence of specific functional groups or

269 276

structures within DOM and other complex mixtures such as carboxylic acids,™ sulphates,

277,278 264

aromatic archipelagos, and metal-binding moieties.”* MS/MS spectra provide a diagnostic
molecular fingerprint that can be compared to the fragmentation spectra of known molecules to
facilitate structural elucidation. Libraries of MS/MS fragmentation spectra collected with collision-

induced dissociation are ever-growing,”” and developing computational tools for predicting spectra
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of molecular structures iz silico is an active field of research.” % Longnecker e# a/** coupled L.C
FTICR MS/MS with i silico fragmentation computational tools on Thalassiosira psendonana to study
novel, intracellular metabolites, finding that they were related through sulfoquinovosyl head groups.
Another developing tool is feature-based molecular networking, which links MS/MS spectra by their
spectra similarity, permitting the use of precursor masses and structural information from
compounds with library matches to help determine the structures of spectrally similar compounds
with no library matches.”**** Putative identifications using tools such as iz silico fragmentation or
feature-based molecular networking can be confirmed by compating retention time and MS/MS

spectrum of an authentic compound using the same analytical method used for the soil sample.

s fee e el —p» FT-ICR MS

[C20H2802 + HJ'
301.216 m/z

[C20H2803 + H*
317211 m/z

10 20 30
Retention Time (min)

Figure 2.14 Extracted ion chromatograms from an LC-FTICR MS (21T) of a soil water extract. Mass ranges about each
m/ % were £0.005 Da, where each trace represents the protonated monoisotopic form of the molecular formula
indicated. Peaks separated for each formula represent different isomers. Unpublished data from the Boiteau Lab.

h, %28 essential metabolites with

Finally, while they play a significant role in microbial growt
a molecular weight <200 Da such as acetate, pyruvate, amino acids, glucose, fructose, and succinate

are typically either outside the optimum mass range of FTICR MS (i.e., 150-1000 7/3) ot harder to

289

ionize amongst matrix effects."* Gas chromatography mass spectrometry (GC-MS),™ nuclear

290,291

magnetic resonance (NMR) spectroscopy, and liquid chromatography mass spectrometry (LC-
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MS),”™ atre the preferred instrumentations to identify these critical small metabolites and their

/?¥ used GC-MS to estimate microbial metabolite

structure in SOM. Recently, Swenson e/ a
availability in soils while Martins ¢# /> used '"H NMR to measure acetate and methanol metabolite
concentrations using samples from the Prairie Pothole Wetlands in North America. Using LC-
MS/MS in positive- and negative-ionization modes, Ladd ¢f a/”’* were able to identify a wide range
of compounds (eg. amino acids, plant/microbial metabolites, sugars, lipids) present in artic soil
DOM. Thus, combining multiple analytical techniques can help improve detection and annotation
of central and secondary metabolites in SOM important for microbial biogeochemical cycling in soil
ecosystems.””’

Coupling mass spectrometry with microbial techniques (e.g., metaproteomics,” community

291

composition profiling™") and novel bioinformatics approaches such as correlation networks and

metabolite prediction tools** >

(Figure 2.15) can also be useful for determining microbial
decomposition pathways of OM and gaining insight into relationships between bacterial
communities and SOM composition.”>*”**>*™" Using FTICR MS, 'H NMR, and community
composition, Martins ez a/*' found that extremely high sulfate reduction rates and methane fluxes in

/3" also used

Prairie Pothole Wetlands were driven by abundant carbon substrates. Graham ez a
FTICR MS, gene expression, and community composition to gain mechanistic insight into
hyporheic zone organic matter processing. This multi-omics coupled approach revealed a
pronounced phenotypic plasticity in the hyporheic zone microbiome with similar microbiome
structure, functional potential, and expression across sediments with dissimilar metabolic rates.
Diverse nitrogenous metabolites and biochemical transformations as inferred by FTICR MS

appeared to be the significant regulatory factor influencing hyporheic zone organic matter

processing.

38



\/
Vv
.Y L .
Y \4
¥ Y, oW
Y
e
v;_ -.W
e, 4 v Y
/ © > \ Biomolecular Class Color
X | Y | Y. Y. Y Amino Sugar
v \\ ) // v A\ Carbohydrate
‘ - * LisrTin
Lipid
Y Protein
Tannin -
Y Unsaturated Hydrocarbon
Other
\4

Figure 2.15 Correlation networks between microbial communities (arrowhead) and metabolomic features identified
from peaks (colored dots) from FTICR-MS data in peat soil. Pairing metabolomics by FTICR MS with amplicon
sequencing can be used to identify how different microbial populations ate related by specific biomolecular classes.
Arrowheads linked to the same dot indicates that microbial populations are each related through the same peak (solid
red circle), and dots surrounding an arrowhead indicates that the associated peaks are unique to that microbial
population (dotted red circle). Unpublished data from the Tfaily Lab.

2.4.6 Complementary Spectroscopic Techniques

Molecular characterization of SOM composition and reactivity often relies on combining
FTICR MS with complementary analyses that provide additional information on bulk properties,
elemental composition, molecular structure, or spatial distribution. The requirements for a ‘clean’
sample devoid of nonvolatile salts and the challenge of converting analytes into gas phase ions
means that there are significant biases that affect signal intensity beyond concentration. The
complex nature of SOM makes identifying the diverse range of organic compounds (e.g., lipids,
lignin, sugar, fermentation byproducts, charred residues) present in different soil types challenging to
analyze. Furthermore, while FTICR MS detects molecular features, direct infusion mass spectra
cannot by itself distinguish between structural isomers. Fortunately, additional information from

other techniques can be used to attribute molecular formula to functional classes and to particular

metabolites. FTICR MS is thus a central component of the analytical suite needed to understand
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metabolisms and organic matter transformations in soils. Here, examples utilizing spectroscopic
techniques will be presented to illustrate how to utilize them to obtain robust conclusions.
Spectroscopic analyses that distinguish the functional groups and bonding environment of
SOM components can provide significant quantitative bulk information that complements the
molecular composition information of FTICR MS. NMR is particularly complementary because the
major functional groups that comprise organic matter are often well resolved in NMR spectra,
although the removal of paramagnetic elements such as iron in the samples is required. In previous
studies combining these techniques to study marine and wetland dissolved organic matter, Hertkorn
et al””"* demonstrated that solid phase extracted DOM exhibited NMR shifts characteristic of
aliphatic and carboxyl groups, while FTICR MS showed the abundance of diverse suites of
unsaturated CHO, CHNO, CHOS molecules. They synthesized this information into the concept
that carboxylic rich alicyclic molecules comprise a major component of DOM. Two-dimensional
correlation analysis has been used to link FTICR MS and NMR data across a salinity transect by
Abdulla e al. 2014.°" The results of these analyses suggested that CHO compounds correlate
strongly with carboxyl-rich compounds observed by H' NMR while heteropolysaccharides correlate
with mass peaks which contain heteroatoms such as nitrogen, phosphorous and sulfur. DiDonato e#
al. 2016"* combined solid state ’C NMR and FTICR MS to compare humic acids derived from well
aerated versus poorly drained soils. They observed that aerated soils had a higher proportion of
condensed mass spectral features, which was corroborated by the higher proportion of aromatic
carbon observed by NMR. Together, these results suggested major differences in aliphatic, lignin-

like, cyclic, and condensed aromatic classes across soil types (Figure 2.10).
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Figure 2.16 Comparisons between unburnt (parent) and pyrolyzed (400°C) oak (Quercus lanrifolia) using (-\DAPPI
FTICR MS with solid-state 13C NMR to corroborate and describe changes to features during pyrolysis. Reproduced
from Podgorski ef a/.!8!

Optical measurements have been used and continue to be used to infer organic matter
quality through correlations with bulk molecular weight, aromaticity, and humic/fulvic and amino
acid content in numerous studies.””*” Fourier transform infrared spectroscopy (FTIR) and
fluorescence excitation emission spectroscopy (EEMS) can resolve organic functional groups
including amide, ester, carbohydrate, phenol, aliphatic and carboxyl functionalities in DOM, and can
thus corroborate some compound classes attributed to FTICR MS signals. Hodgkins ez a/*** used
FTIR and FTIRCR MS to compare peat organic matter structure across a thaw gradient. FTTCR MS
analysis suggested a trend from larger O/C rich molecules to smaller compounds with lower O/C

ratios across the thaw gradient (Figure 2.17).
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Figure 2.17 Average peat FTIR absorption spectra, with between-site standard errors as shaded areas. Spectra are
stacked (i.e., absorbance = 0 at each apparent baseline) and sized to the same vertical scale. (A) Organic acids in
incubated peat samples (preincubation) decrease with thaw from collapsed palsas (n = 2) to bogs (n = 3) to fens

(including both sedge only and Sphagnum + sedge; n = 4). (B) In fens, humification leads to spectral changes between
surface (n = 3) and deep (n = 3) peat. Reproduced from Hodgkins e a4

This was consistent with a decrease in hydroxyl rich carbon relative to aliphatic and aromatic
in the FTIR spectra suggesting degradation of carbohydrates. Malik ez /" used FTICR MS and
FTIR to characterize the organic matter released from soils after chloroform fumigation extraction,
which is commonly used to estimate soil microbial biomass. FTIR analysis confirmed the
enrichment of aliphatic CH bonds in the fumigated DOM, which together suggested that fumigation
largely increased the recovery of membrane lipids. EEMS detects aromatic fluorescent components
of DOM, and these signals are often attributed to functional classes with similar signatures such as
lignin phenols, quinones, proteinaceous residues incorporating tryptophan or tyrosine, and
refractory humic and fulvic acids. FTICR MS has been used to provide information on the potential
molecular identities of these fluorescent agents by correlating the fluorescent signals to the
components observed in FTICR MS spectra.’”” EEMS has also been used to differentiate between
terrestrial, microbial protein-like, and marine organic matter inputs.”””” Together with absorption

spectroscopy, they represent inexpensive and fast tools that allow for high throughput. Thus, high-
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resolution sampling in both space and time is possible. Both techniques can be done in situ and may
be used by remote sensing allowing high-frequency, real-time data collection for understanding

ecosystem propetties.””’"’ While these measurements are highly suitable for looking at a broad range

1115 116

of extracted material "~ and oxidation states that are more or less bioavailable, ™ these compounds
represent only a small fraction of the total organic matter pool.””""""* Thus, for studies that involve
microbial communities and microbial pathways, we recommend complimenting optical

measurements with either of the above mentioned spectrometric and spectroscopic techniques that

allow us to look for individual compounds.

2.5 Future Directions

The strength of FTICR MS as an analytical tool lies in its unrivaled ability to detect
individual organic molecules that make up the tremendously complex mixtures found in soils.'”
Despite this, challenges associated with selectivity and the numerous equivocal peak assignments
ultimately limits the processing and comparison of samples between studies. The utilization of
complementary techniques that reinforce and constrain FTICR MS data are often needed to fully
interpret the large and complex FTICR MS datasets. The use of spectroscopy provides highly
complementary data on molecular origin or structure.’”

Experimental design and sample preparation are critical steps because data are mostly
qualitative and pootly reproducible across laboratories even on similar samples and within the same
experiment on the same instrument.”>'""?"*"* Thus, it is important to ensure standardized protocol
that minimizes influences on dependent and independent variables, where numerous biases and
considerations are summarized (Table 2.1). Several future developments and needs for the

application of FTICR MS to SOM are discussed below.
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2.5.1 Unified Sample Preparation

The high chemical diversity of organic compounds in SOM means there is no universal
technique for complete and comprehensive extraction, and the resultant analysis and discussion
should reflect the limitations of the selected technique to avoid data misrepresentation. Comparisons
between studies using different preparations are therefore limited as our understanding of how each
preparation alters and isolates the SOM content is still developing.'*>'*"'** Characterizing the effects
to SOM during preparation would aid in normalizing SOM content against artifacts from
preparation, supporting more effective comparisons between data sets. Therefore, a more thorough
understanding of the biases introduced during preparation is needed to develop unified sample
preparation techniques specific to a target fraction. Standardized protocols for specific sample

environments are critical in establishing comparable samples between laboratories and studies.

2.5.2 Automated Internal Calibration
While calibration strategies continue to become more refined in ultrahigh-resolution data,
calibration remains dependent on instrument condition and is subject to user input which ultimately

contributes to the poor reproducibility across laboratories.””

Developing automated internal
calibration strategies would therefore aid in the consistency and removal of bias during the analysis
of FTICR MS samples, such as with the implementation of the ICBM-OCEAN?” protocol,
however procedures remain unique to different laboratories. Standardized SOM processing methods

are expected to increase sample reproducibility and provide more opportunity for comparison
between datasets.
2.5.3 Investigation of Ionization Techniques

Negative ESI remains the most commonly applied ionization polarity and technique for
SOM, and other techniques, such as APPI, are capable of extending the range of ionizable features

to less polar and aromatic functionalities. These techniques can be coupled to MS/MS systems for
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fragmentation, however collecting MS/MS spectra free from co-isolated precursor fragments has
remained a major challenge when fragmenting complex mixtures. Charge acquiring leaving groups
such as COO- are abundant during fragmentation of SOM and result in the loss of attributable
daughter ions. Structurally informative fragmentation requires the investigation of new solution-
based ionization techniques and methods that employ functionality specific ionization. To this end,
the development of metal cationization or solvent pH modification methods for specific precursor

compounds may provide much higher specificity in the ionizable fraction.

2.5.3 Unified Database Repository

Due to the significant effort required to validate mass spectral features and the large number
of features in soil that do not match any fragmentation spectra in databases, comprehensive
identification of metabolites in soils remains a major challenge. Therefore, the implementation of a
unified database repository using standardized protocol with elemental compositions for SOM
datasets worldwide is of great interest for comparisons across temporal and spatial scales in
environmental samples. Such repositories could be used to rapidly compare and identify peaks as
potential metabolites by linking known and unknown compounds in correlation and network
analysis, multi-omics techniques, and fragmentation spectra similarity in targeted analysis.’"> These
advances would be critical in conducting statistics using larger datasets, identifying stabilization

mechanisms and pathways, and in informing multi-omics approaches in SOM analysis.
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Table 2.1. Table of common sources of error/bias duting sample prepatation and analysis for FTICR MS. Aspects to
consider and recommendations are provided.
Considerations and Recommendations

Sources of Error/Bias

Sample Collection and

Preparation

o Sample Uniformity

o  Contamination

o  Extraction Methods

o  Extraction Conditions

o

Ensure samples are well mixed when
applicable;  analyze  pooled  samples
periodically throughout sample batches to
monitor instrument stability and sensitivity.
Clean sampling equipment (e.g., combusted
glass or medical grade polypropylene) prior
to sampling

Using a priori knowledge, prepare polat/non-
polar/mineral-bound extracts separately to
avoid biases in ionization.

Extraction and storage conditions (e.g., pH,
temperature, volume of extractant, extraction
time) should be consistent across sample sets
Artifacts (e.g., byproducts formed during
extraction or storage) can be introduced from
harsh conditions, conditions should be noted
in following spectra and visualizations.
Solvent of choice should be compatible with
FTICR MS.

and Mass
Acquisition

Data Collection
Spectrometry
Modes

o  lonization Method
Selection

o Sample
matrix/instrument
variability

Method and mode should target fraction
selected during extraction. For bulk SOM,
multiple modes provide the largest window
into SOM composition.

Quality control strategies and samples (e.g.,
pooled quality control and standard samples
run per analysis session)

S/N should be carefully considered based on
the calibration performed (e.g., not set
arbitrarily)

Data Pre-processing and

Formula Assignment

o  Molecular formula
assignment pipeline

o  Formula assignment
quality

Heteroatoms included during assignment
should be chosen based on a priori
information.

Exercise  caution/manually  assign  and
remove known artifacts (e.g., solvent clusters,
extraction byproducts) and contaminants
(e.g., surfactants, solvent contaminants) in
data post-processing.

Assignments should be supervised with
quality control strategies (e.g., error plots,
continuity in calculated indices/heteroatoms)

Data Visualization

o  Data over-interpretation
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Data visualization approaches will influence
the outcome of the results (e.g., grouping by
biomolecular class approximations)

Methods using assigned formulas (e.g., VKK
diagrams, NOSC vs. C) only approximate
features/origin; approximations need support
from a priori information, experimental
design, and complementary analyses.

Formula assignment should not be assumed
to represent bulk SOM; only a subset of
SOM residues are measured.

Not all indices are appropriate for use in
statistical technique.



CHAPTER 3: IMPROVED DYNAMIC RANGE, RESOLVING POWER, AND SENSITIVITY
ACHIEVABLE WITH FT-ICR MASS SPECTROMETRY AT 21 T REVEALS THE HIDDEN

COMPLEXITY OF NATURAL ORGANIC MATTER?

3.1 Introduction

Fourier transform ion-cyclotron resonance mass spectrometry (FT-ICR MS) is the only mass
analyzer that can resolve the molecular complexity of natural organic matter at the level of elemental
composition assignment and has been applied to a wide range of natural systems (e.g., crude oil,
petroleum, weathered oil, biofuels, permafrost, glacial thaw, emerging contaminants, food, and

112 However, expetimental conditions

pyrogenic, dissolved, soil, and other natural organic matter).
including ionization source configuration, ion accumulation and transfer optics, detection cell
geometry, excitation/detection parameters and magnetic field strength present challenges for
comparison of complex organic mixtures composition assignment between FT-ICR mass analyzers
worldwide.

Recently, Hawkes et. al led an interlaboratory comparison of Suwanee River Fulvic Acid
(SRFA),” a reference standard produced by the International Humic Substances Society (IHSS), a
polydisperse, polyfunctional mixture of organic acids derived from allochthonous plant organic
matter (i.e., a mixture of degraded tannins, lignins, carbohydrates, and lipids).”'">"'**'” SRFA has
been widely used as an analytical reference standard in the molecular characterization of dissolved
organic matter (DOM) by negative-ion electrospray ionization due to its high acid content, and thus,

is one of the widely used standards in analytical method development for complex organic mixture

analysis. Most mass spectrometry studies on SRFA couple negative-ion electrospray ionization (ESI)

* This chapter contains material that was reproduced with permission from Bahureksa, W.; Borch, T.; Young, R. B,;
Weisbrod, C. R.; Blakney, G. T.; Mckenna, A. M. Improved Dynamic Range, Resolving Power, and Sensitivity
Achievable with FT-ICR Mass Spectrometry at 21 T' Reveals the Hidden Complexity of Natural Organic Matter. Anal.
Chem. 2022, 94 (32), 11382-11389. Copyright 2022, American Chemical Society.

47



to the mass analyzer, where ionization occurs through deprotonation reactions of acid groups.”’
Across ten commercial and custom-built FT-ICR mass analyzers in the study, compositional
differences (e.g., H/C and O/C ratios) derived from the number and type of assigned elemental
compositions ranged from ~2000 peaks to ~5000 peaks on magnets ranging from 7 T to 15 T, and
highlighted disparity in all aspects of the mass analysis, including ion source configuration, ion
accumulator/transfer  hardware, ICR cell geometry, excitation/detection  parameters,
external/internal calibration equations, and data processing strategies and software. The resultant
peak assighments varied in average oxidation state, saturation, and aromaticity by up to a total of
~15% for peaks common between the FT-ICR MS instruments with even larger differences when
considering peaks unique to each instrument. This demonstrates the influence of numerous
instrument parameters that limit the measurement of ions and the “true” representation of complex
mixtures.

Often, studies compare the molecular signature of DOM from negative-ion ESI FT-ICR MS

P18 terrestrial,”" lacustrine,”'* and arctic field samples to the IHSS SRFA

from a range of marine,
standard as a control.’”® Stenson, et al. first applied FT-ICR MS at 9.4 tesla to SRFA in 2003, and
assigned ~5000 elemental compositions.””” Since 2003, numerous studies have characterized SRFA,
including two interlaboratory comparisons to investigate the impact of various commercial and

custom-built FT-ICR mass analyzers (Table 3.1).**’*" Experimental conditions are crucial at every

stage of the FT-ICR MS experiment, including ion source,’® ion accumulator,” ion transfer optics

] 323.324 325,326
bl

and lengt tf transfer settings,” ICR cell geometry, and excitation waveform,'” in addition
to magnetic field strength. Importantly, the type of FT-signal processing can significantly impact the
mass spectral data quality, with absorption mode data resulting in ~30% improvement in resolving

power compared to magnitude mode.”** Mass accuracy improves significantly through application

of an internal “walking” calibration, and results in sub-ppm mass measurement error across
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thousands of elemental composition assignments."®”* All of the performance metrics of FT-ICR
MS improve with higher magnetic field- mass resolving power and acquisition speed lineatrly,
whereas mass accuracy, peak non-coalescence and dynamic range increase quadratically with field

strength.”*! In addition, the higher the magnetic field, the less susceptible an FT-ICR mass

) 332

analyzer is to ion number-induced frequency shifts (space charge effects)™ that can impact

subsequent peak identification and calibration.'®”*****

Table 3.1 Resolving power, dynamic range, and number of elemental compositions assigned in total and in each
heteroatom class at each peak-picking threshold for Suwannee River Fulvic Acid (SRFA).

Peaks | Magnet| Noise | Resolving Power }}; rrrlore m/ Experimental | Assigned DOI
assigned | size (T) [Threshold (x 1073) ang Range Elements
(ppm)

5000 | 9.4 | Unlisted | 200 (at m/5 400) Vaf‘els 6<><'5 Unlisted CHNO Na 10.1021/2c026106p

7547 9.4 >3 Unlisted <1 Up to 1000 CHNOSP 10.1021/ac061949s

2123 9.4 >3 150 (at 2/ g 500) <0.5 0-1000 CHO 10.1021/ac800464g

2551 7 >3,>5 | 400 (at »/z 400) <1 150-1000 CHNOSP [10.1016/j.0rggeochem.2011.11.007
1549 9.4 >6 750 (at 7/ 3 500) <1 200-1500 CHNOS [10.1016/j.0rggeochem.2013.09.013
8158 21 >3 1,200 (at /% 367) <0.5 200-1000 CHNOPS 10.1007/s13361-016-1507-9
900 7 Unlisted |200 (unlisted 7/3) <0.2 200-650 CHON 10.1021/acs.est.6b05140

1938(?(’) 9.4,21 >6  [2,700 (at 72/% 400) <0.5 200-1500 CHNOS 10.1021/acs.analchem.7b04159
3050 7 Unlisted | 400 (at 7/% 400) <0.5 150-800 CHNOS 10.1002/rcm.8165

3300 9.4 >6 >260 (at /% 400) <0.2 200-800 CHNOS 10.1021/acsomega.0c01055
8000 12 >2 1,200 (at 7/ % 400) <0.5 150-1000 CHNOS 10.1021/jasms.0c00138

2000 - 100 — 1,000 (at -

5000 9.4 >4 /3 401) 1 150-1000 CHNOS 10.1002/lom3.10364

Peak picking in mass spectrometry establishes the signal magnitude threshold for mass
spectral peaks in a spectrum: peaks with signal magnitude above the threshold are considered for
elemental composition assignment. Peak-picking at lower noise threshold results in higher peak
counts but higher mass error due to peaks with lower S/N ratio, illustrating the trade-off between
sensitivity and selectivity in the molecular assignment process. Typical ranges for peak picking

thresholds for FT-ICR MS analysis of complex organic mixtures range from three to six times the
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average baseline noise level (i.e., 30 to 60).”*** The definition of limit of detection (LOD), has
been defined by the following equation IUPAC):*
XLoDp = Xnoise T KOnoise

Where k is a numerical factor chosen for the desired confidence level. If we consider k = 3
(30), peaks above this threshold are identified at the 99.6% confidence interval provided the noise is
normally distributed (Gaussian). Practically, this means that for peaks identified at this threshold,
997 instances of 1000 replicate measurements will be true analytes and not random noise fluctuation.
Selecting k > 3 limits sensitivity while only enhancing selectivity marginally, as shown by the analysis
herein. Previous studies report ~2000 to 7500 elemental composition assignments at 3o by 9.4 T
FT-ICR MS in SRFA,*"¢ whereas comparison at 4o identified ~2000 to 5000 assignments from ten
FT-ICR mass analyzers (7 T to 15 T).** At higher noise thresholds from 9.4 T data, ~2500
assignments are reported at 50,"”" and ~1500 to 9000 at 66."”** To date, the highest number of
peaks reported on SRFA results from 6o peak picking and yields ~13,000 elemental composition
assignments at ~60 ppb RMS mass error with 21 T FT-ICR MS."”

Once resolved and peak-picked, the tens of thousands of mass spectral peaks in a single
DOM sample must be internally calibrated to result in sub-ppm mass error for elemental
composition assignment. Internal calibration on highly abundant homologous series within the
sample itself result in the lowest mass error across a wide molecular weight range.”* Internal
calibration is based on the quadratic Ledford equation,” though other equations (e.g., linear,
polynomial) and the “walking” calibration'® have also been widely used. Current reports for mass
measurement error range from ~25-50 ppb to 2-5 ppm for DOM species by FT-ICR
MS 2260176193321

Elemental composition assignment software for complex organic mixture FT-ICR MS

include open-source software (e.g., UltraMassExplorer,” Formularity*'*), open-source R, Python,

50



C++, or MATLAB molecular formula assignment tools (e.g., CoreMS,”* CIA,"" MFAssignR,*”
TRFu*”, ICBM-OCEAN®®), and molecular formula  assignment software (e.g,

341

PetroOrg/EnviroOrg™!, Composer’™). Each method involves the differentiation of elemental

composition assignments based on Kendrick mass defect analysis,™

elemental composition
constraints, mass error, and isotope confirmation to increase reliability.

The custom-built, 21 T FT-ICR mass spectrometer at the NHMFL leads the world in
complex mixture analysis, and routinely achieves resolving power in excess of 1,500,000 (at 7/z
400), the lowest mass measurement error (10-50 ppb RMS error), and highest dynamic range of any
mass analyzer,'™'”** fitted with automatic gain control (AGC) to minimize scan to scan variations in

ion number,*****

and enables identification of species that differ in mass by roughly the mass of an
electron.'™” The increase in dynamic range (ratio of highest to lowest peak) is critical to
simultaneously detect low abundant species and high abundant species without distorting relative ion
abundances.”

Here, we leverage the high dynamic range, resolving power, resistance to peak coalescence,
and maximum number and trapping duration of trapped ions in a 21 T instrument for complex
organic mixture analysis.” We compare the impact of peak picking threshold (30, 40, 50, and 60) on
elemental composition assighments, mass measurement accuracy, mass resolving power, and
dynamic range for the highest resolving power broadband FT-ICR mass spectrum collected to date
on dissolved organic matter, a 6.3 second transient from /g 200-1200. We identify O and 'O
isotopologues for highly abundant oxygenated species in a broadband mass spectrum for first time,
and report isobaric overlaps on the order of a few electrons that require mass resolving powers only

achievable by 21 T FT-ICR MS. Furthermore, we increase mass resolving power by ~30% through

absorption mode data processing, leveraging the high dynamic range to provide a molecular
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catalogue of a widely utilized reference standard to the analytical community, and the highest

performing mass analyzer for complex mixture analysis to date.

3.2 Materials and Methods

3.2.1 FT-ICR Mass Spectrometry of SRFA

Suwannee River Fulvic Acid (SRFA) standard obtained from the THSS (https://humic-
substances.org/ the-third-batch-of-suwannee-tiver-humic-and-fulvic-acids/) was diluted in HPLC
grade methanol (JT. Baker Scientific, San Jose, California) without any further modification prior to
negative-ion ESI 21 tesla FT-ICR MS analysis.”"">*'*"7

All solvents were HPLC grade (Sigma-Aldrich Chemical Co., St. Louis, MO) and extracts
were ran without further modification by negative ion electrospray ionization. SRFA extracts were
analyzed with a custom-built hybrid linear ion trap FT-ICR mass spectrometer equipped with a 21 T
superconducting solenoid magnet.'”* Sample solution was infused via a microelectrospray source
(50 um i.d. fused silica emitter) at 500 nl./min by a syringe pump.**® Typical conditions for negative
ion formation were: emitter voltage, -2.4-2.9 kV; S-lens RF level: 45% ; and heated metal capillary
temperature, 350 ° C. Ions were initially accumulated in an external multipole ion guide (1-5 ms) and
released m/z-dependently by a decreasing auxiliary radio frequency potential between the multipole
rods and the end-cap electrode. Ions were excited to m/z-dependent radius to maximize the
dynamic range and number of observed mass spectral peaks (m/z 200-1500; 32-64%), and excitation
and detection were performed on the same pair of electrodes. The dynamically harmonized ICR is
operated with 6 V trapping potential. Time-domain transients of 3.1 seconds were acquired with the
Predator data station, with 100 time-domain acquisitions averaged for all experiments, which were
initiated by a TTL trigger from the commercial Thermo data station. Formulas containing carbon

(©), hydrogen (H), oxygen (O), nitrogen (N), and sulfur (S) were assigned using experimentally
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measured masses and were converted from the International Union of Pure and Applied Chemistry
mass scale to the Kendrick mass scale®® for rapid identification of homologous series for each
heteroatom class (i.e., species with the same CH,N,O.S; content, differing only be degree of
alkylation).” For each elemental composition, CH;N,O,S,, the heteroatom class, type (number of
tings plus double bonds to carbon, RDBE = C —/2 + n/2 +1)* and carbon number, ¢, were
tabulated for subsequent generation of heteroatom class relative abundance distributions and
graphical relative-abundance weighted images and van Krevelen diagrams. Peaks with signal
magnitude greater than 3, 4, 5, and 6 times the baseline root-mean-squate (rms) noise at 7/z 500
were exported to peak lists, phase-corrected,® and internally calibrated on the basis of the
“walking” calibration method." Molecular formula assignments and data visualization were

performed with PetroOrg © software.””'

Molecular formula assignments with an error >0.4 parts-
per-million were discarded, and only heteroatom classes with a combined relative abundance of
=0.15% of the total were considered.

Dynamic range was calculated by dividing the max peak hieght by the minimum peak height
of the most and least abundant peaks assigned, respectively. Resolving power was calculated by
averaging the /msp, for peaks between /3 395 — 405. Isobaric ovetlaps were identified by
calculating mass differences among all assigned formulas, and then sorting and filtering them for
differences less than Am/z 0.03638. Assignments corresponding to mass differences below Am/z
0.03638 were tabulated and checked to ensure atoms in each overlap were consistent, then
experimental averages and standard deviations were calculated for each overlap. The atoms indicated
by each ovetlap were used to calculate the theoretical Am/z and used to compare with the
experimental values (Table B.1). Absorption-mode FT-ICR mass spectra files and assigned

clemental compositions are publicly available via the Open Science Framework at

https://osf.io/zgx3y/ (DOI 10.17605/OSE.1I0/ZGX3Y).
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3.3 Results and discussion

3.3.1 Resolving Power > 2,000,000 and High Dynamic Range at 21T Identifies New Isobaric
Species

Figure 3.1 shows a broadband negative-ion electrospray ionization of SRFA collected on a
custom-built 21T FT-ICR mass spectrometer that spans from 200 < /% < 1200, centered at 7/3
540."37%* More than 560 scans were signal averaged over a 6.3s acquisition period with signal
lasting the entire acquisition petiod, with achieved resolving power of m/Amsg, (in which Amsgy, =
mass spectral peak width at half maximum peak height) of 2,250,000 at 72/z 542. The mass spectral
complexity is highlighted in the mass-scale expanded zoom inset of 0.3 Da (542.0 < /2 < 542.3).

Figure 3.1 also highlights the improved dynamic range of the 21 T, demonstrated with a
mass-scale zoom inset at 72/ 3 542 (top right) with peak-picking thresholds annotated at 3o (red) and
60 (blue). Peak-picking at three times the baseline noise level (30) exports lower abundance peaks to
a peak list where isobaric species differ in mass by Am/3z 0.000430 ([Cs7H3O2"Co-H]? and
[C2sH1501281°C-H]) (top, green arrows)'” at sub 10 ppb mass error. Furthermore, isobaric species
with the same nominal mass (59 Da) that differ in exact mass by 600 pDa (roughly the mass of an
electron, 548 pDa), differ in elemental composition by CoH3S; and N1O,"C are baseline resolved
with mass etror of +/-100 ppb. A shift in experimental mass difference is likely caused by an

unresolved peak or shoulder at high frequency on #/z 542.05580.

54



c

Am/z 0.430
miz 542.04668—  —miz 542.04712
[C47H3,05,'3C, — 2H]2 1[C24H140,;,8,°C — HI" 600 uDa
2ppb . i 9 ppb C,H;8,/N,0,"3C,
i i 542.05520 —! l+— 542.05580
! [C2eH7N,0,8—HI'} § [CagH14N;04,"*C-H]-
j\ : +100ppb | ! -100 ppb
542.045 542.046 542.047 ; i i E
% 0.028 H i H i
.:.‘:S ‘(7)- 0,02‘3E 542.054 542.055 542.056
c = 3
g § 0.015]
=
£s
o
(/]

w o
Q9

£ |P

o

s '3
LUl

3 4 5 6

12
Time (s) T T .
542.04 /EEES/'/

m/Am,,,, at m/z 542 = 2,250,000

e —

L .IMJ.,I M L1

T T T T T T T T T T T T T
800 1000 1200 542.00 — 54210 542.20 542.30
miz mlz

T T T
200 400 600

Figure 3.1 Negative-ion ESI 21 tesla FT-ICR mass spectrum of the Suwannee River Fulvic Acid (SRFA) standard with
insets depicting mass spectral complexity, resolving power, and dynamic range. (A) Transient signal averaged over 560
scans and a 6.3s acquisition window with a zoomed inset. (B) broadband FT-ICR mass spectrum between 7/ 200 —
1200, centered at 72/ % 542. (C) 300 mDa mass scale-expanded segment from /3 542.0 — 542.3, with achieved resolving
power, m/Amsgy, (Amsoy, = the full mass spectral peak width at half-maximum peak height) of 2,250,000 at 72/ 542.7% A
mass scale-expanded zoom with cutoffs indicated between 3o (red) and 6o (blue) is demonstrated within this segment
for peaks considered as mass spectral peaks (as opposed to noise). Portions of the spectrum are expanded further in
insets for peaks identified in the 30 between /3 542.046 — 542.048 and 542.054 — 542.056.

Table 3.2 shows the resolving power (i.e., 7/ sy, averaged from peaks between /3 395 —
405), dynamic range (i.e., the max peak height divided by the minimum peak height of the most and
least abundant assigned peaks, respectively), and number of peaks assigned elemental compositions
in total and by heteroatom class from the SRFA spectrum at each peak-picking threshold. To date,
this mass spectrum represents the highest achieved resolving power for direct infusion mass
spectrometry of dissolved organic matter, with achieved resolving power of ~3,000,000 at #/% 400
at each peak-picking threshold. The dynamic range decreases by nearly a factor of 2 between the 3o
and 6o thresholds (374.2 to 191.7) and impacted the number of formulas assigned: the total number

of assignments within the spectrum decreased from 36109 at the 3o threshold to 23641 at the 6o
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threshold, and disproportionately affected different heteroatom classes. The CHNO assighments
decreased by ~45% from the 3o to the 6o (from 8776 to 4850), and CHOS assignments decreased
by ~63% (from 3840 to 1434). In comparison, the CHO assignments decreased only ~25% at 6o
(from 23097 to 17353). Heteroatom classes with multiple, non-oxygen heteroatoms were even
further diminished, where CHNOS assighments decreased by ~99% (396 to 4). This decrease is also

apparent in assignments containing multiple nitrogen, seen in Figure B.1.

Table 3.2 Resolving power, dynamic range, and number of elemental compositions assigned in total and in each
heteroatom class at each peak-picking threshold for Suwannee River Fulvic Acid (SRFA).

. . CHO (w/
o bt anamie] To fmopes and | SN /| 108 0/ o
° adducts)
30 2960218 374.2 | 36109 23097 8776 3840 396
4o 2973674 275.6 | 32855 22736 7425 2541 153
50 2993832 238.0 | 29816 21286 6227 2244 59
6o 3019947 191.7 | 23641 17353 4850 1434 4

3.3.2 Resolution and Identification of O and "O isotopologues in Broadband SRFA 21T
FT-ICR MS

The high dynamic range, sub-ppm mass error, and > 2,000,000 resolving power of the 21 T
enable the first resolution, identification, and isotopic confirmation of oxygen isotopologues in
dissolved organic matter. Figure 3.2 shows a zoom inset at 7/z 505.09878 that cotresponds to the
monoisotopic oxygen species [CosH2O13-H]. The theoretical mass difference between '°O (natural
abundance 99.75%) and O (0.038%) is +1.00421 Da and "°O and O (0.2%) is +2.00424 Da, and
both O and "O isotopologues are detected and assigned. Careful examination of the 'O
isotopologues treveals a 0.87 mDa mass difference sufficiently resolved (m/Ams,=2,600,000-
2,800,000) between the "C isotopologue [C2H»O1;3"C-H] (S/N 172, 40 ppb) and 'O

[C23H2201217O—H]’ (S/N 3, 60 ppb).
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Figure 3.2 Mass-scale expanded inset (bottom) for 505 < /z < 507 from broadband 21 tesla negative-ion ESI FT-ICR
mass spectrum of a Suwannee River Fulvic Acid Standard to highlight the resolution and identification of oxygen
isotopes that can be confirmed by resolution and detection of 13C, 170, and '80 isotopologues at sub-ppb mass error.
(A) The assignment of the monoisotopic species [C23H22013-H] at 72/% 505.09878 and signal-to-noise ratio (S/N) of
708. (B) Assignment of [C22H20131°Cy-H] and [C23H22012!7O-H]- isotopologues, at a S/N of 172 and 3 respectively,
where identification of 17O species for the first time required resolving power > 2,600,000 to resolve isobaric species
that differ in elemental composition by 2C'7O versus 'YO'3C, with an experimental mass difference of 0.87 mDa. The
theoretical mass difference for ?C7O and *O'3C is 0.866 mDa. (C) Assignment of the [C23H22012!80-H]- isotopologue
at 2 S/N of 16 that is resolved from [Ca9H44O24-2H]2 at 2 S/N of 11.

3.3.3 Peak-picking Influences Isobaric Species Identification

Figure 3.3 shows the number of isobaric overlaps detected from elemental compositions
assigned at 3o, 40, 50 and 6o from SRFA. Three overlaps are highlighted: NO,"”C/C,H;S (59 Da
nominal mass and differing in theoretical exact mass by 0.71 mDa); H,O5"C,/C4N; (76 Da nominal
mass and differing in theoretical exact mass by 0.96 mDa); and CoNz/H>0,"*O (52 Da nominal mass

and differing in theoretical exact mass by 1.51 mDa). Each image plots the number of overlaps in
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assigned peaks versus the experimental observed mass difference between 72/ 7 for isobaric species.
The dashed line shows the theoretical mass difference, calculated from the atomic weights. A
complete list of all identified isobatic ovetlaps below a mass difference of 72/z 0.03638 can be found
in Table B.1. The newly identified isobaric overlaps included thousands of assignments that differed
by mass on the order of 1-2 electrons (M.~ = 548 pDa),” resolved for the first time in SRFA at
each peak-picking threshold. For instance, the NO,”C/C;H;S overlap was identified most above 30
(1076 counts), followed by 4o (882 counts), 56 (704 counts), and 6o (506 counts). Interestingly,
newly identified isobaric overlaps that included non-oxygen heteroatoms and “C or 'O isotopes
were the most influenced by the peak-picking threshold. This can also be seen in Figure 3.4, where
nitrogen- and sulfur-containing overlaps were at a maximum at 30 and minimum at 6o. In
comparison, the CHO-containing overlaps increased from the 3¢ to a maximum at 4o, and then
reached a minimum at 6o. This is due to the inclusion or exclusion of low abundance heteroatom or

isotope-containing assignments that plot between CHO-containing overlaps.

N,O, '3C, vs C,H,S,
Nominal Mass: 59 Da
Theoretical Am: 0.71 mDa

H,0; 13C, vs C,N,
Nominal Mass: 76 Da
Theoretical Am: 0.96 mDa

C,N, vs H,0, 180,
Nominal Mass: 52 Da
Theoretical Am: 1.51 mDa

o

2 1250 ' 2 1000 2 1000
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Figure 3.3 Selection of isobaric overlaps identified and counted in each sample, where points are colored by peak-
picking threshold. Points correspond to the average mass difference and lines to the associated standard deviation for
the counted experimental overlaps. The theoretical mass difference is indicated by the dotted center line in each plot.
Each x-axis spans & 0.0001 Da. For a complete list of isobatic ovetlaps below a mass difference of 7/z 0.03638, see

Table B.1.
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Figure 3.4 Number of isobaric overlaps at each peak-picking threshold in total and separated by the heteroatoms
involved in the overlap. Outlined bars indicate the total number of assignments at each peak-picking threshold.

3.3.4 Resolving Power > 2,000,000 Resolves Isobaric Overlaps

Figure 3.5 displays the counts of each isobaric overlap at 3o from Figure 3.4, separated by
m/ % bins every m/z 100 (e.g., 7/ % 300 — 400, 7/ z 400 — 500). Plots of the isobaric ovetlaps binned
by /% at 40, 50, and 6o can be seen in Figure B.2 and follow a similar distribution. For instance,
with the 0.71 mDa isobatic ovetlap, the minimum counts wete on the low (300 < 7/ < 400) and
high (900 < /% < 1000) molecular weight range with 31 (low) and 32 (high) counts. The maximum
count occurred in the center of the molecular weight distribution (500 < /37 < 600) with 328
counts. This highlights the achieved resolving power at higher /% that can resolve and identify
species that differ in mass on the order of an electron out to ~900-1000 Da. The identification of
these species also occurred at high 7/z at 50 and 6o, but at lower counts. This has been directly
compared recently with the /% 0.000430 mass difference visualized in Figure 3.1, which could not
be resolved at 7/ ~600 in SRFA on a 9.4 T FT-ICR MS."” Isobaric overlaps were identified

throughout this study and are well resolved even up to 7/z 1000.
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Figure 3.5 Number of isobaric overlaps in SRFA peak-picked at 3¢ identified in Figure 3.4 and binned by every 7/
100, up to 72/ 1000. Bats ate colored by theotetical isobaric ovetlap that each count was associated with. For the 40, 50,
and 6o bar plots of the selected isobaric overlaps, see Figure B.2.

3.3.5 Elemental Composition Assignments and RMS Mass Error

The mass measurement error as a function of molecular weight for assignments derived
from 3o, 40, 50 and 6o is shown in Figure 3.6. At 6o, more than 23,000 species are assigned with 25
ppb RMS error, whereas 3o results in a 52% increase in the number of assignments (36,000) with 36
ppb RMS error. This slight increase of 11 ppb in RMS error can be accounted for in the assighment
of more species with lower S/N in 3c. Table 3.3 compiles the number of assignments at each %
relative abundance and RMS error for all four datasets. Specifically, ~10,000 more assignments with
signal magnitude lower than 25% total relative abundance at 3o are assigned that have lower S/N
and higher mass error (31 ppb) compared to 6o. Therefore, changes to RMS..or can be attributed
primarily to the bottom 25% abundance quartile, which includes nitrogen and sulfur species (Table
1). Importantly, even with 21 T FT-ICR MS, lower abundance species can be assigned at 3o with

~20-40 ppb RMS error and increases compositional information by ~50%.
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Figure 3.6 Elemental compositions assigned in each of the SRFA samples plotted by mass error versus 7/ 3. RMSeiror
and total number of assignments derived from 3o, 40, 50, and 6o datasets are also tabulated. For assigned peaks by
quartile, see Table 3.3.

Table 3.3 Assignments separated by % relative abundance reported with the associated average mass error and total
number of assignments with RMS mass error for each peak-picking threshold for SRFA.

3 S/N 4 S/N 5 S/N 6 S/N
. Mass error . Mass error . Mass error . Mass error

% R.A.| # assignments # assignments # assignments # assignments

’ £ (ppb) £ (ppb) £ (ppb) £ (ppb)

> 75% 633 12 621 8 608 9 576 9
75-50% 1730 12 1674 10 1620 9 1483 11
25-50% 5179 12 4870 12 4596 10 3873 11
<25% 28,567 31 25,690 27 22,992 22 17,609 20

36 ppb 34 ppb 26 ppb 25 ppb

Total 36,109 RMS 32,109 RMS 29,816 RMS 23,641 RMS

3.3.6 Detection at 36 Extends Compositional Coverage

The increase in detected species impacts the number and compositional coverage of assigned

peaks of features based on stoichiometry. This includes van Krevelen diagrams that plot atomic
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H/C versus O/C ratio to approximate oxidation state, compositional information to biomolecular

precursors,”**

and hydrogen deficiency (e.g., DBE, double bond equivalents, number of rings plus
double bonds to carbon, DBE = C -h/2 + n/2 + 1,” or aromaticity index, Al) to approximate
biolability.”**

Figure 3.7A shows H/C versus O/C for neutral species unique to the 30 when compared to
the 6o. Points are colored by Al: non-aromatic (black, AI = 0.5), aromatic (gold, 0.67 > Al > 0.5),
and condensed aromatic (red, AI = 0.67). A total of 12,937 assignments were unique to the 3o
dataset, with 12,933 (99.9%) peaks belonging to the < 25% relative abundance quartile. Species
assigned only at 36 encompass a large compositional space with limits of H/C: ~0.4 — 1.5 and O/C:
~0.2 — 0.8. Figure 3.7B shows the number of unique assignments in the 3o as a function of DBE.

Assignments unique to the 3o range from 3 to 36 DBE, which highlights the large range of

aromaticity only available at 3o.
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Figure 3.7 Assignments unique to the 3o plotted by atomic ratios in a van Krevelen diagram and by DBE. A) H/C
versus O/C ratios of the assigned moleculat formulae in a van Krevelen diagram, whete assignments are coloted by
aromaticity index: non-aromatic (black, AI < 0.5), aromatic (gold, 0.67 > Al > 0.5), and condensed aromatic (red, AI =
0.67). B) number of unique assignments to the 3o binned by rings-plus-double-bond-equivalents (DBE).
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3.4 Conclusions

The SRFA spectrum highlighted here represents a unique experiment in which the highest
resolving power, mass measurement accuracy, and dynamic range ever observed for this highly
utilized reference material was achieved. Assignment of O and O isotopologues was enabled by
lowering the peak picking threshold and thousands of isobaric overlaps were identified that differed
in mass on the order of 1 — 2 electrons. Enhanced sensitivity with respect to peak detection and
molecular formula assighment is achieved by lowering the peak detection threshold to 30. Lowering
the peak detection threshold to 3c does not appreciably affect selectivity of the measurement in
terms of accumulation of false assignments or unidentified peaks (“no-hits”). In fact, setting a more
stringent peak picking threshold (>30) arbitrarily limits the depth of compositional assignment,
effectively leaving high confidence peaks out of the assignment process. Therefore, we recommend
using a 30 peak picking threshold to access a wider suite of species as any calculations based on
elemental compositions (e.g., oxidation state, DBE, AI) will more accurately represent the bulk
NOM with inclusion of lower abundance species not detected by other mass analyzers and provide a
more accurate “true” representation of complex mixtures using FT-ICR MS. These data are
provided via the Open Science Framework as reference data for the scientific community for use in

their research.
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CHAPTER 4: NITROGEN ENRICHMENT DURING SOIL ORGANIC MATTER BURNING

AND MOLECULAR EVIDENCE OF MAILLARD REACTIONS’

4.1 Introduction

The 2020 wildfire season was the worst wildfire season to date for many regions around the

351,352

world, including the western United States which burned approximately 10 million acres, and

Australia which was devasted with over 40 million acres burned.”” Wildfires are predicted to

34,354-356

increase globally, threatening forested watersheds responsible for supplying drinking water”’~

* to 180 million people in the western United States” and many more abroad.”* Alteration of the
soil organic matter (SOM) present will adversely affect both water quality downstream and soil
properties for years after the fire has subsided.**>***% Therefore, understanding how wildfires alter
SOM composition following fires is of great interest.

The extent of thermal transformation and loss of SOM, known as burn severity, is
commonly assessed by comparing bulk pre-fire SOM, vegetation, and soil properties to post-fire
features, including soil microbial communities.” Importantly, recovery and revegetation depend on

366

the presence of labile, water-soluble nutrients, such as nitrogen.”” Nitrogen is a limiting reactant for

soil microbial productivity,’’

and soil carbon-to-nitrogen ratios (C/N) inversely correlate to SOM
reactivity during microbial metabolism.”®* Above 200°C, wildfires can volatilize, transform, and
mobilize organic nitrogen,”” which then leaches from the organic soil layer as water passes through
the soil as dissolved organic nitrogen (DON).”""  Charred particulate and water-soluble organic

372

matter will be transported downstream from fire-affected watersheds,”” negatively impacting water

quality and even producing toxic effects.”” Furthermore, the increased formation of toxic nitrogen-

? This chapter contains material that was reproduced with permission from (1) Bahureksa, W.; Young, R. B
McKenna, A. M.; Chen, H.; Thorn, K. A.; Rosario-Ortiz, F. L.; Borch, T. Nitrogen Enrichment during Soil Organic
Matter Burning and Molecular Evidence of Maillard Reactions. Environ. Sci. Technol. 2022. Copyright 2022, American
Chemical Society.
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containing disinfection byproducts (DBPs) has been observed during drinking water treatment
downstream of burned areas.””™ Therefore, the molecular composition of charred, water-soluble
nitrogen species formed during wildfires is of great interest for the recovery of fire-affected
watersheds and water quality studies.

Several reviews summarize effects of fire intensity on SOM quantity and quality under both
laboratory and field conditions, defining fire intensity as a “specific heating temperature over a fixed
interval of time below the soil surface”.” In brief, heating between 200-250°C results in
transformation of biomolecules with concurrent formation of aliphatic, alcohol, carbonyl, and
aromatic functionalities, reported by nuclear magnetic resonance (NMR) spectroscopy.'>!***7+77
Carbonization towards more graphitic structures has been observed around 300°C, followed by the
near total consumption of SOM and formation of highly condensed aromatic material, often
discussed as “dissolved black carbon” when referring to the water-soluble fraction.”*** Recent
models suggest that thermally-altered SOM species contain considerable substitution of aromatic

376

rings with nitrogen (including “dissolved black nitrogen"),”” oxygen, and sulfur species.””

Targeted methods have also been applied to study specific constituents that comprise fire-
affected SOM. Residues released by biomolecular components and known pyrolysis products of

biomolecules, known as biomass burning markers,” have been previously studied using

363,378-382 383-385

and derivatization prior to gas chromatography mass spectrometry (GCMS),

pyrolysis

386,387

and liquid chromatography mass spectrometry (LCMS) on fire-affected organic matter. The
precise identity of many charred residues remains elusive, including nitrogen-containing heterocyclic
residues (e.g., pyridines, pyrazines, and pyrrole structures). These residues can resemble

melanoidings®®3%3%

which typically form through a cascade of reactions associated with the heating
of polysaccharides and proteins, referred to as the Maillard reaction pathway.” Melanoidin and

intermediate Maillard reaction products (MRPs) are frequently discussed as a pathway for both
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carbon and nitrogen sequestration following heating in soils,>”" ="

and may therefore describe
nutrient sources in post-wildfire ecosystems.”>” Direct measurement of this pathway has not yet
been conducted in charred SOM and would require ultrahigh resolution to probe changes to
individual residues associated with transformation of SOM.

Fourier transform ion cyclotron resonance mass spectrometry (FTICR MS) routinely
achieves the ultrahigh mass resolving power sufficient to separate and accurately assign elemental
compositions to ionized components of highly complex mixtures.'*”?***!*1* This includes SOM and

(DOM) 21,87,397-404,92,133,135,143,176,230,247,306
b

dissolved organic matter solid and water-soluble char

181,226,320,394,405-409 20,173,199,277,410,411

residues, and petroleum, where the /7 differences can be as small as

181,394 181,405

the mass of an electron.” The characterization of both fiel and laboratory produced char
have provided insight on molecular level changes to different organic matter substrates induced by
heating, however limited information connects compositional changes in charring SOM to changes
throughout progressive fire intensity gradients and the enhanced mobility of water-soluble organic
nitrogen following a fire.

The soil samples selected for this study originate from Boulder County, CO, USA to
simulate SOM from forested watersheds, similar to those affected by the High Park fire in 2012 and
Cameron Peak fire in 2020 (northern Colorado).*> While dissolved organic matter does exhibit
unique characteristics that can be used to distinguish different sources,” many of its features are

remarkably consistent.*"”

Dissolved pyrogenic organic matter also has common characteristics that
can be observed at numerous sites and locations.””*"*"* Therefore, these samples were considered
representative of soil from similar sites in the western United States and Canada, where forest fires
and their effects on ecosystems and watersheds currently generate tremendous interest and concern.

Organic carbon quantification*>*'® and solid-state ’C NMR*® have been previously reported for

these samples. Additionally, benzene polycarboxylic acids (BPCAs) and pyridinic analogs were
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identified by quadrupole time-of-flight mass spectrometry (QTOF MS) as biomass burning markers
(>150°C).*"® These findings only address a fraction of the molecules present during heating,
suggesting that ultrahigh-resolution mass spectrometry is required to develop a more complete
picture of the compositional changes that occur during heating.

Here, we present a compositional comparison of water-extractable, acidic SOM species
produced at discrete temperatures (i.e., 150°C, 250°C, 350°C, 450°C) by negative ESI FT-ICR MS.
This study focuses on nitrogen-containing residues due to their enrichment during previous

analysis*"”’

of the samples studied here and importance in ecosystem recovery following fires. We
compare and catalogue molecular transformations of nitrogen species in heated SOM at discrete
temperatures by FT-ICR MS. Mass difference-based analysis is performed to identify potential

reaction products formed during heating and suggest potential pathways in heated SOM as a

function of temperature.

4.2 Materials and Methods

4.2.1 Site Description and Sample Processing

Soil samples were collected south of Gross Reservoir in Boulder County at 2,222 m above
sea level during the summer of 2016 and correspond to Site H samples in Thurman et al."'® In brief,
triplicate soil samples were collected within 10 m of each other in 1 m? transects with a shovel at a
depth of 1 - 5 cm after visible litter and vegetation debris were removed. The surrounding overhead
vegetation was composed of four main coniferous tree species: ponderosa pine (Pinus ponderosa),
lodgepole pine (Pinus contorta), limber pine (Pinus flexilis), and Douglas-fir (Pseudotsuga meniesii)
varying in density. Understory vegetation for the sampling area included a mix of grasses, forbs, and
shrubs; largely dominated by cheatgrass (Bromus spp.) and Canada thistle (Cirsium arvense). Following

sampling, soils were distributed on metal trays 1 cm deep and oven-dried at 100°C for two hours to
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eliminate moisture and to suppress the survival of microbial communities present in the soil*"” that
may compromise sample integrity during storage. The soil was passed through a 2 mm (No. 10)
stainless steel sieve to remove large rocks and through a 0.841mm (No. 20) sieve to remove smaller

plant matter before storage.

4.2.2 Simulated Laboratory Heating and Leachate Preparation

Soils were heated in an electric muffle furnace to temperatures of 150°C, 250°C, 350°C, and
450°C in 90 mL potcelain dish crucibles using a Lindberg/Blue Box Furnace Model BF51442C with
a Lindberg Furnace Power Supply Controller Model 59344. To ensure uniformity in soil heating,
each soil sample was separated into 10 g per crucible (approximately 0.5 cm high) and heated in
batches of 10 crucibles for a total of 100 g soil sample at each temperature. Batches were held at
each temperature under atmospheric conditions for 2 hours and cooled to room temperature, then
stored in 40 mL amber glass vials at -5 °C until used. The furnaced samples were then leached for 24
hours in deionized water at 5g soil per liter. Leachates were decanted and filtered using a 0.45 um
glass fiber syringe filter. A portion of the leachates were freeze-dried and used in organic carbon and
nitrogen analysis on the solid soil and leachates and is described elsewhere.*'® Additional information
on this method to simulate the effects of a wildfire can be found in Appendix C.

Aqueous leachates were fractionated according to Aiken et al.*"* into hydrophobic (XAD-8)
and hydrophilic (XAD-4) fractions to facilitate better separation and identification of SOM features
and their properties.'™” These resins are no longer commercially available, however Supelite DAX
resins are suitable substitutes that contain a similar chemistry and porosity.”'”* In brief, freeze-dried
soil leachates were resolubilized in 1 L water and passed through a two-column array using
hydrophobic and hydrophilic resins in sequence at a ratio of 2L/200 mL column volume. Both
resins retain organic acids containing carboxylic acid, amide, aromatic, phenolic, O-alkyl, and C-alkyl

functional groups, with the hydrophilic fraction separating higher concentrations of nitrogen,
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carboxylic acid, and O-alkyl carbon but lower aromatic carbon than the hydrophobic fraction.*’® The
resins were eluted using 0.1 N NaOH (Certified ACS grade, Fischer Chemical, Pittsburgh, PA) and
immediately cation exchanged using an AG MP-50 cation exchange resin to remove Na that was
introduced."® Alkali solutions can alter organic matter (e.g. by base-catalyzed hydrolysis, oxidation to
CO; under oxygenated atmospheres); however, a review of studies has indicated that the 0.1 N
NaOH used during the XAD elution followed by cation exchange does not appear to alter the
sample meaningfully.'”> Samples were then freeze dried and stored. Solid-state ’C NMR of leachate

samples are described elsewhere.*'

4.2.3 FT-ICR MS Analysis
Resin extracts were resolubilized in methanol (HPLC grade, Sigma Aldrich Chemical Co., St.
Louis, MO) at 50 ppm carbon concentrations prior to analysis. Each sample solution was infused via

3 DOM extracts were

a microelectrospray ionization (ESI) source operated in negative mode.
analyzed with a custom-built 9.4 T FT-ICR mass spectrometer and absorption mode mass spectra
calibrated and assigned as previously described."”*! For a full description of the FTICR MS
operating conditions and data processing procedure, see Appendix C. Formulas containing carbon
(©), hydrogen (H), oxygen (O), nitrogen (N), and sulfur (S) were assigned using the experimentally
measured masses and converted from the International Union of Pure and Applied Chemistry mass
scale to the Kendrick mass scale®” for rapid identification of homologous seties for each heteroatom

338

class (i.e.,, KMDcu, for species differing only be degree of alkylation)™® using PetroOrg©

software.'®

2123347 Molecular formula assignments with an error >0.5 parts-per-million were
discarded, and only heteroatom (N:O,S,) classes with a combined relative abundance of 20.15% of
the total were considered. Formulas were used to calculate rings-plus-double-bonds (to carbon)

equivalents RDBE =1 + ¢ — 4/2 + 1/2)*"** where ¢, b, n, 0, and s refer to the stoichiometric

carbon, hydrogen, oxygen, nitrogen, and sulfur, respectively. Formulas were also used to calculate
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216,422
3

modified aromaticity indices (Alod,) which estimate the density of unsaturated carbon after
assuming that a portion of the RDBE is not attributable to carbon-carbon bonds (e.g., carbonyl or

carboxyl functional groups).

4.3 Results and Discussion

4.3.1 Bulk Heating Effects on Organic Carbon and Nitrogen

415,416 and Wlﬂ

Organic carbon and nitrogen content was previously reported for these samples
be used here to support compositional analysis by FT-ICR MS. Table 4.1 shows the total organic
carbon (TOC), total organic nitrogen (TON), water-extractable organic carbon (WEOC), water-
extractable organic nitrogen (WEON), and inorganic nitrogen measurements collected on each of
the heated samples and control (CTRL). The TOC and TON decreased continuously from the
control (46.303 + 0.000 mg TOC/g soil, 2.179 + 0.004 mg TON/g soil) to 450°C (1.435 + 0.001 mg
TOC/g soil, 0.315 £ 0.000 mg TON/g soil) with increased rates of removal at temperatures
>150°C. The WEOC and WEON changed from the control (0.485 £ 0.004 mg WEOC/g soil,
0.032 £+ 0.004 mg WEON/¢g soil) during heating, reaching a maximum at 250°C (2.247 + 0.036 mg
WEOC/g soil, 0.211 * 0.002 mg WEON/g soil) and minimum at 450°C (0.065 £ 0.002 mg
WEOC/g soil, 0.008 + 0.002 mg WEON/g soil). The difference in magnitude of the watet-

extractable fraction and total SOM content suggests that most of the SOM was mineralized during

heating and thus, did not partition into water at any temperature.
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Table 4.1. Otganic carbon and nitrogen analysis performed on bulk soil and soil leachate samples after leaching 5 g of
soil into 1 L water. Average and standard deviations are reported (n = 3).

Heating TOC (mg WEOC (mg TON (mg WEON (mg NO«-N (mg NH4-N (mg
Temp. (°C) C/g soil) C/g soil) N/g soil) N/g soil) N/g soil) N/g soil)
CTRL 460'.300030i 0.485 + 0.004 Z&Sgoi 0.032 £ 0.004 060.8(1)(2)43 Obo.gg?zi
150 420'.703431i 1.342 £+ 0.020 2'00.(7)32i 0.070 £ 0.000 06(?8(1)3?? Oi)(?(l)(l)ggi
250 290'.5082(2i 2.247 £ 0.036 2.0(?85;1 0.211 £ 0.002 Ob?gggli 06(?8(7)54?
350 PR omaxoos | NTSE T 076 o00a | 00002 Ool0 -
450 1'0%881i 0.065 £ 0.002 063_(1)80i 0.008 + 0.002 Obo'gg(l)zi Obo'g(s)?zi

Table 4.2 shows the C/N ratios of the total (TOC/TON) and water-extractable
(WEOC/WEON) fractions. Both decrease from the control (total: 21.24, water-extractable: 15.16)
to 250°C (total: 14.77, water-extractable: 10.63) and further by 450°C (total: 4.56, water-extractable:
8.10). Nitrogen is enriched in both the solid and water-extractable fractions at temperatures =250°C.
Additionally, the WEOC/WEON does not lower to the same extent as the TOC/TON at 350°C
and 450°C, which may indicate that a larger proportion of carbonaceous residues are mineralized
directly from the solid phase as opposed to undergoing a reaction that would increase water
solubility.

Table 4.2. Catbon-to-nitrogen ratios of the total solid soil (TOC/TON) and watet-extractable fraction
(WEOC/WEON) from the control (CTRL) and heated soil samples at each temperature.

Temp. (°C) TOC/TON WEOC/WEON
CTRL 21.24 15.16
150°C 20.56 19.10
250°C 14.77 10.63
350°C 6.22 9.34
450°C 4.56 8.10

4.3.2 Solid-State "C NMR Spectroscopy
Solid state CP/MAS and DP/MAS “C NMR spectra of the hydrophobic acid (XAD-8) and

hydrophilic acid (XAD-4) samples were described in detail previously.*® The CP/MAS spectra are
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reproduced in Figure 4.1, and the integrations in Table C.1. In brief, the spectrum of the
hydrophobic acid sample at 150°C shows a relative increase in the proportion of the C-alkyl carbon
peak (0-60 ppm) above the control. From 150°C to 450°C, there are successive decreases in the C-
alkyl carbon, O-alkyl carbon (60-90 ppm), aromatic/acetal carbon (90-110 ppm), and
ketone/quinone carbon (190-230 ppm) peaks, and a narrowing of the aromatic carbon (110-190
ppm) and carboxyl/amide (160-190 ppm) carbon peaks. Peptide amides are assumed to have been
destroyed by 350°C. The residual aromatic carbon peaks at 131 ppm and carboxylic acid peaks at
172 ppm in the 350°C and 450°C spectra are consistent with the benzene and pyridine carboxylic
acids as previously reported*'® among other constituents. The spectra of the hydrophilic acid samples
follow a similar pattern from control to 350°C, with the exception that the latter spectrum shows
residual C-alkyl and O-alkyl carbon peaks at 30 and 65 ppm, respectively. Comparison of the
control hydrophobic and hydrophilic acid spectra shows that water extractable soil carbohydrates
preferentially isolate on the XAD-4 resin, indicated by the carbohydrate peaks at 72 and 102 ppm in
the hydrophilic acid spectrum. These peaks are significantly reduced in the hydrophilic acid spectra
from the 250°C and 350°C samples, confirming destruction of carbohydrate material in the soil at

these temperatures.
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Figure 4.1 Solid State C-13 CP/MAS NMR spectra of the hydrophobic (HO, top) and hydrophilic (HI, bottom) at
each temperature and of the control. Contact time = 5 msec; Line Broadening = 100 Hz; Asterisks denote spinning
sidebands. The remaining hydrophilic fraction at 450°C was insufficient to collect solid state 13C NMR. Produced with
data obtained from Thurman et al.#1¢

The quantities of hydrophobic and hydrophilic acid samples isolated (~10-90 mg) were
insufficient for analysis of naturally abundant nitrogen by solid state "N CP/MAS NMR, within
reasonable spectrometer accumulation times. However, losses or transformation of nitrogen
functionalities with temperature can be inferred from the "C NMR spectra and ate listed in Table
4.3. The forms of nitrogen in soil organic matter, not impacted by fire or heat, may include amines
(terminal amino groups of amino acids, amino sugars, primary amines of purine and pyrimidine
bases, and primary and secondary aminoquinones), peptides, N-acetylated sugars, the imide and
lactam nitrogens of nucleotide bases, and heterocyclic nitrogens such as pyrrole, indole, and
imidazole. Carbons alpha to the amine group of amino acids in peptides have C chemical shifts in
the range from 40 to 65 ppm, while ring carbons bonded to the amine group in amino sugars have
chemical shifts in the approximate range from 50 to 60 ppm. These are in the range of sp’
hybridized carbons that decrease in the "C NMR spectra of the hydrophobic acid fractions from
150°C to 250°C and have disappeared by 350°C to 450°C. Therefore, removal or transformation of
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amino acid, peptide, and amino sugar structures in the soil to leachable aromatic nitrogen
compounds or volatile degradation products, including nitrogen gases, is a reasonable inference
from these "C NMR spectra. Nitrogen-containing functionalities encompassed within the 100 to
190 ppm chemical shift region of the residual peaks in the 350°C and 450°C spectra would be
limited to non-peptide amide and aromatic heterocyclic structures. Of the water extractable organic
matter that sorbs to the XAD-4 resin, the "C NMR spectra also indicate a decrease, but not total

destruction, of amino acid, peptide, and amino sugar structures from 150°C to 350°C (Figure 4.1).

Table 4.3. Chemical shifts associated with nitrogen-containing groups in 3C NMR.

Nitrogen Group d13C, ppm
Terminal Amino Acid, Carbon a to Amine Group 40 - 60
Amino Sugar, Ring Carbon Bonded to Amine Group 50-60
Indole Ring Carbons 102-136
Imidazole Ring Carbons 120-138
Purine and Pyrimidine Bases, Ring Carbons 90-170
Peptide Carbonyl 162-178

4.3.3 Proliferation of Nitrogen-containing Heteroatom Classes

Broadband negative ion ESI FT-ICR mass spectra for hydrophobic and hydrophilic
fractions as a function of temperature are shown in Figure 4.2 and 4.3. All samples spanned a similar
molecular weight range between 7/z 150 — 600 with achieved resolving power > 1,500,000 at 7z/z
400. Figure 4.4 shows the number of assigned formula and percent relative abundance of the CHO
(Oy) and CHNO heteroatom classes separated by nitrogen content (N150y). Counts for each class
can be found in Table 4.4, alongside the abundance-weighted average C/N ratios and /%, discussed
below. The CHO and CHNO assigned molecular formulae from the control (hydrophilic: 5518,
hydrophobic: 58406) increased slightly at 150°C (hydrophilic: 6149, hydrophobic: 5960) and most at
250°C (hydrophilic: 8770, hydrophobic: 8554). Assignments decreased at 350°C (hydrophilic: 2948,

hydrophobic: 3584) and reached a minimum at 450°C (hydrophilic: 1035, hydrophobic: 1734).
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Figure 4.2 FT-ICR mass spectral distribution of all the peaks assigned in from the hydrophilic fraction for the control
and heated samples between 150°C and 450°C. Chemical noise and interferences, such as linear alkyl sulfonates,'¢ were
removed to allow for observation of the molecular weight distribution.
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Figure 4.3 Fourier transform ion cyclotron resonance mass spectra collected from the hydrophobic fraction for the
control and heated samples between 150°C and 450°C. Chemical noise and interferences, such as linear alkyl
sulfonates, !¢ were removed to allow for observation of the molecular weight distribution.

Importantly, only the CHNO assignments contributed to the increased formulae at 250°C
and remained the largest class, containing over 70% of the formulas assigned at intensities =250°C
in both fractions (Figure 4.4, top). The percent relative abundance of the heteroatom classes
followed a similar trend: class abundances changed slightly below 250°C, after which the CHNO

classes in the hydrophilic fraction increased to ~75% and the hydrophobic fraction up to ~50% of
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the total abundance at temperatures =250°C (Figure 4.4, bottom). Of the CHNO assignments, the
N2sOx classes appeared to increase the most in assignments at 250°C. At higher temperatures, all
assignments decreased but the N»sOx classes decreased less than the Ny class, instead increasing or
staying relatively the same above 250°C. The increase in N,sOy is also reflected by the average
weighted C/N ratio (Table 4.2) that decreased from 250°C to 450°C (hydrophilic: 9.61 to 5.46,

hydrophobic: 12.31 to 8.03).
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Figure 4.4 Number of assigned molecular formulas (top) and percent relative abundance (bottom) of the CHO and
CHNO heteroatom classes at each temperature measured by the 9.4 T FT-ICR MS using negative ESI. CHNO classes
are distinguished by nitrogen content (N1.50y).
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Table 4.4. Molecular formula assignments made in the hydrophilic and hydrophobic fractions collected at each
temperature with the corresponding abundance-weighted C/N ratios and average /2.

Hydrophilic | CHNO | CHO | CHOS | CHNOS |  Total# Welggt/eg Avg Welg};ji Avg:
CTRL 3206 | 2222 | 3% 183 6060 1105 29387
150°C 3868 | 2281 | 522 447 7118 9.8 29431
250°C 6876 | 1894 | 119 390 9279 9.61 315.15
350°C 2246 | 702 | 136 6 3153 701 266.11
450°C 935 | 100 13 0 1048 5.46 257.63

Hydrophobic | CHNO | CHO | cHOs | cNos | . To% } Welggt/eg Avg | W e‘g}:;i Avg
CTRL 2863 | 2985 | 230 402 6478 1301 313.12
150°C 2918 | 3042 | 176 1 6179 13.19 316.57
250°C 5845 | 2711 | 55 2 8651 1251 315.83
350°C 2766|818 5 0 3589 10.78 291.32
450°C 1418 | 316 7 0 1741 8.0 251,37

Despite a similar trend between fractions of increased CHNO assignments and abundance
above 150°C, in the hydrophobic fraction, the CHO class remained ~50% of the relative abundance
at 350°C and 450°C but was comprised of fewer, highly abundant peaks. These assignments included
BPCAs that were previously measured in these samples from 250°C to 450°C and were found to be
concentrated in the hydrophobic fraction.*® Other CHO assignments that are only abundant in the
hydrophobic fraction at 350°C and 450°C also appeared to be related by carboxylic acid groups,
some matching formulas tentatively identified by Ferrer et al.** Pyridinic analogs to BPCAs were
also tentatively identified at low concentration in the hydrophilic fraction only,"® but only
corresponded to two assignments in the current study. Interestingly, numerous other CHNO
assignments were assigned at high abundance throughout the temperature gradient in the
hydrophilic fraction, and to a lesser extent in the hydrophobic fraction, and are explored below.
4.3.4 Speciation of the Water-extractable Nitrogen-containing Residues

The hydrophilic fraction was the focus throughout the rest of this chapter based on the
increase in WEON and corresponding increase in CHNO formula assignments that appeared better
isolated in the hydrophilic fraction. While generally similar, differences will be noted for the

hydrophobic fraction and analogous figures can be found in Appendix C.
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Figure 4.5 displays van Krevelen (VK) plots of the CHNO assignments, which can be used
to infer changes to saturation and oxygen content throughout the temperature gradient in the
hydrophilic fraction (Figure C.1 for the hydrophobic fraction). In the control (CTRL), the CHNO
assignments before heating (bottom, third, and second 25% bins) displayed coverage over a large
range of H/C (~0.4. to 2.0) and O/C (~0.1 to 1.0) values, typical of a heterogenous WEOM
mixture.”> "+ At 150°C, peaks encompass similar regions to the CTRL and also include
additional assignments at H/C > 1, above the ARO line. These mid-saturated and aliphatic CHNO
species at 150°C may result from the release of plant, root, and microbial residues that can occur at
this temperature.’*>** At 250°C, CHNO assignments in the aromatic plot region (below the ARO

line) increased in abundance and mid-saturated and aliphatic features decreased.
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Figure 4.5 Abundance-weighted van Krevelen plots of NiOy species derived from negative-ion ESI FT-ICR MS spectra
for the unburnt control (CTRL) and heated soil leachates isolated on the hydrophilic resin. Lines were added to each
plot to indicate regions where aromatic features predominate (Almoq = 0.5, indicated by the ARO line), and relative
oxygen density: “LO” = low oxygen density, O/C < 0.3; “MO” = mid oxygen density, 0.3 < O/C = 0.6; “HO” = high
oxygen density, O/C > 0.6. Plotted formulas were grouped using their abundances, where the "top 25%" (dark blue
points) are 25% of the sample's cumulative abundance comprised of the most abundant formulas, the "second 25%" is
the next 25% comprised of the next most abundant formulas, and so on.

The enriched aromatic regions were more pronounced at 350°C and 450°C, with high
abundance peaks encompassing a narrower range and fewer assignments. The changes in saturation
are also reflected by the RDBE, which is visualized in Figure 4.6 by nitrogen content (NisOx)

(Figure C.2 for hydrophobic). While the hydrophilic and hydrophobic fractions were generally
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similar, hich RDBE peaks (relative to the control) at 350°C and 450°C were only attributed to Nj.sOx
formulas in the hydrophilic fraction. The nitrogen dense assignments exhibited increased abundance

and aromaticity during heating, which is in good agreement with the "C NMR.
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Figure 4.6 Distribution of formula assignments by rings-plus-double-bonds (to carbon) equivalents from the
hydrophilic fraction at each temperature. Plots are separated by CHOy, N1Oy and N2 50 to distinguish between
nitrogen-containing and nitrogen dense assignments. See Figure C.2 for the analogous hydrophobic RDBE plots.

The most abundant O/C regions also appeared to shift during heating. At 250°C, aromatic
plot regions wete entiched across all O/C but enriched most in mid- and high-oxygen aromatic plot
regions. The most abundant aromatic plot region shifted at 350°C to lower O/C, encompassing the
low- and mid-oxygen density regions. Finally, at 450°C, abundant peaks were in high-oxygen density

regions, and in mid-oxygen regions to a lesser extent, though fewer peaks were present to indicate a
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trend. The general shift towards more aromatic assignments is similar in both the CHO and CHNO
assignments. As evidenced above in Figure 4.4, CHNO assignments are not prominent below 250°C

To explore the shift in oxygen content further, Figure 4.7 displays the percent relative
abundance of the CHNO classes separated by nitrogen and oxygen (N1.4O5.i5) (hydrophilic N5O5.15
and hydrophobic fraction in Figure C.3 and C.4, respectively). Features were similar between the
control and 150°C sample, where nitrogen classes were centered around Ni4Os or were too low in
abundance to detect (i.e., N5Oy). At 250°C, the N heteroatom classes increased both in abundance
and oxygen number, and several new CHNO classes (N1O13.15, N2.4O11.14 and NsOj.10) were assigned.
This could indicate multiple oxidation reactions by N- and O-containing species, or condensation
reactions among SOM species.

At 350°C, the abundances of NOi.15 species decreased greatly or disappeared entirely, and
the oxygen numbers of the most abundant N heteroatom classes decreased, now centering around
NiO4s and N2sO,. The abundance-weighted average m/z and C/N of the detected peaks also
changed more between 250°C and 350°C than at any other temperature transition, decreasing from
315.15 to0 266.11 m/z and 9.61 to 7.01 C/N (Table 4.4). This could indicate the loss of O-containing
species through dehydration, decarboxylation or other fragmentation reactions. At 450°C, the most
abundant heteroatom classes rose in oxygen number from 350°C, however each of the class
distributions became less uniform. Specific classes appeared enriched at 450°C (e.g., N2Os, N2Og),

potentially corresponding with specific char products.
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Figure 4.7 Model soil particle depicting an Fe(III) mineral (brown) and clay (black) surface exhibiting various possible
interactions with model SOM. The variety of possible interactions will create fractions with varying extractability based
on the extraction solution (e.g., acid/base, organic solvent, and water), mineral surface, and intermolecular forces.

While the most abundant NOx class at each temperature differed depending on the amount
of nitrogen assigned, the increase and decrease in oxygen content between 150°C and 350°C
appeared to occur consistently across every nitrogen class. The trend observed here might suggest
the presence of distinct transformations and features in each of the classes, dependent on
temperature. In such complex samples, it is difficult to discern whether nitrogen-containing species
are persistent once formed, formed continuously as new byproducts through heating, or a
combination of both. Similarly, it is difficult to determine if decreasing or disappearing peaks are
attributable to new or enriched peaks upon heating, or mineralization. Nevertheless, formation
mechanisms that contribute to the observable nitrogen enrichment can be studied if known

transformations throughout the temperature gradient can be modeled.

81



4.3.5 Modeling Maillard Reaction Processes

The Maillard reaction involves the condensation of reducing sugars with amino acids
followed by many more reactions, and are well-known in the context of cooking and preparing
food.™ In fact, many Maillard reaction intermediates and fragments, referred to here as Maillard
reaction products (MRPs), have been well described and characterized in food chemistry using
simple systems.””*" Hemmler et al.”"' studied MRPs by heating equimolar mixtures of ribose and
glycine at 100°C for up to 10 hours. They reported several findings consistent with the behavior of
WEOM in this study, including the enrichment of aromatic nitrogen and increased N,Oy
assignments following heating longer than 4 h, and the presence of several reaction pathways that
dominated the MRPs within 6 h. These factors motivated the exploration of Maillard reaction
pathways in the current study.

Potential MRPs were identified using a mass difference-based analysis that is depicted in
Figure 4.8. Mass differences were computed between peaks based on known Maillard reactions,
where potential Maillard “precursor” and “product” peaks were identified going from lower to
higher temperatures, respectively, when they differed by the expected mass difference, using the
theoretical masses of the assigned formulas (Table C.2). For instance, a peak at 150°C needed to
differ from a peak at 250°C by the exact mass of the reaction of interest to be considered a potential
MRP. In a complex biogeochemical mixture like SOM, it is possible that some of the expected mass
differences will occur by chance, or due to the presence of common structures in SOM molecules.
For this reason, the best evidence of potential MRPs comes from (i) product peaks that were not
detected at the lower temperature, or (i) product peaks that were present at both temperatures, but
whose abundances increased relative to the corresponding precursor peaks at the higher

temperature.
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The temperature transitions studied here were CTRL—150°C, 150—250°C, 250—350°C,
and 350—450°C. Reactions modeled included amino acid condensations, where glycine (Gly),
alanine (Ala), glutamine (Gln), and lysine (Lys) were chosen based on their presence in soil®' and the
contributions of peptidoglycan and other microbial biomass to SOM.®***>** Hemmler et a/’"'
reported that the initial condensation reaction was followed by an extended series of dehydration
reactions leading to MRPs with greater degrees of unsaturation and aromaticity, so tentative MRPs
were only considered when they occurred in “dehydration series” associated by successive water
losses (n = 3). These were identified in these samples using a modified Kendrick mass defect
analysis (KMDi0) based on the accurate mass of water (IUPAC mass X 18/18.01057),>'"**** and
can be visualized in Figure 4.9 which plots a subset of dehydration series for N3O, assignments.

Ammonia (NH;3) addition was studied as an alternative pathway for nitrogen enrichment,

435,436

because ammonia was retained here (Table 4.1) and is retained in soil after fires, and fire-

o)

derived organic matter has been reported to retain ammonia through covalent bond formation.*
Peaks were also examined for the loss of byproducts specific to the Maillard Reaction pathway
(Table C.2), which are referred to here as intermediate reaction products. The intermediate reaction
products are identified by the size of the carbon fragment (C#) lost, ranging from C1 (e.g. formic
acid) to C6 (e.g. glucosone).”***%" These C# include carbonyl-containing species (e.g., o-
hydroketones, o-hydroxyaldehydes) that can react further to form heterocyclic nitrogen.”” The
reactions studied here were not intended to include every possible reaction, but to investigate
whether some of the changes in WEOM composition during soil burning could be modeled with

time-resolved Maillard reactions previously observed in simpler systems.
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Figure 4.8 Model soil particle depicting an Fe(IIT) mineral (brown) and clay (black) surface exhibiting various possible
interactions with model SOM. The variety of possible interactions will create fractions with varying extractability based
on the extraction solution (e.g., acid/base, organic solvent, and water), mineral surface, and intermolecular forces.
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Figure 4.9 Dehydration series for N3Oy-containing molecular formulas visualized up to 350°C by H>O Kendrick mass
defect (KMD20) from the hydrophﬂic fraction. Data was truncated for ease of visualization, where series with KMDyo0
between 0.083 and 0.087 ate visualized above. Peaks horizontally plotted by KMDizo ate related by the number of H2O

groups. Points from 450°C were omitted due to the low water-extractable organic matter content and low peak
abundances at this temperature.
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4.3.6 Molecular Evidence of Maillard Reactions and Ammonia Additions

Figure 4.10 displays the product counts for each of the potential condensation and
intermediate reaction pairs. Condensation products and ammonia additions were observed in the
CTRL—150°C (8473 total), 150—250°C (10595 total) and 250—350°C (3363 total) temperature
transitions (Figure 4.10A). Intermediate reaction products were also found at each of the transitions,
and were also highest in the 150—250°C transition (24081 total) (Figure 4.10B). The hydrophobic
fraction exhibited similar trends but at lower counts and can be seen in Figure C.5. It is worth noting
that, in the hydrophilic fraction, the average 7/z of the assigned formulae increased most at 250°C

and decreased most at 350°C (Table 4.4).
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Figure 4.10 Model soil particle depicting an Fe(IlT) mineral (brown) and clay (black) surface exhibiting various possible
interactions with model SOM. The variety of possible interactions will create fractions with varying extractability based
on the extraction solution (e.g., acid/base, organic solvent, and water), mineral surface, and intermolecular forces.

The condensation and ammonia addition reaction pairs shared some of the same product

peaks and are shown numerically in Venn diagrams in Figure 4.11. This is most prominently
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observed in the 150—250°C transition with the Gly and Ala condensation reactions that shared
2065 of their total product peaks (Gly: 3132, Ala: 2619) with each other and ammonia addition pairs.
This could indicate that different reactions create product peaks with identical elemental
compositions, which is certainly possible in such a complex mixture, but it also highlights the
difficulty of evidencing specific reactions in a complex mixture. Importantly, the condensation
product peaks also included assignments that were unique to the higher temperature, and unique to
only one modeled reaction (Figures 4.10 and C.5). These product peaks present the clearest evidence
of specific Maillard reactions in the burned soil systems. They are not dispositive, but they are
numerous and consistent with previous observations from much simpler systems.”'' These findings
are also supported when considering the loss of carbohydrate signatures by 350°C in the "C NMR
that coincided with the decrease in assigned MRPs. Similarly, the evidence of unique ammonia
additions is not dispositive, but they are numerous and their occurrence is consistent with previous

reports.*”
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Figure 4.11 Venn diagrams comparing common product peaks of different reaction pairs identified from 150—250°C
and assignments made at 150°C to indicate the assignment of compositions unique to 250°C in the hydrophilic fraction.
A: comparison of amino acid condensation and ammonia addition products to each other and compositions assigned at

150°C. B: comparison of intermediate reaction products by C# fragments to each other and compositions assigned at
150°C. The C# counts visualized here do not include products shared between C# fragments. Using the top left diagram

as an example: (i) peaks corresponding to Gly condensations included 164 unique compositions that were assigned at
250°C and not at 150°C and did not correspond to any products of the NH3 additions and Ala condensations (blue area).
(1) 456 compositions included products that corresponded to both Gly and Ala condensations but not ammonia and
were unique to 250°C (light green area). (iif) 1722 compositions were present at 150°C that corresponded to Gly
condensations, Ala condensations, and NHj3 additions (overlapping center area). It should be noted that the intermediate
reaction product counts were higher than visible here in the C# Venn diagrams because reactants with common
products were only counted once.

In comparison, many of the intermediate reaction products were common to at least one of
the other C# reaction pairs or peaks assigned at lower temperatures and are shown numerically in
Venn diagrams in Figure 4.11. It seems likely that the high relatedness between the intermediate
reaction products and assignments at lower temperatures is due to SOM complexity and the
multitude of pathways occurting to individual compounds during heating. Studies®*'" have reported
an exponential increase in MRPs when nitrogen was present during the heating of simple systems, so

it seems reasonable that numerous transformations can occur to a single residue. Still, the presence
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of intermediate reaction products from 250—350°C and absence of condensation products does
correspond with the decreased N Oio.15 and increased N.Os class abundances and lower average
m/z.

The presence of shared and uniquely assigned product peaks suggests that products appear
to be forming as a function of specific amino acid reactions and also inorganic nitrogen additions. It
should be noted that in a study measuring ribose-amino acid products formed during heating at
100°C, Hemmler ¢# a/* indicated that reactions with Lys produced the most products and had the
highest reactivity, and Gly had the lowest, up to N4O.. In our study, the order was Gly (3,132) >
Ala (2,619) > Gln (1,606) > Lys (580). The discrepancy might originate from differences in source
materials and the higher temperatures used, or it might result from confounding mass differences in
such a complex material. Ammonia appeared to contribute to the products through inorganic
nitrogen addition, but other pathways such as nitration may also be valid for inorganic nitrogen
enrichment of WEOM. Finally, reactions between the MRPs formed may contribute to the relative
increase of N350x classes in SOM at above 250°C, but investigation of these reactions or persistent

products would require a more precise understanding of the specific MRPs formed during heating.

4.4 Environmental Implications

While the experimental design of this study was a proxy for soil heating in the field, the
temperatures used here are reflective of temperatures in the organic soil horizon in mineral soils
during wildfires. Low-severity heating (e.g., fast-moving, prescribed fires) can produce temperatures
as low as 50°C at 5 cm depths and high-severity heating (e.g., slow-moving, smoldering fires) can
reach temperatures of >250°C at up to 10 cm depths with potential to last minutes to several days.””

Patterns in molecular formulae identified here were not observed up to 450°C, which corresponds to

the near total consumption of SOM and WEOM at 450°C in this study and elsewhere.””" Most
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residues were removed completely when heating to this temperature, therefore residues from 150°C
to 350°C will predominate when studying fire-affected field sites despite the heterogeneity in
wildfires intensities. This implies that SOM at specific soil depths within this temperature range will
be responsible for what is being leached from soils.

The apparent solubility of the charred organic matter is somewhat contrary to the formation
of hydrophobic features** and has numerous implications for post-fire watershed and water quality
conditions. The mobility of these residues not only removes an organic carbon and nitrogen source
at the site of the burn, but the absence of plants and plant nutrient uptake following fires will
increase subsurface transport of the WEOM."®* This removal is associated with an initial pulse of

439,440 and

nutrients during the fire and long-term leaching that will influence stream biota metabolism,
could correspond to the changes in microbial community structure observed following fires with
implications regarding C storage in fire-affected ecosystems.*' Interestingly, the enriched aromatic
CHNO observed here is not considered a reactive precursor for DBP formation during water
treatment.**** It is possible that the CHNO fractions containing alkylated amine precursors are not
well represented in the samples studied here as the ionization mode used for mass spectrometry was
not amenable to basic nitrogen moieties,'!”” however these groups are often transformed duting
even moderate heating.*’

This study employed a laboratory-based heating method to exert the most control over the
experimental conditions. The general trend in aromaticity was consistent with other laboratory-'*'
and field-based™”* SOM chars analyzed by FT-ICR MS. The enriched nitrogen observed here is
also common to chars with proteinaceous biomass, such as grasses.”’**>***¢ While the results of
this study focus on a laboratory-simulated microcosm that represents transformations that occur

with heating in the field, the observed changes in aromaticity, changes in nitrogen density relative to

the oxygen content, and mass-difference analysis provide evidence for SOM-specific
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transformations such as Maillard reactions that have been reported in simpler systems. The
occurrence of Maillard reaction products here is not definitive evidence of Maillard reactions due to
the qualitative analysis by FT-ICR MS, but does support the existence of Maillard reactions when

13,25,211,393

considering existing knowledge of Maillard reactions, the well-known presence of amino

acid and carbohydrate functionalities in SOM,"*"* and the observed enrichment of N-
containing compounds in SOM during heating here and elsewhere.”’**172

Without knowledge of the precise precursors present in the SOM, a comprehensive
understanding of how the Maillard reaction applies to transformations in heated SOM remains
uncertain. However, the evidence presented here suggests that the Maillard reaction pathway can in
part describe transformations in heated SOM. Interestingly, the potential MRPs and their reactions
appeared to be specific to heat intensity, such that the trends and unique peaks might contribute
new N-containing biomass burning markers specific to fire intensity. The introduction of known

precursor materials, like specific amino acids, to SOM during controlled heating could more clearly

identify product residues that are associated with Maillard reaction pathways.
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CHAPTER 5: CHANGES IN DOC AND DBP CHEMISTRY IN A WILDFIRE-IMPACTED
WATERSHED FOLLOWING A RAINSTORM

5.1 Introduction

Forest ecosystems in the United States provide numerous ecosystem services (e.g., water
resources, soil stabilization and erosion control, climate regulation, and carbon sequestration) which
are valued at about $5 trillion a year.*” Watersheds in the western United States provide water to
over 180 million people and are currently pressured by population growth and changing climate.”’
There are clear links between water quality and forest disturbance, and projected increases in wildfire
size, severity, and frequency are likely to have increasing impacts on aquatic resources and
downstream water supply.”*”> As wildfires continue to grow in frequency and severity, understanding
the impacts of wildfires on forested watersheds is critical for securing water resources and protecting
ecosystem services.

The degree of combustion varies widely within wildfires due to spatial heterogeneity in fuels
(e.g., plants, microbes, litter, soil organic matter (SOM)) and fire behavior and generates a mixture of
unburnt, partially, and thoroughly charred pyrogenic organic matter (pyOM). The quantity and
composition of pyOM formed will also depend on several watershed features (e.g., soil moisture,

topography, vegetation, microbial communities)'>'"*

and burn severity, defined here as the amount
of vegetation and litter consumed and ash present.”” Soil heating and residual pyOM can generate
hydrophobic layers in some soils that decreases post-fire infiltration and increases runoff.” The
removal of litter and loss of soil structure greatly exacerbates post-fire soil erosion and transport of
ash, char, and nutrients.* This includes dissolved organic matter (DOM) (i.e., dissolved organic
carbon (DOC), dissolved organic nitrogen (DON)) and total dissolved nitrogen (TDN) from

surrounding unburnt and fire-affected soils and vegetation.***"
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Changes in stream water begin shortly after a fire,"’ often in response to precipitation events.
For instance, nitrate, manganese, total suspended solids, chloride, and DOC can increase by orders
of magnitude downstream from burned watersheds during storms.***"** Post-fire summer storms
increased various N forms (i.e., nitrate, ammonium, and DON) the first 3 years after fires in the
western North American forests.”*** General post-fire responses vary with extent and severity of
wildfire and both proximity of the storm and fire, but there is also a high degree of spatial and

451,455

temporal variability within storm events, and DOM composition can shift between storm onset

and peak discharge.*”’

Wildfire-induced changes to stream water composition can adversely impact downstream
water treatment, where increases in metals, nutrients, sediment, and DOC require increased filtration
and coagulation during treatment.”**"* Disinfection byproducts (DBPs) formed during chlorination
treatment of DOC are regulated by the USEPA due to their toxicity.”® Wildfire-impacted waters

U and increase

have been shown to contain more DBP precursors compared to unburned areas,’
from proximal storm events.*? Post-fire DBP precursors tracked with DOC in Colorado streams
affected by the 2002 Hayman fire and were highest in areas with moderate high severity wildfire.*
Precursors for unregulated DBPs, often highly toxic, N-containing DBPs are also known to increase
following high severity wildfire."*"*"** The majority of aromatic DBPs and DBP precursors
formed during forest wildfires remain relatively unknown, and the heterogeneity and complexity of
the DOM signature challenges molecular identification and quantification.****

Characterization of DOM in highly complex surface water samples in post-fire watersheds
requires the ability to separate and assign compositions to thousands of ionized species. Fourier

transform ion cyclotron resonance mass spectrometry (FT-ICR MS) at 21 tesla achieves the highest

mass resolving power and mass accuracy sufficient to separate and assign elemental compositions to

tens of thousands of species in SOM and DOM.'¢'%?%72#%25533 This makes FT-ICR MS suitable for
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complex environmental sample matrices (e.g., DOM,*"*"” solid and water-

24,181,320,394,405-409 20,173,199,277,410,411

soluble char residues, and petroleum ), where isobaric species differ by
the mass of an electron.”®” FT-ICR MS applied to charactetize organic species in forest soils has
catalogued the leaching and degradation of condensed aromatic species derived from charcoal into
surrounding pore and stream waters.** A recent study of DBP formation in surface and
groundwater reports that highly aromatic and oxidized residues positively correlate with DBP (i.e.,

trihalomethane and haloacetonitrile) formation.*”

However, little is known about compositional
changes in stream DOM and DBP precursors throughout watershed catchments influenced by
wildfire burn extent and precipitation.

The Cameron Peak fire, the largest in Colorado recorded history, burned 208,913 acres in
2020 within the Cache le Poudre and Big Thompson watersheds which deliver agricultural,
municipal and industrial water to more than 300,000 residents in Northern Colorado.*”* In this
study, stream water chemistry and DOM composition was compared between stream waters
originating from catchments at different burn extents before, during, and after the first set of storms

following the Cameron Peak fire to investigate the short-term impacts of precipitation and burn

extent on water chemistry, DOM character, and DBP formation in fire-affected watersheds.

5.2 Materials and Methods

5.2.1 Site Description and Sample Collection

Sampling took place after the Cameron Peak Fire was extinguished (January 2021). Stream
water samples were collected in 2021 before, during, and after the first set of large monsoonal
rainstorms: June 15" (pre-storm), August 4" (storm), and October 27" (post-storm). Stream water
samples were collected from four catchments that differed by burn extent, defined here as the total

area of moderate and high severity burns within a catchment. Burn severity was differentiated using
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standard remote sensing approaches.*”

High and moderate severity fires combust and kill most
vegetation and organic soil layers’ and typically generate significant short term watershed
responses.*® Streams were then selected based on the total area of moderate and high severity burns
throughout the catchment: South Lone Pine (5,501 acres): 24% burned with 14% at moderate-high
severity (Low-BE), Bennett (9,209 acres): 70% burned with 38% at moderate-high severity
(Moderate-BE), Fish (3,242 acres): 86% burned with 57% at moderate-high severity (High-BE1),
and Little Beaver (11,561 acres): 86% burned with 68% at moderate-high severity (High-BE2).
Samples were collected in high density polyethylene sample containers that were cleaned and rinsed
in the sample stream prior to collection, then frozen at -4°C until filtered.
5.2.2 Water Chemistry Measurements

Stream samples for dissolved organic carbon (DOC) and total dissolved nitrogen (TDN)
analyses were collected in amber borosilicate glass bottles. Prior to use, plastic bottles (high density
polyethylene) were triple washed with de-ionized water (SC < 1.0 puS cm™), and glass bottles were
combusted for 1 hour at 500 °C in a muffle furnace. Samples were refrigerated after collection, then
DOC and TDN samples were filtered through 0.7um mesh glass fiber pre-filters (Millipore
Corporation, Billerica, MA, USA). Samples were analyzed within 72 hours of collection. Turbidity
was measured in 1 L samples using the nephelometric method (HF Scientific, Inc. Micro 100
Turbidimeter).*” Both DOC and TDN were determined by high-temperature combustion catalytic
oxidation using a Shimadzu TOC-Vcpy total organic carbon analyzer with a TNM-1 total nitrogen
detection unit (Shimadzu Corporation Columbia, MD, USA). Detection limits for DOC and TDN
were 0.05 mg L.
5.2.3 Spectroscopic Measurements

Stream waters were analyzed using a Horiba Scientific Aqualog (Horiba-Jobin Yvon

Scientific Edison, New Jersey, US) with excitation and emission wavelengths from 200-800 nm
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at 3 nm intervals and scan times of 2 seconds. Filtered samples were diluted to 5 mg C/L prior to
analysis to reduce inner-filter effects and normalize their concentrations. A sealed cuvette of
deionized water was used as a blank for each sample run to correct for instrument drift. The
samples were corrected for inner-filter effects and Rayleigh scatter was masked using first and
second grating orders after spectral analysis. Finally, each spectrum was normalized by the area

of the deionized water Raman scattering peak, as determined by the blank.*®® From this, the

) 305,469
3

fluorescence index (FI, Equation 1 and humification index were calculated (HIX,

Equation 2).470471

emission 470nm . . .
FI = ——————— at 370 nm excitation (Equation 1)
emission 520nm

480 MM L0 i oo
Y435 nm emission

3450 Lo ood
300 nm emission

HIX = at 254 nm excitation (Equation 2)

5.2.4 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

Stream water samples were centrifuged for 10 min at 5000 rpm followed by filtering through
a 0.2 um poly(ether sulfone) filter. Samples were then acidified to pH 2 with trace-metal grade HCI
and prepared for FT-ICR MS using solid-phase extraction with styrene-divinylbenzene (SDVB)
polymer modified with a proprietary nonpolar surface (Bond Elut PPL, Agilent Technologies).
Samples were extracted using methanol (HPLC grade, Sigma Aldrich Chemical Co., St. Louis, MO)
to about 50 ppm carbon concentrations and then measured at the National High Magnetic Field
Laboratory in Tallahassee, Florida.

Extracts were analyzed with a custom-built hybrid linear ion trap FT-ICR mass spectrometer
equipped with a 21 T superconducting solenoid magnet."”>* Sample solutions were infused via a
microelectrospray source (50 um id. fused silica emitter) at 500 nl./min by a syringe pump.’*

Typical conditions for negative ion formation were: emitter voltage, -2.4-2.9 kV; tube lens, —250 V;

and heated metal capillary current, 7 A. Positive mode electrospray ionization was selected based on
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the enhanced speciation of nitrogen species in PyOM." Tons were initially accumulated in an
external multipole ion guide (1-5 ms) and released m/z-dependently by a decreasing auxiliary radio
frequency potential between the multipole rods and the end-cap electrode.’” Tons were excited to
m/z-dependent radius to maximize the dynamic range and number of observed mass spectral peaks

(m/z 200-1500; 32-64%), and excitation and detection were performed on the same pair of

326 l 325

electrodes.” The dynamically harmonized ICR is operated with 6 V trapping potential.”> Time-
domain transients of 3.1 seconds were acquired with the Predator data station, with 100 time-
domain acquisitions averaged for all experiments, which were initiated by a TTL trigger from the
commercial Thermo data station. Peaks with signal magnitude greater than six times the baseline
root-mean-square (rms) noise at 7/3 500 were exported to peak lists, phase-corrected,” and
internally calibrated on the basis of the “walking” calibration method.'"” Expetimentally measured
masses were converted from the International Union of Pure and Applied Chemistry (IUPAC) mass
scale to the Kendrick mass scale for rapid identification of homologous series for each heteroatom
class (i.e., species with the same CH,N,O,S; content, differing only be degree of alkylation).”
Molecular formulae containing carbon (C), hydrogen (H), oxygen (O), nitrogen (N), and sulfur (S)
were assigned and visualized with PetroOrg© software.”' Molecular formula assignments with an
error >0.4 parts-per-million were discarded, and only heteroatom classes with a combined relative
abundance of 20.15% of the total were considered. While isotopes were assigned and used to clarify

peak assignments, isotopes and sodiated adducts were omitted in the plots, tables, and discussion

here. Assigned elemental formulas of neutral species were used to calculate the double-bond-

equivalents (DBE, Equation 3)*%** and modified aromaticity indices (Alyoa, Equation 4)*'**”* where
C = the number of carbon, O = the number of oxygen, and so on.
DBE=1+C—0—S—~(N+P+H) (Equation 3)
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1+C—O—S—%(N+H)

Alyoq = (Equation 4)

C-30-N-S§

Plot regions were indicated based on molecular bonding constraints, where assignments
colored as orange and red include aromatic and CA moieties in their structures (Almoa > 0.5 and
Alnoa = 0.67), respectively. Green points indicate the assignments above the molecular lability
boundary (MLB, H/C = 1.5)*” that cotresponds with generally more labile residues, and grey points
represent are mid-saturated (MS) and lie between the more aliphatic MLLB and aromatic plot regions.
These designations are not all encompassing but have been applied previously and found to be in

good agreement in studies with accompanying biological and spectroscopic measurements.”>**#7

5.2.5 Disinfection Byproduct Formation Measurements

Disinfection byproduct formation was assessed using uniform formation conditions
(UFC).*® Chlotine demand was initially assessed in each sample by varying the Cl:TOC ratio from
1:1 to 2.5:1 in multiple aliquots, and measuring residual chlorine after 24 hours. The chlorine dose
which resulted in a residual of 1 £ 0.4 mg/L CL after 24 hours was selected and repeated on a 70
mlL aliquot. After 24 hours, chlorine residual was measured and the sample was then quenched with
ascorbic and hydrochloric acid. DBPs were then measured using gas chromatography — electron
capture detection (GC-ECD, Agilent 8860). Four THMs, six HANS, and four HAMs, and
chloropicrin were quantified using EPA method 551.1. Nine HAAs were quantified using EPA
method 552.2.

5.3 Results and Discussion

5.3.1 Stream Water Chemistry Changes with Burn Extent
Streams located within the Cameron Peak Fire perimeter were sampled to elucidate changes
to water quality before, during, and following a storm event. Figure 5.1 displays the DOC, TDN,

and turbidity for four streams differentiated by burn extent: Low-BE, Moderate-BE, High-BE1, and
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High-BE2. Fluorescence spectra were also collected for the samples and used to calculate different
indices: the fluorescence index (FI) that approximates DOM source where higher values indicate
microbially-detived OM (e.g., extracellular telease from bacteria/algae) and lower values indicate
terrestrially-derived OM (e.g., decomposing plant matter and SOM);*>*” and the humification index
(HIX) that approximates “humification”, where higher values generally indicate more aromatic,
phenolic, and carboxylic acid features and cotrelate with pyOM.***"*"* All values plotted in Figure
5.1 can be found in Table 5.1.

In each of the streams, the DOC concentration increased during the storm and then
decreased during the post-storm measurement to neatly pre-storm values. The TDN also increased
during the storm and decreased during the post-storm event for High-BE1 and High-BE2, but Low-
BE and Moderate-BE decreased continuously relative to the pre-storm event. The turbidity
increased during the storm for each stream and then decreased during post-storm events for
Moderate-BE, High-BE1, and High-BE2. Low-BE was the exception that increased in turbidity at
the post-storm event.

The difference in TDN between streams is only distinct during the storm, after which the
TDN decreases to a minimum for each stream during the post-storm event. This may result from
the mobilization and transportation of organic and inorganic nitrogen that can accumulate in ash

7638245 While turbidity generally increases with burn extent

and be mobilized during the storm.
compared to unburnt watersheds,” the turbidity of stream samples here is initially similar at pre-
storm. The increasing turbidity in Low-BE might be evidence of progressive erosion and runoff
compared to the larger changes driven by the storm at Moderate/High-BE,*” though erosion can
vary substantially within fire-affected and unburnt watersheds.***®

For High-BE1 and High-BE2, the FI increased slightly or stayed relatively the same during

the storm and then decreased during the post-storm event to near or below pre-storm values. In
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comparison, the FI of Low-BE and Moderate-BE increased continuously. Low-BE FI was lowest at
the pre-storm event but resembled High-BE1 and High-BE2 by the post-storm (~1.5), whereas
Moderate-BE was greater (~1.6). The HIX was lowest in Low-BE followed by Moderate-BE, High-
BE1, and High-BE2. While there was no distinct pattern between events, the HIX was greater in
Moderate/High-BE duting the storm compared to Low-BE, which stayed approximately the same.
By the post-storm event, the Low-BE HIX increased, and Moderate/High-BE decreased to below
pre-storm values and Low-BE.

The FI and HIX in the Moderate/High-BE is likely greater than the Low-BE during the pre-
storm and storm events because more plant- and SOM-derived residues were removed and more
pyOM was present relative to the Low-BE, as opposed to the addition of microbially-derived DOM.
The increase in DOC and FI of each stream during the storm also indicates that the DOM
mobilized by the storm primarily resembled microbially-derived DOM (to a lesser extent for High-
BE2 that stayed the same). While the high burn extent streams decrease in FI during post-storm to
near pre-storm values, the increase in FI in low/moderate streams at the post-storm event suggests

more microbially-derived DOM.
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Figure 5.1. Measurements of water chemistry (DOC, TDN, and turbidity) and fluorescence indices (FI and HIX) for
each event and stream, colored by burn extent.

Table 5.1. Water chemistry measurements for selected samples used in fluorescence, FT-ICR MS, and DBP analysis

Burn Extent Event DOC (mg/L) TDN (mg/L) TEEI?E%I;Y SC (uS/cm) FI HIX
Pre-storm 7.41 0.54 3.0 45.8 1.186 2916

Low-BE Storm 10.74 0.34 5.0 63.1 1.210 4.062
Post-storm 4.29 0.14 6.5 53.8 1.214 6.753

Pre-storm 5.96 0.41 33 111.3 1.273 5.272

Moderate-BE Storm 18.53 0.36 20.0 110.1 1.356 2.762
Post-storm 9.59 0.16 3.0 128.6 1.303 8.156

Pre-storm 4.68 0.34 2.5 58.2 1.269 3.162

High-BE1 Storm 13.95 0.90 20.0 91.6 1.348 1.472
Post-storm 4.87 0.22 3.0 64.6 1.223 2.343

Pre-storm 5.30 0.60 2.3 42.3 1.327 5.915

High-BE2 Storm 13.21 0.96 15.0 72.3 1.347 7.191
Post-storm 4.58 0.26 3.5 57.5 1.192 3.173
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5.3.2 21 T FT-ICR MS reveals Enriched Nitrogen Heteroatom Classes

Broadband positive-ion 21 tesla ESI FT-ICR mass spectra were collected for DOM at each
event (total of 12 FT-ICR mass spectra) and are shown in Figure D.1. All samples spanned a similar
mass-to-charge range between /% 150 — 1000, centered ~/% 450 — 550 with an achieved resolving
power > 1,600,000 at 7/z 400 (m/Am50%, where Am50% = mass spectral peak width at half-
maximum peak height). The total number of assigned species within each heteroatom class is shown
in Table 5.2, with the most species assigned in the storm High-BE1 (15,822) and fewest in the pre-

storm Low-BE (6741).

Table 5.2. Molecular formula assignments made in each stream water sample separated by heteroatom class with the
total number of assignments and relative abundance-weighted average molecular weight.

R.A.-weighted

CHO (w/ | CHNO (w/ |CHNOS (w/| CHOS (w/
Sample Event |[isotopes and| isotopes and |isotopes and |isotopes and Total Average
P P p p P Assignments| Molecular
Na adducts)| Na adducts) | Na adducts) | Na adducts) Weight (Da)

Pre-storm 4421 2320 0 0 6741 463.3595

Low-BE Storm 4495 5837 13 8 10353 460.2941
Post-storm 6369 5702 0 32 12103 478.3879

Pre-storm 6361 4902 4 17 11284 480.1371

Moderate-BE Storm 5309 6582 8 8 11907 426.5996
Post-storm 6403 4833 0 27 11263 486.4058

Pre-storm 6191 4550 0 21 10762 469.3556

High-BE1 Storm 6208 9546 20 48 15822 434.9716
Post-storm 4321 4015 8 9 8353 475.7207

Pre-storm 6678 5037 4 23 11742 476.756

High-BE2 Storm 5380 6175 5 25 11585 435.3853
Post-storm 5681 4069 0 29 9779 478.7175

During the pre-storm, each stream was predominated by the CHO class which was highest
in Low-BE (66%) and lowest in the Moderate-BE (56%), with CHNO comprising the next largest
class and was lowest in Low-BE (34%) and highest in Moderate-BE (43%), though Moderate/High-
BE streams were within 1% of each other. During the storm, the total assighments in each stream
increased or stayed relatively the same and the CHNO class became the largest, increasing to up to

55 — 60% of the total assignments in each stream. This coincided with an increase in DOC and FI
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across all streams, indicating that the storm introduced nitrogen-containing species that resembled
microbially-derived residues. Interestingly, CHNO species with multiple nitrogen were also enriched
during the storm and is demonstrated in Figure 5.2 when separating the CHNO heteroatom class by
nitrogen content (N14O,,). This enrichment matches observations following heating =450°C in

: o4
water-extractable organic matter of soils,**’"

where >450°C resulted in very little organic matter
remaining. This suggests that DOM mobilized by the storm may originate primarily from less
severely burnt areas in each catchment, regardless of burn extent. The average C/N ratio (calculated
only using CHNO assignments, Figure D.2) also differed between burn extents, where Low-BE and
Moderate-BE decrease during the storm and the High-BE1 and High-BE2 increase in C/N during
the storm. This inverse relationship could be related to the change in predominant features of each
stream during the storm, where High-BE1 exhibits the highest number of unique CHNO and largest

increase in N;Oy assignments during the storm and the Low-BE exhibits the largest increase in Na.

4O class assignments.
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Figure 5.2. Number of assigned molecular formulas of the CHO and CHNO heteroatom classes for each sample and
event. CHNO classes are distinguished by nitrogen content (N1.40x).

By the post-storm, the CHO class was the largest in each stream but at lower proportions
compared to pre-storm (51 — 58%). However, the post-storm Low-BE was the only stream to
remain high in CHNO assignments compared to the storm (from 5837 to 5702), where other
streams decreased and was most notable in High-BE1 (from 9546 to 4015). The CHO assighments
also increased in the Low-BE (from 4495 to 6369) and Moderate-BE (from 5309 to 6403) and,

based on the FI during post-storm, may correspond with microbially-derived residues.
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5.3.3 Nitrogen Speciation indicates Unique Storm DOM

Figure 5.3 shows van Krevelen diagrams (VKDs) that plot atomic H/C versus O/C ratios
for Oy and N,Ox species derived from positive-ion ESI FT-ICR MS for Low-BE and High-BE1.
VKDs provide rapid visualization of qualitative compositional changes between samples that can be
used to identify differences in hydrogen saturation and oxygen content.'® Figure 5.3 is separated by
species assigned in all events for a stream (common), followed by peaks that are only identified
(unique) in the pre-storm, storm, and post-storm samples. Plot regions were indicated based on
molecular bonding constraints, where assignments colored as orange and red likely include aromatic
and condensed aromatic (CA) moieties in their structures (Almoa > 0.5 and Almea = 0.67),
respectively.”'® Green points indicate assignments above the molecular lability boundary (MLLB, H/C
> 1.5)*” that corresponds with more labile residues. Grey points are mid-saturated (MS) assignments
and plot between the MLLB and Alnea plot regions. The number of assignments for each plot region
are separated in Table 5.3. Sulfur-containing heteroatom classes (i.e., CHOS, CHNOS) were only
minor fractions of the FT-ICR mass spectra and were omitted from this discussion; total counts for
elemental composition assignments, separated by heteroatom class, are shown in Table 5.2.
Analogous VKDs for Moderate-BE and High-BE2 are shown Figure 5.4 and, while generally similar
to High-BE1, differences will be noted below.

In Low-BE (Figure 5.3A), all events shared a fraction of the total peaks near the center of
the VKD for both CHO (3877) and CHNO assignments (2289). The number of assighments
plotted in each region was highest in order from MS > aromatic > MLB > CA. Unique peak
distributions in the pre-storm were also similar amongst samples, where for Low-BE, peaks were
mostly centered or towards the edges of the compositional space shared by the common peaks
(O/C: 0.0 - 0.8, H/C: 0.4 — 1.7). The unique assignments in each region were highest in order from

MS > aromatic > CA > MLB. These observations were similar for the common and unique pre-
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storm peaks with the Moderate/High-BE streams (Figure 5.4). Additionally, 5762 peaks were
common between every stream and event, and spanned between MS, aromatic, and CA plot regions
(Figure 5.5). The common formulas likely originate from similar stream inputs, vegetation, and
microbial processing from upstream snowmelt of the sampled watersheds and indicates that there is
a common background DOM signature between streams.

During the storm event, unique CHNO assignments increased considerably and plotted over
a large compositional space in each stream, densely encompassing and extending the range of H/C
values. The Low-BE H/C range increased (H/C: from 0.4 — 1.7 to 0.3 — 1.9) with the greatest
number of unique peaks in plot regions in order from MS > MLB > aromatic > CA, which switches
aromatic and MLB in order compared with the pre-storm. The enriched plot regions and
compositional space exhibited the same pattern in Moderate/High-BE during the storm, where
DOM introduced during the storm appeared to be comprised of a diverse suite of aliphatic and
aromatic compounds. The number of assignments in the MLB plot region were also greatest in
order of High-BE1 > High-BE2 ~ Moderate-BE > Low-BE.

During the post-storm event, Low-BE exhibited a unique spectrtum compared to the
Moderate/High-BE: the number of unique CHO assignments increased (from 614 to 1999), and the
number of unique CHNO assignments stayed similar between storm and post-storm events (from
3547 to 3384). The O/C and H/C range also increase slightly (O/C: from 0.0 — 0.8 to 0.0 — 0.9,
H/C: from 03 — 1.9 to 0.2 — 1.9). The Low-BE post-storm CHO and CHNO assignments
encompassed a large compositional space compared to the common peaks. This differed for the
Moderate/High-BE streams where fewer unique species were assigned duting the post-storm event.
For example, from storm to post-storm for High-BE1, the number of unique CHO and CHNO
assignments decreased by an order of magnitude (CHO: from 828 to 85, CHNO: 5170 to 522). The

H/C range decreased (H/C: from 0.2 — 2.0 to 0.5 — 1.9).
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Changes to DOM composition as a function of burn extent were most distinct during the
post-storm, where unique peaks in Moderate/High-BE streams diminished to a fraction of what was
unique during the storm. Interestingly, the Low-BE exhibited the highest number of unique CHNO
assignments by the post-storm event (3338) of which 2550 of these CHNO assignments were also
assigned in the Low-BE storm event. The similarity in nitrogen assignments suggests that even after
DOC concentration returns to pre-storm conditions, storm impacts may persist or enact changes
that alter post-storm composition to Low-BE stream catchments. For example, the unique peaks in
the Low-BE post-storm sample may reflect residues released by plants and microbes “stimulated” by
precipitation relative to the higher burn severity samples,"” but would need further investigation into
microbial community structures and additional sample replicates to fully investigate. The unique
peaks also correspond with the increasing Low-BE turbidity and FI, though FI values can vary

substantially within watersheds.*’

Table 5.3. Common and unique molecular formula assignments from the pre-storm, storm, and post-storm event in the
Low-BE and High-BE categorized by plot regions indicating more labile (MLB), aromatic, condensed aromatic (CA),
and mid-saturated (MS) features.

Low-BE Number of CHO Assignments | Number of CHNO Assignments

Event Aromatic | CA | MLB | MS Aromatic | CA | MLB | MS
Common 586 145 | 196 2950 | 194 17 124 1954
Pre-storm | 122 76 17 325 7 0 0 23
Storm 50 38 | 156 370 | 364 139 | 604 2440
Post-storm | 280 149 | 252 1318 | 372 179 | 470 2363

High-BE1 | Number of CHO Assignments | Number of CHNO Assignments

Event Aromatic | CA | MLB | MS Aromatic | CA | MLB | MS
Common 580 138 | 216 3239 | 316 51 238 2834
Pre-storm | 142 59 |0 610 | 20 1 0 153
Storm 52 101 | 393 282 | 446 280 | 1242 | 3202
Post-storm | 0 0 76 9 21 11 67 423
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Figure 5.3. Van Krevelen plots of the common and unique species measured in positive-ion ESI FT-ICR MS for Low-
BE and High-BE1 burn extent streams across each event. Common assignments were common formulas between all
events in a given stream and assignments were considered unique if they were not assigned in the pre-storm spectra
(unique peaks in the pre-storm were absent from storm and post-storm). Points are colored based on their compositions
where assighments colored as orange and red correspond with aromatic and condensed aromatic (CA) moieties in their
structures (Almod > 0.5 and Almoeq = 0.67), respectively.?!¢ Green points indicate the assignments above the molecular
lability boundary (MLB, H/C = 1.5)473 that cotresponds with more labile residues, and grey points lie outside these
boundaries.
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Figure 5.4. Van Krevelen plots of the common and unique species measured in positive-ion ESI FT-ICR MS for
Moderate-BE and High-BE2 streams across each event. Common assignments were common between all events in a
given stream and assignments were considered unique if they were not assigned in the pre-storm (unique peaks in the

pre-storm were absent from storm and post-storm). Points are colored based on their compositions where assignments
colored as orange and red include aromatic and condensed aromatic moieties in their structures (Alnod > 0.5 and Alnod
2 0.67), tespectively.?!6 Green points indicate the assignments above the molecular lability boundary (MLB, H/C =
1.5)#47 that cotresponds with more labile residues, and grey points lie outside these boundaries.
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Figure 5.5. Common peaks amongst the FT-ICR mass spectral assighments between every sample stream and event,
where assignments colored as orange and red include aromatic and condensed aromatic moieties in their structures
(Almoa > 0.5 and Almoa = 0.67), respectively (top).2!¢ Grey points lie outside these boundaries. Distribution of formulas
between CHNO and CHO is also indicated in the bar graph (below).

5.3.4 Storm Impacts DOM Saturation and Oxygen Content

The unique peaks expanded the range of O/C and H/C ratios of the DOM in each stream
and some common compositional shifts could be observed by event. To simply illustrate how
compositional features shift between each event in every stream, Figure 5.6 shows the relative
abundance-weighted average H/C and O/C values from all formula assignments from each stream.
The range of compositional space (O/C: 0.36 — 0.41, H/C: 1.11 — 1.19) encompassed is relatively
small compared to those in Figure 5.3 and 5.4 and is primarily a function of the common
assignments between each stream and event (Figure 5.5). From the pre-storm to storm event, stream
DOM exhibited lower average O/C and higher average H/C values across all sites. From the storm

to post-storm event, stream DOM exhibited higher O/C and lower H/C values, though the post-

storm average O/C and H/C remain higher than pre-storm values in all streams. The similarity in
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shifts and relative grouping of the streams during each event is further evidence of a common effect

of the storm on each stream, where specific changes to molecular features are explored below.

1.19
Streams by burn extent:
@ Low-BE
O 117 Storm Post-storm Moderate-BE
T High-BE1
o 1151 High-BE2
>
<
1134 Event
0 = Pre-storm
Pre-storm
1.1 T T T T A-=storm
[(o] M~ 0 (¢)] o —
3! © " ™ < <
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Figure 5.6. Relative abundance-weighted average H/C and O/C ratios for each of the stream samples during each
event. Color scale distinguishes streams, where pre-storm (circle), storm (triangle), and post-storm (square) are grouped.

To distinguish features that contribute to the shift in composition, DOM assignments were
plotted by double-bond-equivalents (DBE) (Figure 5.7 and D.3) and nominal oxidation state of
catbon (NOSC) (Figure 5.8 and D.4). Peaks were grouped by their abundances, where the "top
25%" (dark blue points) are 25% of the sample's cumulative abundance comprised of the most
abundant formulas, the "second 25%" is the next 25% comprised of the next most abundant
formulas, and so on. Assignments were separated by species in all events for a stream (common),
followed by peaks that are only identified (unique) in the pre-storm, storm, and post-storm samples.
DBE and NOSC plots for Moderate-BE and High-BE2 are shown in Figure D.3-D.4 and were
generally similar to High-BE1 and differences will be noted below.

Figure 5.7 shows the DBE vs. carbon number (C) of assignments in the Low-BE and High-
BE1. As noted above, a large background DOM signal is present based on the common assignments

that centers at ~10 DBE and ~20 carbon in each stream for both CHO and CHNO assignments.
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Unique CHO species during the pre-storm overlapped with some of the common assignments and
also included species with higher DBE and carbon number, and unique CHNO species generally fell
within the same DBE vs. C range of the common assignments. During the storm, both CHO and
CHNO exhibited unique peaks that extended the range of DBE and carbon compared to the pre-
storm, but the most abundant unique peaks were centered ~5 DBE and ~15 carbon, decreasing
compared to the pre-storm assignments. Like Figure 5.3 and 5.4, the CHNO class of each stream
exhibited a more densely occupied compositional space relative to the CHO class during the storm,
where the enrichment of low DBE species is consistent with the enrichment of the aliphatic residues
in the MLB plot region.

By the post-storm, the unique CHNO species decreased compared to the storm but included
more unique species with higher and lower DBE compared to the pre-storm. The most abundant
unique CHO peaks also encompassed lower DBE and carbon ranges, though Low/Moderate-BE
and High-BE2 exhibited unique but less abundant CHO species up to 26 DBE and 54 carbon. Low-
BE was the most similar to its storm event by DBE vs. C range and also retained the most abundant

low DBE assighments compared to the other streams.
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Figure 5.7. Double-bond-equivalents (DBE) of assignments in the Low-BE and High-BE1 streams, separated species in
all events for a stream (common), followed by peaks that are only identified (unique) in the pre-storm, storm, and post-
storm samples. Peaks were grouped by their abundances, where the "top 25%" (dark blue points) are 25% of the
sample's cumulative abundance comprised of the most abundant formulas, the "second 25%" is the next 25% comprised
of the next most abundant formulas, and so on.

Figure 5.8 shows the NOSC vs. carbon number (C) of assignments in the Low-BE and
High-BE1, separated by species in all events for a stream (common), followed by peaks that are only
identified (unique) in the pre-storm, storm, and post-storm samples. The most abundant common
CHO assignments centered about NOSC ~-0.5, and the most abundant CHNO assighments
centered about NOSC ~ -0.2. Trends were similar between DBE and NOSC during the storm and
post-storm: during the storm, the unique CHNO species in each stream were enriched at lower

NOSC and displayed a wider NOSC and C range compared to the pre-storm. Fewer abundant high
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NOSC CHO species wete assigned in the Moderate/High-BE compared to Low-BE, indicating a
predominance of smaller, less oxidized CHO species that are reflected by the low O/C values during
the storm. During the post-storm, the unique CHO and CHNO species were largely diminished but
included more unique species with higher and lower NOSC than the pre-storm. Post-storm Low-BE
exhibited a wide distribution of abundant high NOSC CHO species that coincides with the higher
average O/C than the other streams.

The post-storm Low-BE displayed a somewhat bimodal CHO distribution centering at ~12
carbon (DBE: ~5, NOSC: ~-0.7) and ~35 carbon (DBE: ~19, NOSC: 0.3), where the higher DBE
and NOSC species included unique assignments compared with the Low-BE storm and in other
streams. This bimodal distribution indicates that the abundant moieties at Low-BE were split
between aliphatic and aromatic features that may represent the presence of both microbially-derived
residues and pyOM introduced to the stream by the post-storm. The enrichment of CHO and
CHNO species in the MLB plot region with low molecular weight, DBE, and NOSC also appear to

resemble a rapidly turned-over metabolite fraction released from soil microbial biomass.™
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Figure 5.8. The nominal oxidation state of carbon (NOSC) vs. carbon numer for assignments in the Low-BE and High-
BE1 streams, separated species in all events for a stream (common), followed by peaks that are only identified (unique)
in the pre-storm, storm, and post-storm samples. Peaks were grouped by their abundances, where the "top 25%" (dark

blue points) are 25% of the sample's cumulative abundance comprised of the most abundant formulas, the "second
25%" is the next 25% comprised of the next most abundant formulas, and so on.

5.3.5 Change in DOM Character influence Disinfection Byproducts Formed during Storm
To quantitatively determine how the difference in stteam DOM composition will influence
water quality downstream, stream water samples were chlorinated to measure DBPs, which included
trihalomethanes (THM), haloacetonitriles (HAN), haloacetamides (HAM), and haloacetic acids
(HAA). Figure 5.9 shows the DBPs formed during each event for Low-BE and High-BE1 by total

concentration (Figure 5.9A) and normalized to the DOC of each sample and event (Figure 5.9B). An
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analogous plot for Moderate-BE and High-BE2 can be seen in Figure 5.10; concentrations for each
DBP identified here for each stream can be seen in Table D.1 and D.2.

While there was no precise trend across events as a function of burn extent, the moderate
and high burn extent samples produced greater total DBP concentrations than Low-BE by a factor
of ~2. For instance, the total DBP concentration (Figure 5.9A) was greater in High-BE1 compared
to Low-BE at every event and is most prominent with chloroform (blue) that is about twice the
concentration in High-BE1 compared to Low-BE at every event. Interestingly, DBP concentration
normalized to the DOC in Low-BE and High-BE1 (Figure 5.9B) decrease from the pre-storm to
storm and increase from the storm to post-storm. These trends for the total and DOC-normalized
DBP concentrations are similar across burn extents and DBP classes, though the decrease in DOC-
normalized DBP concentrations during the storm were more pronounced in Moderate/High-BE
(Figure 5.10).

In Moderate/High-BE streams, the pre- and post-storm DOM formed fewer DBPs
compared to the storm when normalized to DOC and reflects a lower reactivity of storm DOM
introduced to form DBPs. The storm DOM at Low-BE formed a similar amount of DOC-
normalized DBPs between the pre-storm and storm, where DBP precursors appeared to be largely
absent for Low-BE and implies a lack a pyOM present during the pre-storm and storm.*”” The Low-
BE also exhibited nearly double the DOC-normalized DBPs during the post-storm compared to the
storm, and may correspond with unique aromatic and high DBE species (Figure 5.7) that could
result from increased erosion (Figure 5.1). The observed increase in DOC and number of unique
nitrogenous residues during the storm and post-storm for Low-BE did not correspond with
enriched N-DBPs relative to the suite of DBPs measured, though total N-DBPs did trend similarly
with the total carbonaceous DBPs through each event (Table D.1 and D.2). This contrasts with

studies observing shifts toward more nitrogenous DBPs at higher burn severities both in lab and
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field studies.*”"** It is difficult to extrapolate how the burn extents used here compare to heating
temperatures in laboratory settings, however the ~2-fold increase in DBPs in Moderate/High-BE
compared to Low-BE indicates that DBP formation is greater in watersheds burnt at high severity
and extent, matching previous observations.*' The decrease in DOC-normalized DBPs during the
storm indicates that residues introduced during the storm were not predominately reactive with

chlorine.
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Figure 5.9. Concentration of disinfection byproducts (DBPs) for Low-BE and High-BE burn extent sample streams
through each event after chlorination. A: total DBP concentration. B: DOC-normalized DBP concentration. Values for
both total (Table D.1) and DOC-normalized (Table D.2) DBPs measured in each sample can be seen in Appendix D.
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Figure 5.10. Concentration of disinfection byproducts (DBPs) for moderate (BENN) and high (LBEA) burn extent
sample streams through each event after chlorination. A: total DBP concentration. B: DOC-normalized DBP
concentration. Values for both total (Table D.1) and DOC-normalized (Table D.2) DBPs measured in each sample can
be seen in Appendix D.
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5.4 Environmental Implications

Although stream discharge in each draining catchment was not measured, seasonality and
common environmental inputs throughout the watershed may help explain patterns in water
chemistry measurements and DOM composition. For instance, each of the streams studied here
contributes to the main stem of the Poudre River, which supplies the city of Fort Collins
Municipality. Although there is high variability amongst the burn extents for average turbidities
measured here, the range of turbidities fall within the median turbidity measurements along the main
stem of the Poudre River from Summer through Fall 2021 (Summer: ~1 — 25, Fall: ~1 — 2 NTU)
reported by the City of Fort Collins.*” These ranges in water chemistry measurements also reflect
seasonal hysteresis, defined differences between in-stream analyte concentrations and discharge,

3 Molecular

which has been demonstrated through Summer and Fall in smaller watersheds.
hysteresis can also influence DOM compositional measurements, where shifts in the predominant
molecular characteristics have been measured during the storm onset and peak discharge.” As
features shared by different streams trend similarly throughout the events, each of the streams
appear to be affected similarly by shifts in precipitation and source water.

The enriched CHNO residues during the storm were predominately more saturated and less
oxidized and might be related to biomolecules released during low temperature burning.”>** The
unique nitrogen assignments could also represent labile microbial residues,™ where the post-storm
increase in unique assignments in the Low-BE compared to the other streams might also result from
microbes that survived the Cameron Peak Fire at lower severities. A more diverse microbial
community would produce a wider range of molecules following precipitation compared to the
lower diversity of pyrophilous microorganisms that dominate at higher burn severities,*” and higher

FI values (Figure 5.1) have also been associated with DOM with longer residence times in soil

before mobilization.*” The unique peaks in the Low-BE post-storm sample may also reflect the
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plants and microbes “stimulated” by precipitation relative to the higher burn severity streams
through a positive feedback loop,*® but would need further investigation into microbial community
structures and additional sample replicates to fully investigate.

Although it is speculative to approximate the extent of pyOM, allochthonous, and
autochthonous DOM introduced due to the compositional overlap of DOM sources observed in

stre ams,16’21’227’487’488

this is the first study noting the lack of DBP precursors mobilized during a storm
in streams draining fire-affected catchments. The lack of influence of precipitation on the presence
of DBP precursors might also explain persistent pyOM signatures in streams over longer time

scales, ™"

though the water solubility and prolonged leaching of pyOM residues is somewhat
disputed due to their aromatic nature.*"* It should be noted that DBP precursors were outside of the
m/ % range measured using FT-ICR MS in this study, where changes in DBP precursor composition
can only be extrapolated here and would require small molecule analysis to confirm. Despite this, the

results here reaffirm that short-term declines in water quality will differ based on burn extent in a

fire-affected watershed.

118



CHAPTER 6: SUMMARY

The purpose of the work presented here is to develop and apply methods to better
understand the composition and quality of SOM in nature and after wildfires. The research detailed
here achieves this by: (I) examining the application of FT-ICR MS as a tool to critically evaluate
SOM, (II) developing data processing methods to improve SOM compositional analysis, (III)
identifying changes in water-extractable SOM with laboratory heating at discrete heating
temperatures, and (IV) measuring changes to water chemistry and DOM as a function of burn
severity and extent through a wildfire-affected watershed.

First, a critical review of recent strategies for SOM characterization by FT-ICR MS is
presented, with emphasis on SOM sample collection, preparation, analysis, and data interpretation
(Chapter 2). The heterogeneity of SOM, soil surfaces, and microenvironments means that no
extraction method will capture every fraction of SOM. Fractions of interest can be collected by
targeting specific SOM sorption mechanisms, where the most common are water, alkaline, mineral
dissolution, and organic extractions. Different ionization techniques must then be considered as
each technique exhibits selectivity based on ionization mechanism and analyte composition. The
most common ionization technique for SOM and DOM is electrospray ionization in negative mode,
though other techniques and positive mode analyses can be applied to probe less acidic, more
hydrophobic SOM and DOM residues. After ionization and detection, mass calibration and
molecular formula assignment can be completed but numerous assumptions are applied depending
on the method. Constraining the data with a priori knowledge such as heteroatom content and
functional group characteristics can improve formula assignment and visualization substantially. To
contextualize  qualitative FT-ICR MS results, corroborative elemental, spectroscopic,
chromatographic, microbial analyses, and statistical methods are recommended. Future work on FT-

ICR MS methods to study SOM would benefit from unified sample preparation, automated internal
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calibration, new solution-based ionization techniques, and a unified database repository that would
increase the reproducibility and accessibility of FT-ICR MS to probe SOM across a broad range of
sample matrixes.

Second, SRFA was measured using a custom built, 21 tesla hybrid linear ion trap FT-ICR
mass spectrometer to investigate DOM complexity and the influence of peak-picking threshold on
molecular formula assignment (Chapter 3). The effect of peak-picking threshold at 30, 40, 50, and
6o was compared by number of elemental composition assighments, mass measurement accuracy,
and dynamic range across the mass range of m/z 200—1200. More than 36,000 species were
assigned with signal magnitude greater than 3o at root-mean-square mass error of 36 ppb. This is a
large improvement over the assignments at 6o, where over 23,000 species were assigned with signal
magnitude greater than 6o and root-mean-square mass error of 25 ppb. Isobaric overlaps were
identified up to m/z 1000 that differed by the mass of a few electrons with the most counts when at
30, which included the assignment of O and 'O isotopologues. Analyzing at 3¢ yielded the widest
range of compositional space with unique assignments and aromaticity not detected at higher peak-
picking thresholds. Thus, setting more stringent peak-picking thresholds above 3¢ may arbitrarily
limit molecular formula assighment for high confidence peaks. The additional molecular formulas
and features may contribute to the poor reproducibility across different FT-ICR instruments and
should be further investigated using retrospective analysis of DOM samples with other matrixes.

Third, water-extractable organic matter from laboratory microcosms of soil burned at
discrete temperatures was characterized by FT-ICR MS to study the impacts of fire temperature on
SOM and DOM composition (Chapter 4). The amount of water-extractable organic matter changed
depending on heating with a maximum at 250°C and minimum at 450°C. The increase in DOC
corresponded with a shift towards aromatic nitrogen-containing molecular formulas and exhibited

the widest range of aromatic features and oxidation states when at 250°C. Mass difference-based
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analysis also suggested that products formed during heating could be modeled using transformations
along the Maillard reaction pathway. Reactants and products were paired between consecutive
heating temperatures using known amino acids and intermediate carbon fragments, and were
identified at every temperatures except 450°C when most DOC was removed. These results describe
compositional changes to SOM during heating and identify mechanisms that appear to contribute to
pyOM formation. By understanding more about the mechanisms that form pyOM at specific
heating intensities, this work enables the identification of patterns in pyOM that could be used
characterize precise reactants and temperatures in fire-affected soil.

Finally, streams within the area of the Cameron Peak Fire of 2020 were sampled before,
during, and after the first large summer rainstorms following the fire. Streams were distinguished by
catchment burn extent and used to investigate the short-term impacts of precipitation and burn
extent on water chemistry and DOM in fire-affected watersheds (Chapter 5). Quantitatively,
dissolved organic carbon (DOC) increased in every stream during the storm, and turbidity and
fluorescence indices varied by burn extent. Many assignments were also common between events
and streams, indicating the similarity in source water and DOM inputs regardless of burn extent.
Nitrogen species predominated FT-ICR spectra during the storm and corresponded with labile,
microbially-derived, and pyrogenic compositions. The unique DOM assignments following the
storm decreased by one or two orders of magnitude in every stream except the low burn extent,
which could reflect residues release by plants and microbes “stimulated” by precipitation relative to
the higher burn severity samples. Chlorination experiments indicated that more than twice the
number of DBPs formed from moderate-high burn extents compared to the low burn extent.
Interestingly, when DBP concentrations were normalized to DOC, the released DOM formed less
DBPs, suggesting the increased in DBP formation is due to increased DOM loading overall rather

than increased reactivity of DOM. Thus, pyOM comprises a minor fraction of the storm DOM and
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may persist in environments for decades due to the lack of solubility of pyOM observed following
precipitation. This work would benefit from small molecule analysis in soils with clearly delineated
burn severities to identify the presence of microbial metabolites and DBP precursors.

The work in this dissertation contributes to the mechanistic understanding of the
transformation, combustion, and mobilization of SOM following wildfires in forested watersheds.
The apparent insolubility of pyOM during precipitation may also explain the long-term persistence
and leaching of condensed aromatic residues observed in the streams and soils of fire-affected
watersheds and has implications for nutrient cycling and the recovery of fire-impacted watersheds.
Within the water-soluble fraction of pyOM, aromatic organic nitrogen moieties were enriched in
both laboratory- and field-based fire-affected samples and may contribute to degraded water quality.
Studies aiming to bridge the understanding between laboratory-based fire simulations and field
studies of wildfires could arrange microcosms with known fuel quantities and temperature
throughout a soil column to identify heat penetration and corresponding transformations that
influence pyOM characteristics and solubility. Future studies aiming to refine our mechanistic
understanding of wildfire transformations on SOM should include samples from different terrestrial
ecosystems under similar heating parameters to identify if trends apply across a range of sample
matrixes and if modeling approaches can be replicated. Identification of specific molecular
precursors to Maillard reaction products or DBPs could also be performed with labeled standards of

biomolecules spiked into heated SOM matrixes coupled with small molecule analysis.
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APPENDICES

Appendix A: Supporting Information for Chapter 2

Table A.1. Common extraction methods used to extract different fractions of soil organic matter with example

conditions used in literature.

Extraction | Example extraction Target SOM fraction Reference
Water Ultrapure (18.2 MQ), 20+ | Water soluble SOM, | 879498
hours extraction time, and | weakly  soil  particle
200g/L (soil/solution)s7 bound and most
bioavailable SOM
Alkaline 0.5 M NaOH, 20 h, and | General SOM and SOM | 87.103,104,110
200 g/L (soil/solution) 10 compounds with acidic
functional groups
Mineral #1 - 0.1 M dithionite, 16 | For extraction #1: short | 118122123128
dissolution | hours; followed by 0.05 M | range  order  Fe(III)
HCl rinse 1 h; 167 g/L oxides and crystalline
#2 — 0.25 M hydroxylamine | Fe(III) oxides
hydrochloride, 0.25 M HCl, | For extraction #2: short
50 °C, 1 h, 200 g/1.489 range  order  Fe(II)
oxides
Organic 1 mL acetonitrile (ACN), | Low polarity SOM and | 94133135490
100 mg soil, shaken for 2 | SOM with less abundant
hours!33 acidic functional groups

Table A.2. Log P and pKa values predicted by PubChem*! and MOSES#? (via ChemDraw Professional), respectively,
for common biomolecular classes associated with SOM. Structures and features relative to each of the examples is

shown in Figure 2.4. *Intrinsic pKa was measured for dioleoyl phosphatidylcholine*3

Name Class Log P | pKal pKa2 pKa3
glucose Carbohydrate -2.6 12.294

N-Acetyl-Muramic Acid Amino sugar -2.1 3.408
N-Acetyl-D-Glucosamine Amino sugar -1.7 11.939

Tryptophan Amino Acid -1.1 2.38 9.39

Tyrosine Amino Acid 2.3 2.2 9.11 10.07
Glycine Amino Acid -3.2 2.37 9.78

Dioleoyl

phosphatidylcholine Phospholipid 13.8 4.053*

Valoneic acid Tannin derivative 1.5 8.516

Hexahydroxydiphenic acid | Tannin derivative 0.5 13.939

Flavogallonic acid Tannin derivative 1.6 2.593

Chlorogenic acid Lignin derivatives -0.4 8.099

Sinapic acid Lignin derivatives 1.5 4.05

Vanillic acid Lignin derivatives 1.4 4.0 9.39

Gentisic acid Lignin derivatives 1.3 2.766

Stearic acid Fatty acid 7.4 4.75

Palmitic acid Fatty acid 6.4 4.75
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Appendix B: Supporting Information for Chapter 3

Table B.1. Identified isobaric ovetlaps below a mass difference of /% 0.03638 with the count and experimental average
overlap and standard deviation at each peak-picking threshold for SRFA.
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Figure B.1 Number of assigned elemental compositions containing nitrogen atoms separated by nitrogen and oxygen
count (N1301.30) at 30 and 6o peak-picking thresholds. The total number of assignments were also separated and
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Appendix C: Supporting Information for Chapter 4

Table C.1. Assignment and peak ateas as a percent of total catbon for solid state 1?*C CP/MAS and DP/MAS spectra of
the WEOC isolated in the hydrophobic (XAD-8) fraction. Reproduced from Thurman ez a/.416

230—190 ppm  190—160 ppm 160—110 ppm 110-90 ppm 90—60 ppm 60—0 ppm
carboxyl C-alkyl
ketone amide aromatic aromatic acetal O-alkyl (a C to AA's: 40—65 sp? sp’
sample quinone quinone olefinic CHO anomeric  (methoxyl: 58—54 ppm) ppm) 230-90 ppm 90-0 ppm [
13-CPMAS
Ctrl 3 18 29 8 13 29 58 42 029
150 °C 2 16 27 7 13 35 52 48 0.27
250 °C 1 22 50 6 4 17 79 21 0.50
350 °C 25 64 3 2 6 92 8 0.64
450 °C 29 66 1 13 3 97 3 0.66
DPMAS
Ctrl 1 20 28 8 12 30 57 43 028
150 °C 15 21 6 4 46 42 58 0.21
250 °C 1 22 40 4 2 30 66 34 0.40
350 °C 26 50 4 18 80 20 0.50
450 °C 1 11 84 4 96 4 0.84

“f. ="C aromaticity, peak area from 160 to 110 ppm divided by total area.

Table C.2. List of amino acid and fragment molecular weights? used when performing mass-difference based analysis
including condensation and cleavage® reactions common to Maillard reaction pathways.

Reaction Mass Change Elemental Change
Dehydration -18.01057 (-H20)

Gly Condensation 57.02146 (+C2H3N101)
Gly Addition 75.03203 (+C2H5N102)
Ala Condensation 71.03711 (+C3H5N101)
Gln Condensation 128.05857 (+C5H8N202)
Lys Condensation 128.09496 (+C6H12N201)
Ammonia Addition 17.02655 (+NH3)
Amidization -0.98402 (+NH/-O)
F_Formic_acid -46.00548 (-CH202)
F_Formaldehyde -30.01056 (-CH20)
F_Acetic_acid_glycoaldehyde -60.02113 (-C2H402)
F_Glyoxal -58.00548 (-C2H202)
F_Glyceraldehyde -90.03169 (-C3H603)
F_Dihydroxyacetone -90.03169 (-C3H603)
F_pyruvaldehyde -72.02113 (-C3H402)
F_Hydroxyacetone -74.03678 (-C3H602)
F_Tetroses -120.04226 (-C4H80O4)
F_Diacetyl_butanedione -80.03678 (-C4H602)
F_Hydroxybutanal_hydroxybutanone | -88.05243 (-C4H80O2)
F_Furanones -84.02113 (-C4H402)
F_Furan -68.02621 (-C4H40)
F_Pentoses_pentuloses_ribulose -150.05282 (-C5H1005)
F_Deoxy_deoxyribose -134.05791 (-C5H1004)
F_Pyranones -96.02113 (-C5H402)
F_Glucosone -178.04774 (-C6H10006)
F_Deoxyglucosone -162.05282 (-C6H1005)

“Monoisotopic masses were used to calculate mass change
PFragments are denoted with a preceding “F_" and were not differentiated between isomers (i.e. all tetroses were
considered the same C4 fragment due to identical fragment formula mass)

201



CTRL 150°C 250°C 350°C 450°C

2.01
1.59 Ranked by
% Abund.
Q ® Top 25%
= g D“\\ \\ \\ \r\ \\ ® Second 25%
\ \ & > Third 25%
N A :‘.:‘\ ' \ Botiom 25%
0.54 ] 3 B ::.wL ) .
ARO ARO ARO ARO ARO
0.0+ LO [ MO | HO LO | MO | HO LO | MO | HO LO | MO | HO LO | MO | HO
00 03 06 09 12 00 03 06 09 12 00 03 06 09 12 00 03 06 08 12 00 03 06 09 12
o/C

Figure C.1 Abundance-weighted van Krevelen plots of NxOy species derived from negative-ion ESI FT-ICR MS
spectra for the unburnt control (CTRL) and heated soil leachates isolated on the hydrophobic resin. Lines were added to
each plot to indicate regions that contain aromatic features (below AROM line) established using aromaticity indices
(Alntod, outlined by Koch and Dittmar?'¢ and reformulated by Melendez-Perez et al.#??), and also oxygen content of the
assigned formula: “LO” = low oxygen content, O/C < 0.3; “MO” = mid oxygen content, 0.3 < O/C < 0.6; “HO” =
high oxygen content, O/C > 0.6. C: H/C vs. N/C plots of the CHNO assignments along the heating gradient. Plotted
formulas were grouped using their abundances, where the "top 25%" (dark blue points) are 25% of the sample's
cumulative abundance comprised of the most abundant formulas, the "second 25%" is the next 25% comprised of the
next most abundant formulas, and so on.
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Figure C.2 Abundance-weighted van Krevelen plots of NyOx species derived from negative-ion ESI FT-ICR MS
spectra for the unburnt control (CTRL) and heated soil leachates isolated on the hydrophobic resin. Lines were added to
each plot to indicate regions that contain aromatic features (below AROM line) established using aromaticity indices
(Almod, outlined by Koch and Dittmar?! and reformulated by Melendez-Perez et al.#??), and also oxygen content of the
assigned formula: “LO” = low oxygen content, O/C < 0.3; “MO” = mid oxygen content, 0.3 < O/C < 0.6; “HO” =
high oxygen content, O/C > 0.6. C: H/C vs. N/C plots of the CHNO assignments along the heating gradient. Plotted
formulas were grouped using their abundances, where the "top 25%" (dark blue points) are 25% of the sample's
cumulative abundance comprised of the most abundant formulas, the "second 25%" is the next 25% comprised of the
next most abundant formulas, and so on.
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Figure C.3 Relative abundance of CHNO classes in the unburnt (CTRL) and heated (150°C — 450°C) hydrophilic
samples separated by nitrogen and oxygen (N5Oaz.15) content.
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Figure C.5 Number of product assignments matchings reactions with predicted mass differences along the Maillard
reaction pathway at each temperature transition from the hydrophobic sample fractions. Blue bars within each plot
indicate the number of products that were newly assigned at the higher temperature only. A: Counts for peaks matching
amino acid condensation products and also ammonia additions. Peaks matching amino acid condensations were absent
from the 350—450°C transition. B: Intermediate reaction products were separated by carbon number (C#) of the
fragment lost, ranging from C1 (e.g. formic acid) to C6 (e.g. glucosone). For a complete list of all the amino acid
condensation and C# fragment compositions, see Table C.2
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Appendix D: Supporting Information for Chapter 5

Table D.1. Total concentration of disinfection byproducts in each stream and event measured when chlorinating using
EPA methods 551.1 and 552.2.

sie | chcl | CH | CCl |BrCHCIGHBe CHBrN| CoHy |CoH3CLCH:Br CoHa | GoHL | GoH,
BrClz CN N N O C13NO Oz ()2 Clez C1302 BrzOz
Pre-storm | 85.70 | 5.40 | 1.90 0.60 0.00 0.60 0.00 1.06 0.00 | 15.96 | 10.72 | 0.00
Low-BE Storm 102.30 | 7.60 | 2.60 0.60 0.00 0.70 0.00 1.23 0.00 |21.17 | 27.44 | 2.08
Post-storm| 90.90 | 6.90 | 2.30 0.60 0.00 0.60 0.80 0.00 | 0.00 | 20.84 | 24.47 | 2.29
Pre-storm | 235.70 | 8.90 | 5.90 0.90 0.00 2.30 0.00 4.00 | 0.00 | 32.75 | 28.06 | 0.00
Storm 207.60 | 11.80 | 4.60 1.00 0.00 1.70 0.80 0.00 0.00 | 40.33 | 41.75 | 0.00
Post-storm| 260.50 | 9.40 | 5.30 1.00 0.00 2.20 0.00 0.00 0.00 | 67.21 | 115.67 | 0.00
Pre-storm | 234.60 | 9.70 | 5.60 0.90 0.00 1.70 0.00 4.60 | 0.00 | 45.58 | 59.29 | 0.00
High-BE1| Storm 272.60 | 9.90 | 7.80 1.10 0.00 2.70 0.80 4.10 0.00 | 53.09 | 71.28 | 0.00
Post-storm| 174.40 | 9.30 | 4.90 0.80 0.00 1.40 0.80 0.00 0.00 | 33.52 | 39.09 | 2.25
Pre-storm | 218.60 | 9.30 | 5.90 0.90 0.00 2.00 0.00 3.33 | 0.00 | 46.66 | 49.25 | 0.00
High-BE2| Storm | 220.80 | 8.90 | 4.90 1.00 0.00 2.20 0.00 0.00 | 0.00 | 39.91 | 72.20 | 0.00
Post-storm| 329.10 | 11.30 | 12.00 1.30 1.90 3.10 0.80 0.00 0.00 | 45.43 | 86.47 | 0.00
*CHCIl; = Chloroform, CHBrCl, = Bromodichloromethane, CCI3CN = Trichloroacetonitrile, BrCH,CN =
Bromoacetonitrile, C;HBr,N = Dibromoacetonitrile, CoH3;Br,NO = Dibromoacetamide, C;H,CI;3NO =
Trichloroacetamide, C;H3ClO, = Monochloroacetic acid, C;HsBrO, = Monobromoacetic Acid, C,H,CLO, =
Dichloroacetic acid, C;HCI30; = Trichloroacetic Acid, CoH2Br,O, = Dibromoacetic acid

Moderate-
BE

Table D.2. DOC-normalized concentration of disinfection byproducts in each stream and event measured when
chlorinating using EPA methods 551.1 and 552.2.

CHCI; CH CC13 BrCHz CzHBI‘ C2H3Br2 Csz C2H3 C2H3B Csz CZH CZHZ
Site DOC 7| BrCl, | CN CN >N NO CI3NO | CIOz| O, | CLO; | Cl30; | Br,O;
Pre-storm | 7.41 | 11.57 | 0.73 | 0.26 | 0.08 | 0.00 0.08 0.00 [0.14] 0.00 | 2.15 | 1.45 | 0.00
Low-BE Storm 10.74 | 9.53 | 0.71 | 0.24 | 0.06 | 0.00 0.07 0.00 [0.11] 0.00 | 1.97 | 2.55 | 0.19
Post-storm| 4.29 | 21.21 | 1.61 | 0.54 | 0.14 | 0.00 0.14 0.19 |0.00 | 0.00 | 4.86 | 5.71 | 0.53
Pre-storm | 5.96 | 39.57 | 1.49 | 0.99 | 0.15 | 0.00 0.39 0.00 |0.67 ] 0.00 | 5.50 | 4.71 | 0.00
Storm 18.53 | 11.20 | 0.64 | 0.25 | 0.05 | 0.00 0.09 0.04 [0.00] 0.00 | 2.18 | 2.25 | 0.00
Post-storm| 9.59 | 27.15| 0.98 | 0.55 | 0.10 | 0.00 0.23 0.00 |0.00 | 0.00 | 7.01 |12.06 | 0.00
Pre-storm | 4.68 | 50.15| 2.07 | 1.20 | 0.19 | 0.00 0.36 0.00 |0.98 | 0.00 | 9.74 | 12.67 | 0.00
High-BE1| Storm 1395 (1954 | 0.71 | 0.56 | 0.08 | 0.00 0.19 0.06 [0.29] 0.00 | 3.81 | 5.11 | 0.00
Post-storm| 4.87 | 35.81 | 1.91 | 1.01 | 0.16 | 0.00 0.29 0.16 [0.00 | 0.00 | 6.88 | 8.03 | 0.46
Pre-storm | 5.30 | 41.28 | 1.76 | 1.11 | 0.17 | 0.00 0.38 0.00 |0.63| 0.00 | 8.81 | 9.30 | 0.00
High-BE2| Storm 13.21 | 16.71 | 0.67 | 0.37 | 0.08 | 0.00 0.17 0.00 [0.00] 0.00 | 3.02 | 547 | 0.00
Post-storm| 4.58 [ 71.92 | 247 | 2.62 | 0.28 | 0.42 0.68 0.17 [0.00 | 0.00 | 9.93 |18.90| 0.00
*CHCI; = Chloroform, CHBrCl, = Bromodichloromethane, CCI;CN = Trichloroacetonitrile, BrCH,CN =
Bromoacetonitrile, C,HBr,N = Dibromoacetonitrile, C;H3Br,NO = Dibromoacetamide, C;H,CIsNO =
Trichloroacetamide, C;H3ClO, = Monochloroacetic acid, C;H3BrO, = Monobromoacetic Acid, C;H,Cl,O, =
Dichloroacetic acid, C;HCI30; = Trichloroacetic Acid, C;H2B1r,O, = Dibromoacetic acid

Moderate-
BE
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Figure D.1. (+)ESI-FT-ICR mass spectral distribution of all the peaks assigned in each stream and event.

18.6 1
Streams by burn extent:
< 18.04 Low-BE
O
. Moderate-BE
[9)}
é 17 4 - High-BE1
High-BE2
16.8 1

Storm -

Pre-storm -
Post-storm 4

Figure D.2. Average C/N ratios calculated using assignments made in the 21 T (+) ESI FT-ICR MS spectra. Only
assignments containing nitrogen were used, and averages were weighted by percent relative abundance.
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Figure D.3. The nominal oxidation state of carbon (NOSC) vs. carbon numer for assignments in the Low-BE and
High-BE1 streams, separated species in all events for a stream (common), followed by peaks that are only identified
(unique) in the pre-storm, storm, and post-storm samples. Peaks were grouped by their abundances, where the "top
25%" (dark blue points) are 25% of the sample's cumulative abundance comprised of the most abundant formulas, the
"second 25%" is the next 25% comprised of the next most abundant formulas, and so on.
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Figure D.4. The nominal oxidation state of carbon (NOSC) vs. carbon numer for assignments in the Low-BE and
High-BE1 streams, separated species in all events for a stream (common), followed by peaks that are only identified
(unique) in the pre-storm, storm, and post-storm samples. Peaks were grouped by their abundances, where the "top
25%" (dark blue points) are 25% of the sample's cumulative abundance comprised of the most abundant formulas, the
"second 25%" is the next 25% comprised of the next most abundant formulas, and so on.
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Appendix E: Co-author contributions to Composition-Dependent Sorptive Fractionation

Study

Reprinted from Young, R.; Avneri-Katz, S.; McKenna, A.; Chen, H.; Bahureksa, W.; Polubesova, T;
Chefetz, B.; Borch, T. Composition-Dependent Sorptive Fractionation of Anthropogenic Dissolved

Organic Matter by Fe(III)-Montmorillonite. Soi/ Sysz. 2018, 2 (1), 14.

My co-author contributions towards this work included data processing, visualization,

investigation, and writing/reviewing/editing.
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Abstract: Water transports organic matter through soils, where mineral-organic associations form to
retain dissolved organic matter (“DOM”), influencing terrestrial carbon cycling, nutrient availability
for plant growth, and other soil organic matter functions. We combined Fourier transform ion
cyclotron resonance mass spectrometry with novel data analysis techniques to examine the role of
sorptive fractionation in the associations between Fe(IlI)-montmorillonite and DOM from composted
biosolids (“anthropogenic DOM”). To examine the influence of DOM composition on sorption and
sorptive fractionation, we used resin-based separation to produce DOM subsamples with different
molecular compositions and chemical properties. A large proportion (45 to 64%) of the initial carbon
in every DOM solution sorbed to the Fe(IIT)-montmorillonite. However, when the compositions of the
initial solutions were compared to the sorbed organic matter, the computed changes in composition
were lower (10 to 32%). In fact, non-selective sorption was more important than selective sorption in
every sample, except for the hydrophilic neutral (HiN) fraction, where high nitrogen content and
acidic conditions appeared to enhance sorptive fractionation. The results from this study demonstrate
that the importance of sorptive fractionation varies with DOM composition and other factors, and that
non-selective sorption can contribute substantially to the formation of mineral-organic associations.

Keywords: soil organic matter; dissolved organic carbon; dissolved organic nitrogen; sorption;
adsorption; iron; clay; sewage sludge; FT-ICR MS

1. Introduction

Soils are composed of mineral matter, natural organic matter, and voids that are filled with air,
water, or both. Soil constituents are transformed under the influence of biota, climate, topography,
and other factors to produce cohesive aggregates of soil materials, a range of chemical environments
(e.g., reducing and oxidizing) [1,2], and diverse microenvironments teeming with life. Soils have been
called the most complicated biomaterial on Earth, and are heterogeneous across all measured scales,
from nm to km [3]. Soils contain far more carbon than vegetation and the atmosphere combined [4],
evidencing both that carbon turnover times in soils are relatively long, and that soil organic matter
plays a key role in terrestrial carbon cycling. Other important soil organic matter functions include

Soil. Syst. 2018, 2, 14; doi:10.3390/soilsystems2010014 www.mdpi.com/journal/soilsystems
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increasing water retention, improving soil structure and aeration, providing nutrients for plant growth,
and sequestering contaminants [5,6].

The natural organic matter in soils is derived primarily from plants and microbes [7,8]. Biotic
and abiotic processes transform the precursor molecules to various degrees, producing an extremely
complex mixture of organic molecules with almost a continuous range of properties and reactivities [9].
Natural organic matter is most abundant in litter layers and upper mineral horizons, and is transported
to subsoils in water as dissolved molecules and fine suspended colloids (collectively, “dissolved organic
matter” or “DOM”) [10,11]. DOM concentrations decrease with depth due to degradation and the
formation of mineral-organic associations [12-14]. As a result, most of the DOM produced in terrestrial
ecosystems is mineralized or retained in soils [10].

Mineral-organic associations comprise organic matter that is sorbed to minerals or trapped in
micro-aggregates [12,13] and co-precipitates [15,16]. The amount of organic matter in such associations
varies among soil types, and even among horizons within the same soil [12]. Because mineral-organic
associations account for up to 91% of total soil carbon, and have carbon turnover times that average
four times longer than free or occluded organic matter [13], a comprehensive understanding of the
formation and chemical composition of mineral-organic associations would provide important insights
into many soil organic matter functions.

According to the zonal model proposed by Kleber et al. [17], organic matter self-assembles on
mineral surfaces in a sequence composed of a “contact zone” at the mineral surface, a “hydrophobic
zone” in the middle, and a “kinetic zone” at the organic matter-solution interface where organic
matter is loosely retained and exchangeable. This implies that mineral-organic associations include
a range of chemical and physical interactions that are not confined to mineral surfaces. In support
of this model, Solomon et al. [18] observed a wide range of organic carbon functionalities and
inorganic components at the organo-mineral interface, and carbon repository zones that were spatially
and compositionally distinct, when examining mineral-organic associations with synchrotron-based
scanning x-ray transmission microscopy coupled to near edge x-ray absorption fine structure
spectroscopy (STXM-NEXAFS). They suggested that no single binding mechanism could explain
mineral-organic associations. Similarly, the combination of chemical force spectroscopy with Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has revealed that different DOM
components adhere to iron oxide surfaces with different strengths [19]. Also, Comprehensive
Multiphase nuclear magnetic resonance (NMR) spectroscopy has demonstrated that soil organic
matter includes a rigid, hydrophobic interior and a gel-like, hydrated exterior [20]. Finally, nano-scale
secondary ion mass spectrometry (NanoSIMS) has shown that new organic matter preferentially
attaches to pre-existing mineral-organic associations [21].

On the other hand, carbon accumulation in soils is limited [22,23], and numerous studies
have reported the selective fractionation of natural organic matter during sorption to metal oxides
and clay minerals [24-27]. This implies that the formation and the chemical composition of
mineral-organic associations are influenced by interactions between mineral surfaces and specific
DOM components. Recently, Fleury et al. [28] used high resolution Orbitrap mass spectrometry
(MS) with batch-equilibrium sorption experiments to examine the selective fractionation of DOM
by alumina (an aluminum oxide) and kaolinite (a 1:1 clay with permanently non-charged surfaces).
They demonstrated that sorptive fractionation was mineral type-dependent. Specifically, the kaolinite
exhibited weak selectivity, which the authors attributed to nonselective hydrogen bonding, and the
alumina exhibited strong selectivity for polycyclic aromatic and oxygen-rich compounds, which
they attributed to hydrophobic effects and ligand exchange reactions. Similarly, Lv et al. [29] used
FT-ICR MS with batch-equilibrium sorption experiments to examine the sorptive fractionation of peat
leachates by iron oxides. They observed comparatively weak sorptive fractionation by goethite and
lepidocrocite, and strong sorptive fractionation by ferrihydrite, including the preferential sorption of
DOM constituents with high O/C ratios, high double-bond equivalent (DBE) values, and low H/C
ratios. Finally, Avneri-Katz et al. [30] used FT-ICR MS, resin fractionation, and batch-equilibrium
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sorption experiments to examine the sorptive fractionation of DOM from composted biosolids by
amineral soil, and demonstrated that sorptive fractionation was concentration-dependent. Specifically,
unsaturated, oxygen-rich DOM components preferentially sorbed to the mineral soil, and selectivity
decreased with increasing concentration.

The objective of this study was to examine the role of sorptive fractionation in associations between
DOM from composted biosolids (hereafter, “anthropogenic DOM”) and Fe(III)-montmorillonite, a 2:1
clay with permanently charged surfaces. FT-ICR MS simultaneously resolves and determines the
molecular formulas of thousands of constituents per sample, thus permitting a molecular-level
qualitative examination of the differences in complex mixtures such as DOM [31]. We combined
FT-ICR MS with novel data analysis techniques to compare the compositions of DOM with the
compositions of organic matter sorbed during batch-equilibrium experiments. To examine the
influence of DOM composition, we used resin-based separation to produce DOM subsamples with
different molecular compositions and chemical properties, separated by hydrophobicity and acidity,
and compared the sorption and sorptive fractionation of each structural fraction. We hypothesized
that the amount of sorbed organic carbon, and the strength of sorptive fractionation, would depend on
the composition of the initial DOM solutions. In particular, we expected the hydrophobic acid (HoA)
fraction, which generally contains high carboxyl content [32,33], to sorb most due to the potential
for cation bridging and ligand exchange interactions [34,35]. We also expected the samples with the
greatest proportion of aromatic and oxygen-rich DOM components to fractionate most. Finally, we
hypothesized that the sorbed organic matter would be similar in every experiment due to sorptive
fractionation, notwithstanding substantial differences among the initial DOM solutions.

2. Materials and Methods

2.1. Sorbent Preparation

Wyoming Na*-montmorillonite (SWy, cation exchange capacity = 76.4 meq/100 g) was obtained
from the Clay Minerals Society (Chantilly, VA, USA). The <2 um fraction of SWy was collected by
sedimentation with deionized water and enriched with Fe), as described by Olshansky et al. [36].
In brief, 6 g aliquots of the <2 um SWy fraction were agitated with 180 mL of 0.3 M FeCl3 for 2 h
at 200 rpm. Next, the SWy was centrifuged at 15,000 g for 10 min, the supernatant was discarded,
and the wash procedure was repeated with a fresh FeCl3 solution. After four sequential washes,
the Fe-enriched SWy fraction (Fe(III)-montmorillonite) was dialyzed against deionized water in
12-14 K molecular weight cut-off dialysis bags (Medicell International LTD., London, UK) until
the dialysate’s electrical conductivity and chloride concentration were negligible. The pH of the
Fe(IIT)-montmorillonite suspensions was approximately 3.5, limiting the formation of a separate iron
oxide mineral phase [37,38]. After preparation, the Fe(III)-montmorillonite was freeze dried and stored
in a desiccator.

2.2. DOM Extraction and Fractionation

Structural fractions of the anthropogenic DOM were prepared as described by Avneri-Katz et al. [30].
In brief, DOM was extracted from commercially available composted biosolids (Kfar Menachem, Dlila
Facility, Israel; 50% sewage sludge, 50% tree clippings) by overnight agitation at 200 rpm with a 1:10 (w:v)
compost to water ratio. The tree clippings are a carbon source [39], and a bulking agent that absorbs
moisture and improves aeration during composting [40].The resulting suspension was centrifuged at
17,000 g for 20 min and filtered through a 0.45 um Acrodisc Supor membrane (PALL Corp., Ann Arbor,
MI, USA). A portion of the resulting anthropogenic DOM was freeze-dried and stored in a desiccator for
comparison with the structural fractions.

To produce the structural fractions, the remaining anthropogenic DOM was acidified to pH 3 with
6 M HCl and loaded onto a glass column containing Supelite DAX-8 resin (Supelco, Bellefonte, PA,
USA), which selectively retains the hydrophobic fraction [32,41]. The hydrophobic acid (HoA) fraction
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was recovered from the DAX-8 resin with 0.1 M NaOH, and the hydrophobic neutral (HoN) fraction
was recovered by Soxhlet extraction with methanol for 24 h. The HoN fraction was not recovered
in sufficient quantities for replicate experiments. The unretained hydrophilic fraction was loaded
sequentially onto glass columns containing cation-exchange (Amberlyst® 15) and anion-exchange
(Amberlyst® A21) resins to retain the hydrophilic base (HiB) and hydrophilic acid (HiA) fractions,
which could not be recovered in sufficient quantities for further experimentation. The unretained
eluent comprised the neutral (HiN) fraction. After preparation, all of the recovered structural fractions
were freeze-dried and stored in a desiccator.

2.3. Sorption Experiments

To examine the influence of DOM composition on sorption and sorptive fractionation,
batch-equilibrium sorption experiments were conducted using the Fe(IlI)-montmorillonite, DOM
structural fractions, and unfractionated anthropogenic DOM.

To prepare DOM solutions for the sorption experiments, the freeze-dried DOM extracts were
dissolved in a background solution prepared with DDW and chloride salts (cations = Ca, K, Mg, and
Na, I =2 mM) to simulate the ionic strength and composition of the original extract from composted
biosolids. Prior to DOM addition, the Fe(Ill)-montmorillonite was agitated in the same background
solution at a suspension concentration of 15 g L~ for 2 h at 200 rpm. Next, the DOM solutions were
added to the Fe(Ill)-montmorillonite suspension to produce 3 g L~! clay suspensions with the initial
organic C concentrations presented in Table 1. The pH of the resulting samples was approximately
3.5. The resulting samples were agitated at 200 rpm for 48 h at 25 °C, based on preliminary kinetics
experiments. After equilibration, the samples were centrifuged at 17,000 g for 10 min, and the
supernatants were decanted. Following sedimentation, the Fe(IlI)-montmorillonite samples were
washed with DDW to remove unbound DOM, and the sorbed organic matter was extracted from the
mineral-organic associations by agitation with 0.1 M NaOH at a suspension concentration of 15 g L~}
for 2 h at 200 rpm. The resulting extracts (each, a “sorbed OM extract”) were filtered through a 0.45-um
filter, and were loaded onto a cation-exchange resin (Amberlyst 15), activated with hydrochloric acid
(H™), to remove excess sodium.

Table 1. Initial and sorbed carbon amounts (mean = std, n = 6) from the batch equilibrium experiments
with 3 g L~! Fe(Ill)-montmorillonite, the anthropogenic DOM, and each structural fraction. Sorbed
DOC (%) = 3 g dry clay/L x Sorbed DOC (mg C/g dry clay) + Initial DOC (mg C/L). The HoN
fraction was not recovered in sufficient quantities for replicate experiments.

Fraction Initial DOC (mg C/L) Sorbed DOC (mg C/g dry clay) Sorbed DOC (%)
Anthropogenic DOM 54+1 9.8+ 04 5442
HoA Fraction 55+ 0.9 11.8 £ 0.5 64+3
HoN Fraction 39 7.6 58
HiN Fraction 14+2 21+02 45+ 4

The original DOM solutions and the sorbed OM extracts were examined by total organic carbon
(TOC) analysis (VCPH model TOC analyzer, Shimadzu Scientific Instruments, Kyoto, Japan) to
determine the masses and the proportions of organic carbon that sorbed to the Fe(Ill)-montmorillonite
during the batch-equilibrium experiments (Table 1). The samples were also analyzed by FT-ICR MS to
examine their compositions before and after sorption.

2.4. FT-ICR MS Analysis

2.4.1. Sample Preparation

All of the samples were prepared for FT-ICR MS analysis by solid phase extraction (SPE) following
the procedure described by Dittmar et al. [42] and Li et al. [43], with some modifications. In brief, 1 g,
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6 mL Bond Elut PPL cartridges (Agilent Technologies, Santa Clara, CA, USA) were conditioned with
18 mL of HPLC grade methanol (Sigma-Aldrich, Rehovot, Israel), followed by 30 mL of 0.01 M HCL.
Each DOM sample was acidified to pH ~2.5, and loaded onto the SPE cartridges at masses <10 mg C.
Following sample loading, the SPE cartridges were washed with 12 mL of 0.01 M HCl and dried under
N3 for 3-5 min. Next, the DOM was eluted with 2 mL of HPLC grade methanol, freeze-dried, and
stored in a desiccator. Immediately prior to analysis, the freeze-dried DOM samples were dissolved in
a 50:50 (v/v) HPLC grade methanol:DDW solution containing 1% (by volume) NH4OH to enhance the
deprotonation of acidic species for negative ion mode electrospray ionization (ESI™).

2.4.2. Instrumental Analysis

The samples were analyzed with a custom-built passively shielded 9.4 T FT-ICR mass
spectrometer [44], equipped with a modular software package for data acquisition (Predator) [45].
Negative ions were generated at atmospheric pressure and were transferred into the mass spectrometer
by a tube lens/skimmer at 250 V. The ions were accumulated in an RF-only external quadrupole [46],
passed through a mass resolving RF-only quadrupole, and collisionally cooled with helium gas
(~3.5 x 107 Torr) before transfer by octupole ion guides with capacitively coupled excitation
electrodes into a seven-segment cylindrical cell [47,48]. A broadband frequency-sweep (“chirp”)
excitation (~70 to 720 kHz, 50 Hz/ s sweep rate, 350 Vp.p amplitude) was used for detection. For each
sample, 100 time domain transients were coadded, zero-filled, apodized, fast Fourier transformed,
and phase-corrected to yield an absorption-mode mass spectrum [49]. The ICR frequencies were
converted to m/z using a two-term calibration equation based on quadrupolar trapping potential
approximation [50,51]. Peak lists were constructed from peaks of magnitude at least six times greater
than the standard deviation of the baseline noise (60). Next, the spectra were internally calibrated by
a “walking” calibration using the most abundant homologous ion series [52].

2.4.3. Data Analysis

Custom software (PetroOrg®) was used for additional calibration and elemental composition
assignment [53]. The m/z values were converted to the Kendrick mass scale [54], assigned an elemental
composition (Cy-100 Hy200 No-5 Op20 Sp-1), and grouped by heteroatom class (OoNnSs) [55]. For each
elemental composition, a modified aromaticity index (ModAlI) was computed according to Koch and
Dittmar [56]. To compare the structural fractions by composition, principal component analysis was
performed on selected categories of the FT-ICR MS data using R software (version 3.4.0) [57] and the
FactoMineR package [58].

3. Results

3.1. Sorption by Mass

The amounts and proportions of organic carbon that sorbed to the Fe(IlI)-montmorillonite are
presented in Table 1. The original anthropogenic DOM (54 mg C L~1) and original HoA fraction
(55 mg C L) contained more organic carbon than the original HoN fraction (39 mg C L~1), and more
than 3.5 times the organic carbon in the original HiN fraction (14 mg C L 1). The proportions of
organic carbon that sorbed to the Fe(III)-montmorillonite, ordered from most to least, were: HoA
fraction (64 + 3%) > HoN fraction (58%) > anthropogenic DOM (54 =+ 2%) > HiN fraction (45 + 4%).
The HiN fraction appeared to exhibit unique sorption behavior, because the amount of sorbed organic
matter (mg C/g clay) is usually a linear or decreasing function of DOM concentration (mg C L),
but the HiN fraction sorbed least on a proportionate basis (45 + 4%) with the lowest concentration
(14mgCL™1).
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3.2. Presence of “Surfactant-Like” Peaks

When the composition of the original and sorbed organic matter samples were examined
by FT-ICR MS, several series of “surfactant-like” peaks were evident. Using the Kendrick mass
scale [54,55], which assigns the same Kendrick mass defect (KMD) to groups of molecules that differ
in elemental composition only by one or more —CHj— groups (i.e., by alkyl chain length), several
sulfur-containing Kendrick series were identified. The surfactant-like series were present in all of the
samples, but much less abundant in the sorbed OM extracts (e.g., Supplementary Materials Figure S1).
This suggested both that the surfactant-like series were not preferentially sorbed, and that their
presence was not caused by laboratory contamination. When the surfactant-like series were highly
abundant, ion suppression limited the number of other peaks that could be detected and assigned
elemental compositions. As a result, fewer formulas were assigned to the original DOM solutions than
their sorbed OM extracts. This was particularly evident in the HoA fraction, when the surfactant-like
series were especially abundant.

3.3. Composition-Dependent Sorptive Fractionation

To examine composition-dependent sorptive fractionation, we used FT-ICR MS to identify the
formulas that were present both in the original DOM solution and its corresponding sorbed OM extract,
and then normalized them to 100% in each sample (hereafter, “Common Formulas”). Formulas that
were unique to the original DOM solution or its corresponding sorbed OM extract, due to differences in
ion suppression or any other cause, were excluded to ensure that changes in percent abundance were
attributable to sorption, and not to differences in the number of assigned formulas. The surfactant-like
series were excluded from both samples because they were highly abundant in the original DOM
solutions, and much less abundant in the sorbed OM extracts. Without exclusion, they would have
dominated the composition of the original DOM solutions, and would have caused the abundances of
most other DOM components to appear enhanced in the sorbed OM extracts, masking their sorption
behavior relative to each other. The sorption behavior of the surfactant-like series was clear: they
tended to remain in solution.

For each sample, the median, mean, and standard deviation of the absolute errors (ppm) of
the Common Formula assignments are set forth in Supplementary Materials Table S1. No Common
Formula assignment had an absolute error greater than 1 ppm, and no sample had a mean absolute
error greater than 0.07 ppm. Except for the HiN fraction (87%), more than 98% of the formulas
identified in the original DOM solutions were also identified in their respective sorbed OM extracts.
This indicated that the formula assignments for relatively abundant, “unsuppressed” peaks were
reproducible, and that most of the identified components in the original DOM solutions were sorbed to
the Fe(IIT)-montmorillonite, at least to some extent. These percentages, like the TOC analysis, suggested
that the HiN fraction exhibited unique sorption behavior.

3.3.1. Composition of the Structural Fractions

The van Krevelen diagrams (H/C vs. O/C) in Figure 1 demonstrate that resin-based fractionation
produced structural fractions with different molecular compositions, including different relative
abundances in the same plot regions. To highlight the Common Formulas that contributed most to the
composition of each original sample, the Common Formulas were ranked from most to least abundant
and divided into quartiles. The “Top 25%" (dark blue in Figure 1), totaling ~25% of the sample’s
cumulative abundance, comprised the most abundant Common Formulas. The “Bottom 25%" (light
green in Figure 1), also totaling ~25% of the sample’s cumulative abundance, comprised the least
abundant Common Formulas. Viewed differently, the Top 25% comprised the smallest proportion,
and the Bottom 25% comprised the largest proportion, of the total number of Common Formulas in
each sample (Supplementary Materials Figure S2). All of the Common Formulas with a ModAI > 0.5
were designated aromatic (AROM) in accordance with Koch and Dittmar [56], and all of the formulas
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with H/C ratios > 1.5 were designated aliphatic (ALIPH), in accordance with Lv et al. [29] and
D’Andrilli etal. [59]. Among the structural fractions, the area of greatest abundance (dark blue in
Figure 1) varied, notwithstanding substantial overlap in the center of the van Krevelen diagrams.

To examine the composition of the structural fractions in greater detail, we divided the
van Krevelen diagrams into nine discreet regions, illustrated in Supplementary Materials Figure S3,
and performed a principal component analysis (PCA) using the samples’ cumulative percent
abundance in each region (Supplementary Materials Table S2). Specifically, the van Krevelen diagram
was divided into aliphatic (ALIPH), aromatic (AROM), and mid saturation (MS) regions, and these
regions were subdivided by the degree of oxygenation (“LO” = low oxygen content, O/C < 0.3;
“MO” = mid oxygen content, 0.3 < O/C < 0.6; “HO” = high oxygen content, O/C > 0.6). These
categories were created to avoid describing regions of the van Krevelen diagram with reference
to lignin, polyphenols and other biomolecules, which can overlap in the same van Krevelen plot
region [60,61] and which can become attenuated beyond recognition in natural organic matter [62].

Anthrop. DOM HiN Fraction
25-
= 5
»
£
AROM™ " Ranked by
Orig. Abund.
[¢) ® Top 25%
S HoA Fraction HoN Fraction @ Second 25%
25- Third 25%

Bottom 25%

00 03 08 0.9 12
o/C

Figure 1. van Krevelen diagrams of the original dissolved organic matter (DOM) solutions. The plotted
points represent only the formulas that were present both in the original DOM solution and the
corresponding sorbed organic matter extract (Common Formulas). The percent abundances of the
Common Formulas in the original DOM solutions were normalized to 100%, ranked from most to least
abundant, and divided into quartiles based on their cumulative percent abundances.

According to the PCA (Figure 2), the HoA fraction and the anthropogenic DOM separated from
the HiN and HoN fractions along the first principal component (“Dim 1”, x axis), primarily because
the former group had greater aromatic and MS-HO content, and because the latter group had greater
aliphatic content. Along the second principal component (“Dim 2”, y axis), the HoN fraction separated
from the HiN fraction primarily because the HoN fraction had greater ALIPH-LO and MS-LO content,
and because the HiN fraction had greater ALIPH-HO content. The same observations were evident
when the cumulative percent abundances of the structural fractions were quantified relative to the
anthropogenic DOM in each van Krevelen plot region (Supplementary Materials Figure S4). The HoA
fraction did not separate from the anthropogenic DOM in the PCA plots, and differed little from the
anthropogenic DOM in Supplementary Materials Figure S4, because their Common Formulas were
similarly distributed across the van Krevelen plot regions.
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Figure 2. Principal Component Analysis (PCA) plots relating the first and second principal components
to (a) the nine van Krevelen plot region variables (Supplementary Materials Figure S3), and (b) the
original and sorbed organic matter samples, considering only the formulas that were present in both the
original DOM solutions and their corresponding sorbed organic matter extracts (Common Formulas).
“ALIPH” = aliphatic (H/C > 1.5); “AROM” = aromatic (ModAlI > 0.5); “MS” = mid-saturation
(H/C < 1.5 and ModAI < 0.5); “LO” = low oxygen content (O/C < 0.3); “MO” = mid-oxygen content
(0.3 <0/C <0.6); “HO” = high oxygen content (O/C > 0.6); “ModAl” = modified aromaticity index.

When the Common Formulas from each structural fraction were compared, 5375 Common
Formulas were unique to one structural fraction, 1932 Common Formulas were detected in two of the
three structural fractions, and 1283 Common Formulas were detected in all three structural fractions
(Supplementary Materials Figure S5). Many of the 1283 Common Formulas that were detected in
every structural fraction were abundant in the original, unfractionated anthropogenic DOM sample,
suggesting that their structural fractionation was incomplete. For example, 319 Common Formulas
composed the Top 25% of the original, unfractionated anthropogenic DOM sample, and 301 of them
were detected in every structural fraction. Only 155 Common Formulas were unique to the HoA
fraction, presumably because the surfactant-like series suppressed and obscured its low abundance
peaks, which were most likely to be completely fractionated.

The structural fractions also differed in elemental composition (Supplementary Materials Table S3).
The anthropogenic DOM contained elemental classes in the following order of abundance: CHNO
(45.6%) > CHO (27.7%) > CHNOS (16.1%) > CHOS (10.6%). Relative to the anthropogenic DOM,
the HoA fraction contained less N content (—10.0%), more CHO content (+7.5%), and more CHOS
content (+2.5%), presumably because many sulfur-containing surfactant-like compounds were
concentrated in the HoA fraction, notwithstanding the removal of the excluded surfactant-like
series (as described in Section 3.3). The HiN fraction contained much more CHNO content (+30.1%),
and very little CHOS content (1.4%), when compared to the anthropogenic DOM. Finally, the HoN
fraction contained much more CHO content (+21.0%), and much less N content (—30.2%), than the
anthropogenic DOM.
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3.3.2. Sorptive Fractionation

To identify the occurrence of sorptive fractionation, we subtracted the percent abundance of each
Common Formula in the sorbed OM extract from its percent abundance in the original DOM solution.
A negative result indicated that sorption was favored, and a positive result indicated that sorption
was disfavored. Next, we created a seven-category scale (“Most Sorbed” to “Most Unbound”) to
describe the degree of sorptive fractionation by the magnitude of the difference in percent abundance
(Figure 3). The magnitudes of the individual changes were small, because the total abundance of 100%
was divided among thousands of formulas, but the negative and positive results could be summed
separately to determine the cumulative compositional changes in each structural fraction (Figure 4a).
These cumulative compositional changes were ordered as follows: 32% (HiN fraction) > 18% (HoN
fraction) > 14% (HoA fraction) > 10% (anthropogenic DOM).

Anthrop. DOM HiN Fraction

® Most Sorbed
More Sorbed
Sorbed

HoA Fraction HoN Fraction Minimal Change
Unbound
More Unbound

@ Most Unbound

H/C

Figure 3. van Krevelen diagrams illustrating the common formulas that were more abundant in
the original DOM solutions (Blue), and more abundant in their sorbed organic matter extracts
(Red), determined by subtracting the percent abundance of each formula in the sorbed organic
matter extract from its percent abundance in the original solution (“Most Sorbed” = A abundance
< —0.015%; “More Sorbed” = A abundance < —0.010%; “Sorbed” = A abundance < —0.005%;
“Minimal Change”; “Unbound” = A abundance > 0.005%; “More Unbound” = A abundance > 0.010%;
“Most Unbound” = A abundance > 0.015%).

When the sorption categories were plotted in van Krevelen diagrams (Figure 3), the patterns of
sorptive fractionation were apparent. For example, every sample contained ionizable aromatic and
oxygen-rich components that preferentially sorbed to the Fe(IIl)-montmorillonite. To examine the
sorptive fractionation in greater detail, the cumulative changes in each sorption category were divided
into elemental compositions (Figure 4b) and van Krevelen plot regions (Figure 5).
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Figure 4. (a) Cumulative changes in percent abundance for the sorption categories described in
Figure 3. (b) Distribution of the cumulative changes in percent abundance according to elemental
composition (“Most Sorbed” = A abundance < —0.015%; “More Sorbed” = A abundance < —0.010%;
“Sorbed” = A abundance < —0.005%; “Minimal Change”; “Unbound” = A abundance > 0.005%; “More
Unbound” = A abundance > 0.010%; “Most Unbound” = A abundance > 0.015%).

In every sample, the ionizable CHO content preferentially sorbed to the Fe(III)-montmorillonite,
and the ionizable sulfur-containing content (CHOS and CHNOS) preferentially remained in solution.
In contrast, the ionizable CHNO content exhibited variable sorption behavior. In the HiN fraction,
where the CHNO content was greatest (75.8%), the CHNO component mostly remained in solution.
In the HoA fraction and anthropogenic DOM, where the sulfur-containing content was greatest,
the CHNO component mostly sorbed to the Fe(IIT)-montmorillonite.

When the sorption categories were examined by van Krevelen plot region, the aromatic and
MS-HO regions of every sample, and the ALIPH-LO region of the HiN fraction, mostly sorbed to
the Fe(III)-montmorillonite. The other plot regions often split with respect to sorption preference,
suggesting heterogeneity within the same plot region. For example, the ALIPH-LO and ALIPH-MO
content of the HoN fraction were almost evenly split between “Sorbed” and “Unbound”.

To examine the interactions between elemental composition and van Krevelen plot region in
greater detail, the van Krevelen diagrams in Figure 3 were subdivided by elemental composition
(Supplementary Materials Figures S6 through S9). The resulting figures suggest that the heterogeneity
in the van Krevelen plot regions was primarily driven by elemental composition. For example,
in the aliphatic region of the HiN fraction, where the sulfur-containing content was the lowest, the
ionizable CHO content preferentially sorbed to the Fe(III)-montmorillonite, and the ionizable CHNO
content tended to remain in solution. Alternatively, in the aliphatic region of the HoN fraction,
where the CHNO content was the lowest, the ionizable CHO content preferentially sorbed to the
Fe(IIT)-montmorillonite, and the ionizable sulfur-containing content tended to remain in solution.
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Figure 5. Distribution of the cumulative changes in percent abundance from Figure 4a according
to van Krevelen (VK) plot region. “ALIPH” = aliphatic (H/C > 1.5); “AROM” = aromatic
(ModAI >0.5); “MS” = mid-saturation (H/C < 1.5 and ModAI < 0.5); “LO” = low oxygen
content (O/C < 0.3); “MO” = mid-oxygen content (0.3 <O/C < 0.6); “HO” = high oxygen content
(O/C > 0.6); “ModAl” = modified aromaticity index.

During the formula assignment, the maximum number of sulfur atoms was one (1), and the
maximum number of nitrogen atoms was five (5). To examine the influence of the number of nitrogen
atoms on sorption behavior, the ionizable CHNO content in every sample was subdivided by sorption
behavior and the number of nitrogen atoms (Figure 6). In almost every case, preferential sorption to
the Fe(IIT)-montmorillonite decreased as the number of nitrogen atoms increased. This behavior was
especially prominent in the HiN fraction, which contained the greatest CHNO content (75.8%) and the
lowest sulfur-containing content (6.4%). To examine the influence of the number of oxygen atoms on
this behavior, the ionizable CHNO content in the HiN fraction was further subdivided by the number
of oxygen atoms (Supplementary Materials Figure 510). When the number of nitrogen atoms exceeded
one (1), the ionizable CHNO content in the HiN fraction tended to remain in solution, regardless of
oxygen content. In contrast, when the number of nitrogen atoms was equal to one (1), the ionizable
CHNO content tended to remain in solution when the number of oxygen atoms was less than or equal
to six (6), and preferentially sorbed to the Fe(Ill)-montmorillonite when the number of oxygen atoms
was greater than six (6).
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Figure 6. Distribution of CHNO formulas as a function of their original abundance, nitrogen content,
and status as “Sorbed” or “Unbound”.

4. Discussion

4.1. Composition-Dependent Sorption

According to the TOC data (Table 1), each structural fraction sorbed to the Fe(III)-montmorillonite
to a different extent, supporting our hypothesis that the amount of sorbed organic carbon would
depend on the composition of the initial DOM solutions. More specifically, 45 to 64% of the initial
organic carbon in every sample sorbed to the Fe(IIl)-montmorillonite. As expected, the HoA fraction
sorbed most (64%), presumably due to its high carboxyl content [32,33], the potential for limited
ferrihydrite formation [63], the potential for cation bridging and ligand exchange interactions [34,35],
and the acidic conditions of the experiments [64].

4.2. Composition-Dependent Sorptive Fractionation

Two findings were required to demonstrate that DOM composition influenced sorptive
fractionation by Fe(III)-montmorillonite: (1) the compositions of the original structural fractions
had to be different; and, (2) sorptive fractionation had to vary among the structural fractions.

The structural fractions did exhibit unique molecular compositions (Figure 1), even though
the anthropogenic DOM was not completely fractionated (Supplementary Materials Figure S5).
For example, the anthropogenic DOM and the HoA fraction had greater aromatic and MS-HO content,
and the HiN and HoN fractions had greater aliphatic content (Figure 2). Alternatively, from the
perspective of elemental composition, the HoN fraction contained the highest CHO content (48.7%)
and the lowest CHNO content (24.6%), while the HiN fraction contained the highest CHNO content
(75.8%) and the lowest CHO content (17.8%) (Supplementary Materials Table S3).

Sorptive fractionation is evidenced by changes in composition that occur during sorption. If the
composition of the sorbed organic matter differs from the composition of the original DOM solution,
then sorptive fractionation has occurred. If its composition is considerably different, then strong
sorptive fractionation has occurred.

In this study, a major challenge was to characterize the changes in composition when
surfactant-like peaks, which are common to sewage treatment wastewater and biosolids [65-68],
suppressed the ionization of constituents in the original DOM solutions. We excluded the
surfactant-like series, and focused on the relative abundances of DOM constituents that were both
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sorbed to the Fe(Ill)-montmorillonite and present in the original DOM solutions, where most of the ion
suppression was occurring. Using this approach, we could not examine every DOM component that
sorbed to the Fe(Ill)-montmorillonite, but we did characterize changes in the abundances of 87 to 99%
of the constituents that were identified in the original DOM solutions. These compositional changes
are illustrated in Figure 3 and quantified, as much as possible, in Figure 4a. Using this approach, every
sample exhibited sorptive fractionation, and the degree of sorptive fractionation varied, supporting
our hypothesis that the strength of sorptive fractionation would depend on the composition of the
initial DOM solutions.

On the other hand, Figure 2 illustrates that the sorbed organic matter in every experiment
resembled the DOM solution from which it came more than it resembled the sorbed organic matter
from the other experiments. This contradicts our hypothesis that all of the sorbed organic matter
would be similar due to sorptive fractionation, and suggests that most DOM can be retained in
mineral-organic associations, subject to changes in environmental conditions [13,69].

4.3. The Influence of Aromaticity, Oxygen Content, and Nitrogen Content on Sorptive Fractionation

Every sample contained ionizable aromatic and oxygen-rich components that preferentially sorbed
to the Fe(III)-montmorillonite (Figure 3), as in previous studies [28-30]. However, those constituents
did not determine the strength of sorptive fractionation, contrary to expectations. The greatest
compositional change occurred in the HiN fraction (32%), which had low aromatic (1.7%) and MS-HO
content (9.0%), and the smallest compositional change occurred in the anthropogenic DOM (10%),
which had high aromatic (19.2%) and MS-HO (22.8%) content.

The HiN fraction contained the highest CHNO content (75.8%), which exhibited more sorptive
fractionation than any other elemental composition (Figure 4; Supplementary Materials Figures S6
through S9). The HiN fraction also contained the highest ALIPH-MO (35.0%) and ALIPH-HO (15.9%)
content, and the lowest aromatic content (1.7%). Aliphatic constituents with more than one nitrogen
tended to remain in solution (Figure 6), and aliphatic constituents with one nitrogen split according to
the number of oxygens. If the number of oxygens was greater than 6, then the aliphatic constituents
preferentially sorbed to the Fe(Ill)-montmorillonite. Otherwise, the aliphatic constituents tended to
remain in solution. We suggest that the strong sorptive fractionation of the HiN fraction was caused
primarily by nitrogen-rich, non-aromatic DOM, and that the number of oxygens was only important
when the number of nitrogens was low (i.e., 0 or 1).

Acidic conditions produce positively charged basic (e.g., amino) functional groups, uncharged
acidic (e.g., carboxyl) functional groups, and positively charged surface hydroxyl groups [70].
Furthermore, montmorillonite facilitates cation bridging interactions if saturated with multivalent
cations [25,71]. Under these conditions, DOM constituents with positively charged amino
groups would tend to remain in solution, uncharged DOM constituents would tend to sorb
through hydrophobic, van der Waals, or hydrogen bonding interactions, and highly acidic [72,73]
organic functional groups would tend to participate in ligand exchange or cation bridging
interactions [34,35,64]. This could explain strong sorptive fractionation in the HiN fraction. The
anthropogenic DOM, HoA fraction, and HoN fraction contained greater CHO content (27.7%, 35.2%,
and 48.7%, respectively), and exhibited weaker sorptive fractionation.

Similar behavior has been observed in natural systems. Scott and Rothstein [14] recently
determined that nitrogen-rich hydrophilic DOM was weakly retained, when compared to hydrophobic
DOM, in soil cores from six forests at pH 4.5 to 6.0. In addition, dissolved organic nitrogen
concentrations and C:N ratios commonly increase with soil depth [74].

4.4. The Influence of Non-Selective Sorption on the Formation of Mineral-Organic Associations

Among the structural fractions, the HoA fraction sorbed most (64%), but exhibited the smallest
composition change (14%). This suggested that non-selective sorption was important. In fact, every
sample appeared to exhibit non-selective sorption because the sorbed organic carbon percentage
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(Table 1) always exceeded the cumulative compositional change (Figure 4a). To estimate the relative
importance of selective and non-selective sorption in every sample, we compared the cumulative
compositional change (Figure 4a) to the sorbed organic carbon percentage (Table 1). If the compositional
changes appeared to comprise the primary share of the sorbed organic carbon, then selective sorption
was deemed more important. If the compositional changes appeared to comprise a minor share of
the sorbed organic carbon, then the opposite was true. On this basis, non-selective sorption was
more important than selective sorption in every sample except the HiN fraction, notwithstanding the
preferential sorption of aromatic and oxygen-rich DOM in every sample, as in previous studies [28-30].
This supports the zonal model [17], and the suggestion that no single binding mechanism can explain
mineral-organic associations [18]. It also supports the suggestion that most DOM constituents can be
stabilized in mineral-organic associations.

Other studies have reported multiple binding mechanisms and the sorption of various DOM
components to cation-enriched clays. Polubesova et al. [35] used resin-based separation, TOC
analysis, UV absorbance spectroscopy, and Fourier transform infrared (FT-IR) analysis with batch
equilibrium experiments to examine the sorption of anthropogenic DOM to Cu(II)-montmorillonite,
Fe(IIT)-montmorillonite, and crude montmorillonite. For all clays, the HoN fraction sorbed
more than the HoA fraction, and both fractions sorbed to the montmorillonite in the following
order: Fe(Ill)-montmorillonite > Cu(II)-montmorillonite > crude montmorillonite. Sorption of the
HoN fraction was attributed to higher hydrophobicity, and sorption of the HoA fraction to the
Fe(IIT)-montmorillonite was attributed to a combination of ligand exchange, van der Waals forces,
and hydrogen bonding.

Similarly, Genest et al. [75] combined 'H high resolution-magic angle spinning (HR-MAS)
NMR spectroscopy with batch-equilibrium experiments to examine the sorption of forest soil
DOM, Leonardite humic acid, and peat humic acid to CaZ*-enriched kaolinite and montmorillonite.
In addition, they used 'H HR-MAS and solid state >C NMR spectroscopy to examine whole
soils containing kaolinite and montmorillonite. The authors determined that long-chain aliphatic
compounds preferentially sorbed to the Ca?*-enriched kaolinite, and that a mixture of aliphatic
components and proteins preferentially sorbed to the Ca®*-enriched montmorillonite. In the whole
soils, they observed aliphatic components, carbohydrates, and amino acids at the soil-water interface.
However, when a more penetrating solvent was used, they also observed aromatic components,
implying the existence of hydrophobic, surface-inaccessible domains. Like our study, these findings
support the zonal model, and the suggestion that multiple DOM components can be stabilized in
mineral-organic associations.

The importance of non-selective sorption is difficult to evaluate during qualitative analyses, which
tend to focus on differences in DOM composition. However, the results from this study show that
non-selective sorption can contribute substantially to the formation of mineral-organic associations,
and thereby influence many soil organic matter functions.

4.5. Additional Environmental Relevance

The use of anthropogenic DOM in this study was environmentally relevant for two reasons. First,
composted biosolids are regularly applied to agricultural lands to provide nutrients, enhance soil
physical properties, and improve plant yield [76,77]. In the United States, it has been estimated that
eight million tons of biosolids are produced each year, and that ~50% is land applied [78]. In addition,
Zbytniewski and Buszewski [79] have reported that sewage sludge composting produces organic
matter that is structurally similar to soil organic matter. Second, the anthropogenic DOM can serve as
a proxy for microbial DOM, which is richer in nitrogen and sulfur-containing constituents than DOM
from plant material [80]. In fact, the organic matter in biosolids includes bacterial biomass [81], which
might explain the high CHNO content of the anthropogenic DOM.

In addition, the applied experimental conditions were environmentally relevant with respect to
acid sulfate soils, which comprise more than 17 million hectares worldwide [82]. These soils form
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when sulfide minerals oxidize, producing sulfuric acid and soil pH values < 4. Organic matter addition
improves the energy supply for sulfate reducing bacteria, ameliorating the effect of sulfide oxidation,
but this improvement depends on the availability of biodegradable organic matter [83,84]. In turn, this
availability could be influenced by the formation of mineral-organic associations at low pH.

5. Conclusions

In this study, we combined Fourier transform ion cyclotron resonance mass spectrometry with
novel data analysis techniques to examine the role of sorptive fractionation in associations between
Fe(III)-montmorillonite and anthropogenic DOM. To examine the influence of DOM composition,
we used resin-based separation to produce DOM subsamples with different molecular compositions
and chemical properties. A large proportion (45 to 64%) of the initial carbon in every DOM solution
sorbed to the Fe(III)-montmorillonite, but each structural fraction sorbed to a different extent, indicating
that the amount of sorbed organic carbon depends on DOM composition. Every sample also exhibited
sorptive fractionation, and the degree of sorptive fractionation varied, indicating that the strength
of sorptive fractionation also depends on DOM composition. Finally, non-selective sorption was
more important than selective sorption in every sample except the hydrophilic neutral (HiN) fraction,
where high nitrogen content and acidic conditions appeared to enhance sorptive fractionation. This
suggests that non-selective sorption can substantially contribute to the formation of mineral-organic
associations, and thereby influence a variety of soil organic matter functions.

Supplementary Materials: The following materials are available online at www.mdpi.com /2571-8789/2/1/14/s1:
Table S1: Summary statistics for Common Formula assignments; Table S2: Distribution of Common Formulas
among van Krevelen plot regions; Table S3: Distribution of Common Formulas among elemental classes; Figure
S1: Representative mass spectra for the original and sorbed anthropogenic DOM, before and after exclusion
of the surfactant-like series; Figure S2: Distribution of Common Formulas among the quartiles illustrated in
Figure 1; Figure S3: Scheme for determining the van Krevelen plot regions; Figure S4: Bar plots demonstrating
Common Formula abundances in the van Krevelen plot regions relative to the anthropogenic DOM; Figure S5:
Venn diagram illustrating shared Common Formula assignments; Figures S6 through S9: van Krevelen diagrams
for each sample illustrating the Common Formulas that were more abundant in the original DOM solutions, and
more abundant in their sorbed organic matter extracts, as a function of elemental composition; Figure S10: Bar
plots illustrating the status (sorbed or unbound) of the ionizable CHNO content in the HiN fraction as a function
of nitrogen and oxygen content.
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Quantification of insecticide spatial
distribution within individual citrus trees
and efficacy through Asian citrus psyllid
reductions under different application
methods

Rachelle A Rehberg,? © Pankaj Trivedi,® William Bahureksa,® © Julia L Sharp,*
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Abstract

BACKGROUND: Citrus greening disease (Huanglongbing, HLB) has infected >90% of Florida's oranges and thus growers are
desperate to improve pest management strategies. In this field study, insecticide application efficacy was investigated with lig-
uid chromatography mass spectrometry to determine if insecticide concentration and distribution were effective at killing the
target pest Asian citrus psyllids (ACP). Sample discs attached to leaves were sprayed with imidacloprid and malathion at a field
site in Florida. Application method, canopy height and depth, cardinal side of tree, and leaf side were considered to assess the
spatial distribution of insecticides throughout citrus trees. Furthermore, ACP were inspected before and after insecticide appli-
cations to quantify psyllid population response.

RESULTS: Our findings show that although insecticide concentrations were high enough to kill ACP, the spatial distribution of
insecticides throughout individual trees was highly variable and live ACP were detected after insecticide application. The top
side of leaves received significantly more insecticide than the underside of leaves. Additionally, inadequate distribution to dif-
ferent areas of the tree canopy was observed for all application methods tested (aerial, ground speed-sprayer, and ground side-
sprayer). Inspections of ACP populations before and after insecticide applications resulted in reductions of 85% (malathion)
and 48-80% (imidacloprid).

CONCLUSIONS: The variability in insecticide spatial distribution due to application method allows remaining ACP to continue
spreading citrus greening disease to unprotected trees. Further research is needed to improve insecticide application methods
and technology for citrus trees in order to implement effective pest management strategies and fully target ACP to eliminate HLB.
© 2020 Society of Chemical Industry

Supporting information may be found in the online version of this article.

Keywords: Huanglongbing; Candidatus Liberibacter asiaticus (CLas); citrus greening disease; pesticide efficacy; Diaphorina citri
Kuwayama; pest management

1 INTRODUCTION

Citrus greening disease, or Huanglongbing (HLB), continues to

spread throughout citrus groves globally, plummeting citrus pro-
duction and profits. Brazil, China and the United States (US), the
largest citrus producers worldwide, are struggling the most with
devastation to the citrus industry due to HLB." 2 Since detection
in Florida in 2005, citrus production has decreased by 74%.% *
As one of the largest citrus-producing states in the US, Florida
has experienced a decline of about 5000 jobs and $1 billion annu-
ally since 2015.> > © HLB causes citrus trees to develop weakened
root systems, discolored leaves, and greener fruit that prema-
turely falls off the tree, leading to lower crop yields.” ® Chemical
changes in fruit due to HLB infection results in distinctly bitter
juice that lacks sweetness and fruity/orange flavor.®
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The causative agent of HLB in the US, Candidatus Liberibacter
asiaticus (Clas) is vectored in fields by the Asian citrus psyllid
(ACP) Diaphorina citri Kuwayama as it feeds on the citrus phloem.®
Currently no cure exists for HLB despite several research efforts of
potential treatments and management strategies.” Insecticides
are widely used to control ACP populations and prevent further
spread of the disease.”” > "°In order to halt transmission of HLB,
effective insecticides must quickly kill ACP or interrupt the feeding
processes by which they infect the phloem."" Since ACP prefer
new flush,'" or new foliar growth, effort is made to have full cov-
erage of insecticides to the outermost parts of the tree; and spray-
ing prior to new flush growth is critical in managing ACP
populations to prevent reproduction.” ' In addition, it is recom-
mended to apply insecticides in rotation to citrus groves in order
to prevent insect resistance.” This rotation is determined from
alternating chemical classes, modes of action, and recommended
application types.

The most practiced management techniques involve combin-
ing systemic drenching on younger trees with foliar applications
to quickly kill ACP. Newer management strategies include remov-
ing infected trees and implementing area-wide management,
coordinating spraying 10-50 thousand-acre areas in order to
combat the spread of ACP from ‘bad neighbors™® ' with less fre-
quent management practices.” '? Overall, insecticide application
is an expensive HLB management strategy that has significantly
increased in cost due to HLB.'> Additionally, with insecticide costs
around 25% of total citrus production, and increasing with current
ACP infestation rates, the area of insecticide application has a lot
of potential for optimization."*

Previous studies have evaluated the spatial distribution of insec-
ticides when applied at different application rates, sprayer types,
spray volumes and droplet sizes, ground speed, and weather con-
ditions in the laboratory and field, often using water sensitive
papers or fluorescent dyes.'*'” Currently, the most common
ways to assess insecticide coverage to crops in the field is to
implement fluorescent dyes or water-sensitive papers that
change color when contacted with water. Water-sensitive papers
and dyes allow growers to visually see the sprayed droplets on a
leaf."® This presence of dye or color change is assumed to trans-
late to the presence of insecticide.'* '%2" Citrus trees have large
total foliar surface areas?® and leaves are often wet in humid envi-
ronments, like Florida's conditions. Therefore, distributing large
water-sensitive papers throughout a wet citrus tree often results
in misrepresentations of insecticide presence.'® Some studies
investigated spatial distribution in more depth, exploring canopy
penetration to a variety of crops including wheat, peppers, onion,
tomatoes, oat, and bay laurel. These spatial distribution results of
insecticides may be especially inadequate for citrus trees due to
their larger canopies and total foliar surface area.”>"%® Few studies
have investigated canopy penetration in citrus with metal or fluo-
rescent tracers and have reported that outer canopy receives
more spray deposition than inner canopy regions,'* 2% %7 28
Therefore, inner canopy leaves could risk receiving an inadequate
amount of insecticide necessary to target ACP populations.'*
These studies have not fully investigated all aspects of a citrus
tree, including the side of the leaf, which is critical to consider
when investigating different kinds of insecticides (contact or sys-
temic) and their application approach. Most studies have not
quantified insecticide active ingredient (a.i) concentrations in
sprayer tank mixtures and on leaves while simultaneously inspect-
ing ACP population responses by, for instance, mass spectrome-
try, which provides more accurate quantification.'>'® ' Due

to volatilization or degradation, the insecticide a.i. concentration
could become too low to kill ACP or prevent pest resistance.

Previous studies investigating ACP response to insecticides in
the laboratory and field conclude that insecticides are effective
at killing psyllids."" ?°* The few studies assessing both insecti-
cide application efficacy with ACP inspections either lacked the
variety of application methods commonly used in high manage-
ment groves or an effective ACP inspection method.'" 2°3' To
date, no studies have thoroughly examined insecticide efficacy
by quantifying insecticide concentrations and spatial distribution,
extensively sampling entire citrus trees while simultaneously
quantifying ACP population response, from multiple insecticide
spray methods in a high-management commercial field.

It is clear how insecticides should be applied, kill target pests,
and impact ACP at specific concentrations in laboratory
studies.'*'” However, it is not yet known how well insecticides
actually distribute and kill ACP among multiple application
methods and insecticides when applied to citrus trees in the field.
Our objective was to evaluate insecticide application effective-
ness by quantifying the concentration and distribution of insecti-
cides applied and their resulting ACP population counts before
and after various foliar application methods. We hypothesized
that the concentrations of insecticides applied would be high
enough to kill ACP, but the spatial distribution would be inconsis-
tent due to larger citrus canopies.

2 MATERIALS AND METHODS

The following methods were used in order to collect and analyze
field samples. Our goal was to effectively sample trees to quantify
both the concentration of insecticide active ingredients and ACP
present throughout citrus trees after application to better under-
stand the coverage and effectiveness of the insecticides applied.

2.1 Sample site and collection

Two field studies were conducted at a citrus grove in Venus, FL,
USA in October 2018 and July 2019. This large-scale and high-
management grove is 8567 acres and consists of ~60 blocks of cit-
rus trees (Fig. S1). The ambient grove weather conditions (from a
weather station on site) range from 29 to 33° C with an average of
81 to 185 mm of rainfall (in October and July, respectively), with
wind typically blowing from East to West.

Pilot experiments were performed to test various chemical and
inexpensive sorbent materials for samplers as well as methods of
attaching samplers to the citrus leaves and trees. After optimizing
sampling materials and methods, it was observed that laser-cut
Whatman filter (WF) discs clipped to the tops and bottoms of cit-
rus leaf surfaces with mini binder clips (9/16”) were the most
effective and representative method for field sampling of insecti-
cide residues. The WF sampling discs were precut from WF paper
#1 with an Epilog Zing CO, laser (Fort Collins, CO, US) cutter into
47-mm diameter circles, including sample number labels. The
cardinal-direction side of the tree, canopy depth and height,
and side of the leaf were examined. The WF discs were labeled
and attached in specific sampling locations to best encompass
the entire tree equally. The labeling scheme included four letters
for the four location identifiers (Fig. 1).

(1) Cardinal direction: North (N), South (S), East (E) or West (W)
(2) Canopy depth: outer (O) or inner (1)

(3) Canopy height: upper (U), middle (M) or lower (L))

(4) Side of leaf: top (T) or bottom (B)

Pest Manag Sci 2021; 77: 1748-1756
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Figure 1. Tree location labeling scheme for field sampling. Trees were divided to investigate canopy depth (inner and outer) and height (upper, middle,
and lower) (A). Each sample location had a WF paper disc attached on the top and bottom of a leaf in each canopy height and depth section (B), along with
this scheme repeated on each cardinal side of the tree (North, South, East and West) (C). The top view looking down upon the tree is shown (D) to better
understand where samples were located within the tree. This scheme generated 48 samples plus 3 field blank samples per tree (n = 255 samples per block
test). Example of labeling: NUOT = North side, upper-outer canopy, top side of leaf.

Field study #1:In October 2018, five trees were sampled for both
ages of trees (old versus young) (3 and 1 year old, respectively) and
application type (aerial versus ground spray) for a total of 20 trees
(Figs S1, S2, Table S1). The tree canopy sizes are about
1.1 m X 1.4 m (1 year) and 1.4 m x 1.7 m (3 year). Tree age was
provided by our industry partner and identified by sprayer type;
ground sprayed with a speed (older) or side (young) sprayer
(Fig. S3, Table S1, Text S1). Trees around 2 -years-old and younger
are typically small enough to be sprayed with the side sprayer
(Fig. S4). Field blanks were also collected for each tree by exposing
the WF discs to the air and leaves on their respective tree and stor-
ing them in the freezer prior to insecticide application. Three field
blanks and 48 samples were collected per tree, totaling 1,020
samples collected altogether for the four age (old versus young)
and application type (ground versus aerial) combination block
tests (Table S1). All samples were collected within 30 min after
application, stored separately in Ziploc bags and foil, and stored
in the freezer. Samples were shipped cold overnight from Florida
to Colorado State University.

The insecticides, Admire (a.i. imidacloprid) and Malathion
(a.i. malathion), were prepared per label instructions and applied
via ground and aerial applications, respectively. Ground applica-
tions were carried out with side- and speed-sprayers to young
(1-year-old) and old (3-years-old) citrus trees, respectively (Text
S1, Table S1).

Tank mix samples from each insecticide mixture applied were
collected to quantify the actual concentration of insecticide active
ingredient applied to the samples collected. The tank mix solution
was mechanically agitated for =10 min before sample collection
to ensure proper mixing and homogeneity. Samples were

collected by the certified pesticide handler in 40-mL amber vials
with Teflon cap and stored at 4 °C.

Field Study #2: In July 2019, Admire and Malathion were applied
via ground and aerial spraying along with ACP counting practices
pre- and post-spray to compare insecticide applications with ACP
reduction. Select sample locations from field study #1 were repeated
to determine reproducibility. WF samples included 21 samples per
block test (3 field blanks and 18 samples). Tank mix samples again
were collected by the aforementioned method (Table S1).

2.2 ACP counting

The ACP data were obtained by a professional psyllid inspector in
the grove. For each block test, 30 rows were inspected for ACP
and sprayed with insecticide. ACP were inspected in three trees
in each row (the North border, middle, and south border) totaling
n =90 trees inspected for each block test (Fig. S5). The inspector
surveyed the entire tree, thoroughly counting ACP adults and
nymphs. During the aerial application of malathion in field study
#2, the pilot only sprayed rows 1-15, therefore only ACP data for
rows #1-15 (n = 45 trees) were included for analysis. Psyllid
inspectors counted ACP the day before and the day after insecti-
cide application. All ACP counted post-application were con-
firmed as alive.

Along with the ACP counting methods performed prior to and
post insecticide application, sticky traps (AlphaScents ACP Traps,
46.75 in? area) were implemented in order to benchmark our
counting method (developed with our industry partner) with tra-
ditional sticky trap surveying methods. The sticky traps were
attached with wire to the first, middle, and last trees in the 1st,
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15th, and 30th rows each (n = 9 per block test). Sticky traps were
exposed for 4 h then collected and inspected.

2.3 Chemicals and standards

Acetonitrile (ACN) and acetone (Thermo Fisher Scientific, Wal-
tham, MA, USA) were used for sample preparation. The following
insecticide standards were used for quantification of extraction
recovery rates and field samples. Imidacloprid and malathion
were purchased as neat materials (purity >98%) from Sigma-
Aldrich (St Louis, MO, USA). Individual standard solutions contain-
ing 100 pg mL™" imidacloprid or malathion in ACN were prepared
for calibration standards and recovery tests. Eight calibration
levels were prepared ranging from 0.001 to 20 pg mL™"' for each
set of standards.

2.4 Sample preparation

The sample discs (WF) were rolled and inserted into 12-mL amber
vials (Teflon cap liner), extracted with 10 mL ACN, and shaken at
170 rpm at 5 °C for 20 min (Text S2). Sample discs were removed
from solution and 0.5-mL aliquots prepared in autosampler vials
for instrumental analysis. Each tank mix sample was diluted with
ACN in 10-mL volumetric flasks and prepared for liquid
chromatography-tandem mass spectrometry  (LC-MS/MS)
analysis.

2.5 LC-MS/MS analysis

Sample analysis was carried out with a Waters Xevo UPLC-MS/MS
triple quadrupole with Mass Lynx software for instrumental control
and data acquisition. The instrument was operated in the positive
ion electrospray mode. An Aquity UPLC BEH C18 column (1.7 pm),
maintained at 40 °C, was used for chromatic separation. Mobile
phase A consisted of LC-MS grade Optima water with 5% formic
acid and mobile phase B was ACN. An elution was applied at a
flow rate of 0.4 mL min~" with a cycle time of 4 min. The sample
injection volume was 1 pL. The electron spray ionization (ESI)
source settings were as follows: desolvation temperature 300 °C;
gas flow desolvation 800 L h™' and cone 1 L h™"; source temper-
ature 150 °C; extractor 3 V; RF lens 2.5 V. Mass spectra were
recorded in the m/zrange of 50 to 1200. For imidacloprid: capillary
3.5 kV; cone 15 V; transition masses were 256 m/z for the parent
ion, and 175 and 209 m/z for the quantifier and qualifier daughter
product ions, respectively. Dwell time was 0.4 s with a collision
energy of 12V for both. For malathion: capillary 3 kV; cone 25 V;
transition masses were 331 m/z for the parent ion, and 99 and
126.9 m/z for the quantifier and qualifier daughter product ions,
respectively. The dwell time was 0.083 s with a collision energy
of 10 V and 5 V for the 99 and 126.9 m/z masses, respectively
(Text S3).

2.6 Method validation

Extraction recovery tests were performed by pipetting 50-pL
droplets of 100 pg mL™" standard onto five replicates of WF sam-
ple discs. The extraction recovery test samples were extracted and
analyzed by the aforementioned method. Percent recoveries
were calculated to be 73.6 and 94.5% for imidacloprid and mala-
thion, respectively (Table S2).

Ten ACN blank samples were analyzed to determine limits of
detection (LOD) and quantification (LOQ). For imidacloprid, the
LOD and LOQ were both determined to be 0.001 pg mL™" and
the correlation coefficient was 0.999. For malathion, the LOD
and LOQ were 0.007 and 0.01 pg mL~" respectively with a correla-
tion coefficient of 0.998 (Table S2).

2.7 Statistical analysis

Calibration curves, extraction recovery methods, and the sample
area (17.35 cm?) were taken into account to determine the con-
centration of insecticide present on each sample disc. Statistical
analysis was conducted using the Imer function in the R/imer4
package. Observations that were < LOQ and field blanks were
removed before statistical analysis. Due to violation of the normal-
ity assumption, the log concentration was used for analysis. Con-
centrations of zero value were replaced with 0.0000001 prior to
the log transformation. Summary statistics were calculated for
the log concentration of each insecticide by the sampling location
and application spray method. (Table S3). A mixed model analysis
was utilized to compare canopy height, canopy depth, cardinal
side of the tree, side of leaf, and application method and all
two-way interactions (fixed effects) with individual leaf within tree
as random effect for individual leaf within tree and tree to account
for filters being attached to the top and bottom of the same leaf
(i.e. measurements within a tree and on a leaf are correlated).
Tukey's multiple comparison adjustment was used for all follow-
up comparisons. A significance level of 0.05 was used for statisti-
cal significance in all analyses.

3 RESULTS AND DISCUSSION

3.1 Insecticide concentrations in the field

All insecticide tank mixture samples collected during field experi-
ments were confirmed to have high enough (160-
56,900 ug mL™" range) concentrations to kill ACP based on
recommended mixing instructions provided by the manufac-
turer's product labels (Table S3).

3.2 Spatial distribution and application method impacts
3.2.1 Side of citrus leaf

Results of a.i. measured on the WF sample discs from various loca-
tions throughout the citrus trees and multiple insecticide applica-
tions reveal large variability in coverage within citrus trees of
different canopy size and application method. The data especially
show a large range in the amount of insecticide that contacts the
top versus the bottom side of each leaf (Fig. 2). The top side of the
leaf receives significantly more insecticide than the underside
regardless of application method, canopy height, canopy depth

Aerial Application of Malathion
to Older Trees
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Figure 2. Concentration of Malathion (ug cm™) detected on aerially
sprayed Whatman filter sample discs from the top and bottom sides of
the leaf collected from various locations within a citrus tree. Data com-
prised of five older-aged tree replicates during the October 2018 field
experiment (n = 255 samples). Additional top/bottom plots demonstrat-
ing trend in Figs S6-58.
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or cardinal side (Figs S6-512, Table S3). This variation has a sub-
stantial impact on the insecticide's ability to effectively kill ACP,
especially with contact insecticides.”” * ** Therefore, the ACP,
which are primarily located on the underside of leaves, are less
likely to be exposed to contact insecticides. However, the use of
systemic insecticides that absorb into and throughout the entire
leaf would expose ACP feeding anywhere on the leaf to the insec-
ticide.” *® This may help control ACP populations and limit repro-
duction over time, but still allows for ACP to transfer CLas and
infect the tree with HLB in the short term because these modes
of action are not immediately lethal to the ACP.3°

Additionally, comparing imidacloprid concentrations on both
sides of leaf between ground (side- and speed-sprayer) applica-
tion methods revealed that bottom sides of leaves were not statis-
tically different (diff.onc = 0.01 pg cm~2, diff = 0.39, P = 0.162),
while top sides of leaves were statistically different
(diff.one = 0.14 pg cm~2, diff = 1, P < 0.001). Results also showed
a greater difference between top and bottom leaf samples for
the side-sprayer than the speed-sprayer ground application
methods. The side-sprayer resulted in higher concentrations on
top side of leaf samples (conc = 0.19 pg cm~2) than the speed-
sprayer (conc = 0.05 pg cm™~?), whereas the speed-sprayer pro-
duced higher concentrations on bottom side of leaf samples
(conc = 0.03 pg cm ) than the side-sprayer
(conc = 0.02 ug cm2). The speed-sprayer, with potentially lower
nozzle alignment (Fig. S3) and a higher application pressure (Text
S1), may allow for a more direct spray angle and disturbance of

leaves during application to produce better coverage to both
top and bottom sides of the leaf. Moreover, the design of each
sprayer does impact the spray deposition onto citrus trees, with
the side-sprayer covering the tops of leaves better and the
speed-sprayer producing better coverage to the bottoms. This
ultimately impacts the ability of insecticide applications to
effectively control ACP populations and manage HLB disease.

3.2.2 Citrus tree canopy depth and height
There was large variability in the insecticide distribution with vary-
ing canopy depth, canopy height, and cardinal side of the tree
(Fig. 3). Our results showed that outer canopy depth, and middle
and upper canopy height regions of the tree receive more imida-
cloprid insecticide than inner and lower areas (Figs 3, $13-515).
For instance, the middle canopy heights sampled contained
about 7 times higher concentrations on the outer canopy region
(0.26 pgcm™) compared to the inner canopy region
(0.04 pgcm™) for all cardinal sides [median differences
(ngecm™):N=2,5 =17 E=03,W = 0.9] (Fig. 3). Statistically,
outer canopy samples received three times more insecticide than
inner canopy samples regardless of application method (concen-
tration range 0.02-0.17 pg cm ™2, diff = 1.05, P < 0.001). This sup-
ports the proposition that citrus tree foliage hinders insecticide
spray from penetrating through to inner canopy regions.
Furthermore, interesting differences between canopy heights
were observed with varying application method (P = 0.012) and
cardinal side of the tree (P = 0.017). For instance, when comparing
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Figure 3. Concentration of Imidacloprid (g cm ) detected on ground-sprayed Whatman filter sample discs from various locations within a citrus tree.
Data comprised of five younger-aged tree replicates (top of leaf samples only) during the October 2018 field experiment. Each cardinal side of the tree is
colored separately: North (red); South (purple); East (blue); and West (green). The North and South sides of the tree touch its neighboring trees, whereas
the East and West sides have ~10 ft between the rows of trees. Trees were sprayed with the side-sprayer.
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Direction of
insecticide spray

/ South to North
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Figure 4. Schematic showing raised beds and irrigation draining ditches that tractor sprayers drive down while applying insecticides. Tractors drive

North and South while applying to the East and West sides of the tree.

the ground sprayer application methods, the speed-sprayer had
higher concentrations in the lower canopy height
(diff = 0.03 pg cm ™), but the middle and upper heights had lower
concentrations (diff = 0.11and 0.09 pg cm™2, respectively) than
the side-sprayer (Fig. S8-A). There was no statistical difference in
the insecticide concentrations between the lower heights and
middle heights, but a statistical difference was reported between
the upper canopy heights for varying spray method, with the side-
sprayer upper regions receiving three times more insecticide than
the speed-sprayer upper regions. For the side-sprayer, differences
were reported between upper, middle, and lower canopy heights.
For the speed-sprayer, although only a statistical difference was
determined between the lower and upper canopy heights
(diff = 0.64, P = 0.040), similar trends of the side-sprayer were
observed, with the middle greater than the lower regions. On
average, insecticide concentrations increased with canopy height
(Fig. S8). After aerial application, canopy height results showed
concentrations at the lower height (0.77 pg cm™) statistically
lower than the middle (1.16 pg cm™2, diff = 0.41, P = 0.005) and
upper (1.40 pg cm™2, diff = 0.99, P < 0.001) heights. In addition,
ground-sprayed bottom side of leaf samples were similar at
lower-middle canopy heights (diff.onc = 0 pg cm~2, diff = 0.36,
P = 0585 and statistically different for lower-upper
(diffcone = 0.02 pg cm 2, diff = 1.45, P < 0.001) and upper-middle
comparisons (diff.one = 0.02 pg cm™2, diff = 1.09, P < 0.001).
Relatedly, the top side of leaf samples had statistically similar con-
centrations at upper-middle canopy heights
(diffeonc = 0.04 pg cm™2, P = 0.999) with statistical differences
for the lower-middle (diff.one = 0.1 pgcm™, P = 0.021) and
lower-upper comparisons (diff.onc = 0.06 g cm™2, P = 0.006). In
another investigation into spatial distribution of imidacloprid to
citrus trees via systemic drenching application,® little to no differ-
ences in various canopy depths were reported. This is important
for HLB management to identify common ground-spraying tech-
niques that cause unequal insecticide distribution and supports
the explanation of how ground-sprayer designs of nozzle angles,
placement, and application pressure can lead to uneven distribu-
tion throughout the entire citrus tree.

3.23 Cardinal side of citrus trees

In order to better understand how application method impacts
distribution throughout the entire citrus tree, comparisons
between cardinal sides were investigated (Fig. 1). Additional sta-
tistical analyses of ground-sprayed samples from each cardinal

side showed similar trends for canopy heights previously
reported, with the exception of the North side middle-height
which received slightly more insecticide than the upper region
and the West side middle-height which received slightly less than
the lower areas (Fig. 3). There was no evidence of statistical differ-
ence between cardinal sides at the middle and upper heights, but
there were statistical differences at the lower canopy height
between the West and North, East, and South sides with much
higher insecticide concentrations in the west (W-N: diff = 1.40,
P < 0.001; W-E: diff = 1.04, P = 0.02; W-S: diff = 1.21, P = 0.004).
As a whole, the West side (0.14 ug cm™2) was statistically different
from the East (0.05 pg cm™?) (diffone = 0.09 pg cm™2, P = 0.003)
as well as the North (0.05 ug cm™?, diff.onc = 0.09 pg cm™,
P < 0.001). All other cardinal sides (North, East, South) compari-
sons were statistically similar, including comparisons between
the North and South. This suggests that the arrangement of citrus
trees in the field, with trees planted in rows North to South, and
the application motion of the sprayers directed down the rows
(Fig. 4), encourages lower spray deposition to both the North
and South sides of trees that touch their neighboring trees, and
could cause greater hinderance due to foliage. The grove arrange-
ment also instigates inconsistencies on the East and West tree
sides. For the ground-spraying methods, these differences
between the East and West sides of the trees could be due to var-
ied distance to the sprayer, larger 10 ft spaces between the East
and West sides of trees across rows, or whether the tractor drives
down a lower ditch or raised bed between the rows of trees. The
sprayer nozzles align lower or higher in relation to the tree canopy
when sprayed from a ditch or bed, respectively (Fig. 4). The
ground side-sprayer design allows for more nozzles to spray at a
closer distance (0-12in) on three sides of the tree (East, West
and top). The ground speed-sprayer used on older, larger foliage
trees, only sprays insecticides from a further distance (1-2 ft) to
the East and West sides of the trees, thus increasing distance to
the sprayer and foliage that potentially block spray droplets. How-
ever, the opposite was observed between the East and West sides
during aerial application, with the East cardinal side receiving
more insecticide on average than the West (Figs S14, S15). The
North and South side concentrations (not significantly different
from each other) fell between the range of East and West results.
This could be due to application flying patterns (spraying in rows
North to South, while starting East and working towards the West)
or the wind direction during application (typically East to West
wind). Increased distance to sprayer, nozzle alignments, and wind
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Psyllid counts before- and after- insecticide application
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Figure 5. The total number of adult psyllids counted in all trees before-
and after-insecticide application during field study #2. Imidacloprid was
ground-sprayed with the speed- and side-sprayers to old and young trees,
respectively (n = 90 trees included). Malathion was applied aerially to
older trees. Only data from the first 15 rows were included (n = 45 trees).
Bar plots with the same letter are not statistically different.

direction can all impact drift and effective insecticide
application.*’”

3.3 Psyllid inspections and application efficacy

In comparison to the traditional sticky trap method, our modified
ACP counting protocol, adopted by our industry partner, allowed
for better quantification of ACP before and after insecticide appli-
cations. For the purpose of our experiment, we discovered the
sticky traps poorly represented the actual amount of ACP in the
citrus trees, as we counted only three ACP on the traps compared
to hundreds counted by our psyllid inspector (Table S4). For each
block test, the ACP count decreased after initial insecticide appli-
cation, but live ACP always were detected in the trees post- appli-
cation of insecticide (Fig. 5). ACP population responses to the
insecticide applications resulted in percent reductions of 85%
for aerial application of malathion, 48% for ground application
of imidacloprid with the side-sprayer (smaller trees), and 80% for
imidacloprid ground sprayed with the speed-sprayer (larger trees)
(Fig. 5). Although it was predicted the side-sprayer, with more
nozzles, a smaller distance between the nozzles and leaves, and
application to more sides of the tree, would have better insecti-
cide effectiveness than the speed-sprayer, this was not the case.
As demonstrated with spatial distribution results, the speed-
sprayer which had higher concentrations (Figs 6, S16, S17) and
better coverage to undersides of leaves, was more effective at
reducing the ACP population (Fig. 5). Although it is possible that
new ACP migrated into the blocks within 24 h after application,
we suspect that the ACP observed post-application in all block
tests either had not come into contact with the insecticide due
to poor coverage or had not yet experienced the full effect of
the insecticide and thus still alive3% 3% 3% 39 The high-
management commercial citrus groves that implement large-
scale insecticide spray applications resembling those investigated
in this field study could witness a rapid regeneration of ACP from
the ~50% population remaining post-application.’ It has been
found that ACP populations at higher levels or with higher resis-
tance in the field are more likely to repopulate.® In addition,
infected adult ACP have increased pathogen transmission when
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Figure 6. Concentration of Imidacloprid insecticide on samples from
older and younger aged trees ground-sprayed with the speed- and side-
sprayers (respectively) during field study #2.

they contracted ClLas pathogen as nymphs rather than as adults,
thus improved control and reduction of ACP populations is criti-
cal. Our results also agree with imidacloprid control of adult ACP
populations (reductions of 50-90%).° These results also agree
with recent findings for imidacloprid (44%) applied to Kinnow
mandarin plants via a knapsack sprayer.>® However, several stud-
ies recommend repeated insecticide applications within a week in
order to reach effective percent reductions (73% imidacloprid).>®
4041 Although these findings reaffirm the percent reductions
obtained during our field studies and align with previous studies
showing initial ACP response to the a.i,, they do not all fall within
the effective percent reductions limit (73%) or offer realistic pest
management improvements for a large commercial grove located
in regions with specific US Environment Protection Agency (EPA)
regulations.*” ** High-management commercial citrus groves
cannot use fitted knapsack sprayers, which may offer a more tar-
geted application to individual trees in smaller farms or research
facilities.>® In addition, recommended rotations of insecticide
types to prevent ACP insecticide resistance development and
meet EPA regulations inhibit high-management groves from
repeated applications of the same insecticide within a week of
the previous application.**™*¢ Therefore, suggestions to increase
application frequency or concentration do not offer realistic
options for some of the large citrus producers. In addition, labora-
tory studies show a 94-100% mortality rate of ACP with direct
spray of imidacloprid, even though the same percent reductions
are not generated in the field.?® > %7 Thus, exploring ways to
enhance current application sprayer methods with increased agi-
tation to canopy foliage or additional nozzles to spray upward
from lower angles and increase deposition onto undersides of
leaves, could provide improved distribution and efficacy of insec-
ticide applications to citrus crops. Additionally, limitations in this
study include variability of field conditions, seasonal impacts,
and short-term psyllid population responses. More research is
needed to understand psyllid response over time as a result of
seasonal impacts, field conditions, insecticide mode of action
and degradation.

4 CONCLUSION

The results presented in this paper clearly show unequal spatial
distribution of insecticides applied to citrus trees with varying
application methods. On average, outer canopy depths and
middle-upper canopy heights received more insecticides than
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inner and lower canopy locations, whereas the top of leaves
received significantly more insecticide than the bottom. This lack
of insecticide coverage to inner canopy regions and undersides of
leaves could greatly impact the insecticide's effectiveness at kill-
ing ACP, especially as ACP are found primarily on undersides of
leaves or on interior leaves to stay cooler when not feeding. The
statistical interactions observed between side of leaf, cardinal
side, and application method demonstrate the need for optimiza-
tion of current insecticide application methods in citrus in order to
more effectively control the spread of pests. This insufficient spa-
tial distribution is of even greater importance in citrus groves
combatting the spread of HLB because since it only takes one
ACP to permanently infect a tree with HLB, ACP population reduc-
tions of <100% leave trees vulnerable to infection. This greatly
impacts the ability to control ACP populations, protect crops,
and slow the spread of citrus greening disease.
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Appendix G: Co-author contributions to Enhanced Speciation of Pyrogenic Organic Matter

Study

Reprinted from Roth, H. K.; Borch, T.; Young, R. B.; Bahureksa, W.; Blakney, G. T.; Nelson, A. R;;
Wilkins, M. J.; McKenna, A. M. Enhanced Speciation of Pyrogenic Organic Matter from Wildfires

Enabled by 21 T FT-ICR Mass Spectrometry. Anal. Chem. 2022, 94 (6), 2973-2980.
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ABSTRACT: Wildfires affect soils through the formation of pyrogenic organic matter
(pyOM) (e.g,, char and soot). While many studies examine the connection between
pyOM persistence and carbon (C) composition, nitrogen (N) transformation in
wildfire-impacted systems remains poorly understood. Thermal reactions in wildfires
transform biomass into a highly complex, polyfunctional, and polydisperse organic
mixture that challenges most mass analyzers. High-field Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) is the only mass analyzer that
achieves resolving powers sufficient to separate species that differ in mass by the mass
of an electron across a wide molecular weight range (m/z 150—1500). We report
enhanced speciation of organic N by positive-ion electrospray ionization (ESI) that
leverages ultrahigh resolving power (m/Amgy,, = 1800000 at m/z 400) and mass

611.23 611.25

accuracy (<10—100 ppb) achieved by FT-ICR MS at 21 T. Isobaric overlaps, roughly m

the mass of an electron (M, = 548 uDa), are resolved across a wide molecular weight

range and are more prevalent in positive ESI than negative ESI. The custom-built 21 T FT-ICR MS instrument identifies previously
unresolved mass differences in C.H,N,O,S, formulas and assigns more than 30000 peaks in a pyOM sample. This is the first
molecular catalogue of pyOM by positive-ion ESI 21 T FT-ICR MS and presents a method to provide new insight into terrestrial
cycling of organic carbon and nitrogen in wildfire impacted ecosystems.

B INTRODUCTION (e.g., pyrrole, a ring structure composed of four C atoms and
one N atom). As temperature increases, pyridinic structures
(aromatic, basic functional groups) have been reported.”‘
Although many studies focus on the connection between
pyOM persistence and C composition,'® there are limited
reports on the connection between N composition and pyOM
mineralization in fire-impacted soil.

The compositional complexity, polydispersity, and poly-
functionality of complex organic mixtures (SOM, pyOM,
dissolved organic matter) challenge all analytical techniques.
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) routinely achieves resolving power sufficient to
identify species that differ in mass by less than the mass of an
electron, prevalent in natural organic matter (NOM).""~** The
most widely used FT-ICR MS analytical approach for NOM
combines solid-phase extraction (SPE) to enrich NOM from
aqueous samples and negative-ion electrospray ionization
(—ESI) to selectively ionize highly abundant carboxylic acids

Forests provide a myriad of ecosystem services, including the
storage of ~30—40% of terrestrial carbon (C),' but are highly
susceptible to ecosystem disturbances (e.g, wildfires) that
dramatically change foliage and landscape, and produce 256 Tg
of pyrogenic C per year.” Although fires occur naturally across
many ecosystems,” wildfire size, frequency, and severity has
substantially increased in recent decades in forested
ecosystems.” Incomplete combustion of soil organic matter
(SOM) during wildfires forms byproducts (e.g., char and
soot)” that can impact the quantity and quality of soil C and
nitrogen (N).”* Pyrogenic organic matter (pyOM) exists as a
continuum that spans from macroscopic (i.e., char and soot) to
microscopic scales (i.e., condensed polycyclic aromatic
molecules) across a range of physical and chemical properties.
The composition of pyOM is determined by the type and
amount of biomass and burn conditions (e.g., intensity,
moisture, fuel density).”'” Collectively, pyOM is characterized
by increased hydrophobicity, lower C/N ratios, coarser soil
textures, increased pH, and higher electrical conductivity Received:  November 18, 2021
compared to nonfire impacted soil.”"' Accepted: January 12, 2022
Nitrogen is an essential and often limiting nutrient,'"* and
inherent heating and postfire ecosystem dynamics change N
lability and bioavailability.'*'* In unburned/low temperature-
impacted soils, N is in the form of a slightly acidic compound

© XXXX American Chemical Society https://doi.org/10.1021/acs.analchem.1c05018
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Figure 1. Positive-ion ESI 21 T FT-ICR mass spectrum of a pyOM extract. Bottom left: Broadband FT-ICR mass spectrum containing more than
35000 assigned mass spectral peaks (m/z 200—1200) with a root-mean-square mass error of 41 ppb, each with a signal magnitude greater than 6o
of baseline noise, with m/Amgg,, = 1800 000 at m/z 400. Top left: 350 mDa mass scale-expanded segment, showing resolution of more than 120
mass spectral peaks at m/z 611. Bottom right: mass scale-expanded segment across m/z 691.1—691.4, showing the increase in the number of
isobaric overlaps at higher m/z. Top right: ~60 mDa mass scale-expanded segment, showing resolution of three isobaric overlaps: 2.42 mDa, 1.80

mDa, and 640 pDa (mass of an electron is 548 uDa).

in NOM.”' However, studies that compare analyte selectivity
in different ionization modes for pyOM remain limited.”***

The first step in all mass spectral techniques is ionization to
yield pseudomolecular ions, and it is selected on the basis of
the analyte of interest. Negative-ion electrospray yields
deprotonated molecular ions based on the ionization efficiency
of acidic functional groups.”>**** In —ESI, stronger acids are
efficiently ionized,” and the most abundant peaks correspond
to low pK, carboxylic acids (see Table SI for the pK,’s of
common soil functional groups), followed by phenolic groups
that form as lignin degradation products.”® Negative ESI is also
sensitive to chemical contamination (i.e., linear alkylbenzene
surfactants), which causes suppression of analyte ions and
results in a mass spectrum dominated by chemical noise.”’
Ionization in —ESI is primarily dominated by low molecular
weight carboxylic acids, and basic species and those with lower
acidity can be detected by positive-ion ESI (+ESI). The pK;
distribution of basic functional groups in pyOM (e.g., pyridines
and amides) results in less ion suppression due to more equal
charge competition. Each ionization mode selectively ionizes a
subset of species in a single SOM sample,”* and no one soft
ionization technique can equally access all of the compositional
windows of SOM species. Ohno et al. benchmarked the field
by comparing +ESI for unburned SOM and reported that the
combination of elemental compositions from both modes
increased the number of assignments by 43% compared to
—ESI alone.”" In addition, while other studies compare +ESI
composition for soil- or water-derived SOM and refinery
wastewater,”>" ! this study focuses on detailed character-
ization of pyOM, an understudied system in the field.

The unparalleled resolving power, high dynamic range, and
increased sensitivity of the 21 T FT-ICR MS system identifies
previously unresolved mass differences in CH,N,O,S,
formulas within pyOM at high mass ranges (>m/z 750).‘1"“
The combination of high magnetic field, unique custom
hardware, internal mass calibration, and absorption mode data
processing available on the custom-built 21 T FT-ICR mass
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spectrometer achieves high resolving power (m/Amgg, =
2000 000 at m/z 200), subppm mass accuracy (20—80 ppb),
and high dynamic ranges that allow the assignment of more
than 30000 species in a single mass spectrum.’” Here, we
leverage the 21 T FT-ICR MS to illuminate the unique
compositional window detected by +ESI, compare the same
speciation to —ESI, and expand the compositional window of
wildfire-impacted SOM. This is the first study to probe the
molecular complexity of pyOM in positive-ion mode with 21 T
FT-ICR mass spectrometry. We identify species that remain
unresolved and thus undetected by lower resolution mass
spectrometers and highlight the minimal resolving power
requirements necessary to accurately assign elemental
compositions. For the first time, more than 35000 species
are assigned at 30 ppb RMS error by +ESI 21 T FT-ICR MS, a
new record for pyOM characterization.

B EXPERIMENTAL METHODS

Soil Sampling and Preparation. Soil was sampled in a
lodgepole pine (Pinus contorta)-dominated region of the
Medicine Bow National Forest, which burned in the 2018
Ryan fire. A high severity burned site was identified according
to the amount of organic matter cover (<20%) and sampled
from the organic horizon approximately one year after the fire’s
containment (for additional information, see Nelson et al.**
(Sample # R89)). All solvents were HPLC grade and
purchased from Sigma-Aldrich Chemical Co., St. Louis, MO,
USA. Soil samples were weighed in acid-washed and
combusted 250 mL Erlenmeyer flasks. A volume (in mL) of
Milli-Q water twice the mass (in grams) was added to each
flask and shaken (170 rpm for 10 h). Subsequently, the liquid
was transferred into S0 mL centrifuge tubes and centrifuged for
10 min at 7500 rpm followed by filtering through a 0.2 ym
poly(ether sulfone) filter. SO mL of each water sample was
acidified to pH 2 with trace-metal grade HCl, followed by SPE
with styrene-divinylbenzene (SDVB) polymer modified with a
proprietary nonpolar surface (Bond Elut Priority Pollutant,

https://doi.org/10.1021/acs.analchem.1c05018
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Table 1. Isobaric Species Detected in pyOM by +ESI 21 T FT-ICR MS and Theoretical Resolving Power Required as a

Function of Mass-to-Charge Ratio (m/z)

m/ Amgoy
nominal mass (Da) A exact mass (mDa) m/z 200 m/z 400 m/z 600 m/z 800
NO,"C/"*C,SH, 59 0.640 310000 625000 930 000 1200 000
C,N,"*C/H,0, 51 1.80 110 000 220 000 330 000 440 000
05/C,S, 80 2.40 83000 160 000 250 000 330000
CN,/H,0, 68 135 150 000 290 000 440 000 590 000
Positive ESI ~ ' m
610 611 612 613 614
Negative ESI
IM‘ ¥ T l& 7 L
610 611 612 613 614
miz

Figure 2. Mass-scale expanded zoom insets for +ESI (top) and —ESI (bottom) across m/z 609.5—614.5 of a pyOM extract.

Agilent Technologies).zq Water-soluble organics were eluted
with HPLC grade methanol and stored in precombusted glass
vials at 4 °C in the dark prior to analysis.

21 T FT-ICR Mass Spectrometry. Ions were generated at
atmospheric pressure via a microelectrospray source™ and
analyzed by 21 T FT-ICR MS.**** Peaks with signal
magnitude greater than 6 times the baseline root-mean-square
(RMS) noise at m/z S00 were exported to peak lists, phase-
corrected,” and internally calibrated on the basis of the
“walking” calibration method.”” Molecular formula assign-
ments were performed with PetroOrg software.”® Complete
experimental details can be found in the Supporting
Information. All FT-ICR mass spectra files and assigned
elemental compositions are publicly available via the Open
Science Framework at https://osf.io/758ux/ (DOI: 10.17605/
OSE.I0/758UX).

B RESULTS AND DISCUSSION

Positive ESI 21 T FT-ICR MS of pyOM Identifies New
Isobaric Overlaps. Figure 1 shows the broadband +ESI FT-
ICR mass spectrum for a pyOM extract withe more than 35
000 assigned mass spectral peaks (signal magnitude of six times
greater than the baseline noise level) between m/z 200 and
1300, centered at m/z 480 (bottom left). The achieved
resolving power (m/Amggy, in which Amgg, is the mass
spectral peak full width at half-maximum peak height)'” is
1800000 at m/z 400, which enables resolution and assign-
ment of 35 100 peaks at a root-mean-square error of 41 ppb.
The mass scale-expanded segment at m/z 611 highlights the
immense spectral density with ~123 peaks within a 0.3 mDa
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window assigned with a RMS error of 5 ppb (Figure 1 (top
left)). The theoretical resolving power required to separate
equally abundant species that differ in mass by ~640 uDa at
m/z 600 is 950 000. Here, the achieved resolving power (m/
Amgyy = 1400000 at m/z 611) enables the separation of
species with the same nominal mass (59 Da) that differ in
exact mass by 640 uDa (NO,"C versus '’C,SH;),
approximately the mass of an electron (548 pDa).””™*!
Table 1 shows isobaric overlaps and minimum achieved
resolving power requirements for equally abundant species in
pyOM samples by +ESL Importantly, resolving power
requirements will exceed the minimum for species of varying
abundances.'”***

The polyfunctionality and polydispersity in molecular
composition and structure of pyOM systems results in a
highly complex mass spectrum for all ionization modes,
including —ESL Figure S1 shows the —ESI 21 T FT-ICR
mass spectrum with more than 32 000 acidic species assigned
between m/z 200 and 1000 with the mass distribution
centered at m/z ~ 375 (Figure S1 (bottom left)). Negative-
ion ESI remains dominated by carboxylic acid moieties, yet still
results in a highly complex mass spectrum. The mass scale-
expanded segment at m/z 611 shows 66 peaks assigned with a
RMS error of 7 ppb (Figure SI (top left)) and highlights the
mass spectral complexity in —ESI. However, comparison of the
same nominal mass range shows that +ESI detects more than
twice the number of peaks (123 peaks) compared to —ESI (66
peaks) and illustrates the dominance of carboxylic acid
ionization in negative-ion mode. Improved speciation of
pyOM, especially lower abundant species, requires more than

https://doi.org/10.1021/acs.analchem.1c05018
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one ionization mode to more accurately identify compositional
trends across a wide molecular weight range.

lonization Efficiency: +ESI vs —ESI. Efficient ionization
of O, species in —ESI can be rapidly visualized when compared
to +ESI for the same sample across the same narrow mass
range. Figure 2 shows mass-scale expanded zoom insets for
+ESI (top) and —ESI (bottom) across m/z 609.5—614.5.
Species in both spectra are composed of singly charged species
based on the unit m/z separation between '*C, and "*C,"*C,_,
isotopic variants of the same elemental composition.”* The
most abundant peaks in positive and negative mode
correspond to odd nominal mass species (e.g, m/z 611 and
613). Mass spectral peaks with the highest signal magnitude
detected by —ESI correspond to O, species at odd nominal
mass and °C,0, at even nominal mass.”” Conversely, +ESI
across the same mass window shows approximately equal
signal magnitude for even and odd nominal mass species and
results in the detection of twice as many species. This is likely
due to a combination of the narrow range of basicity in SOM
compared to acidity and the relative concentrations of basic
functional groups, which leads to more equal ionization in
+ESL

Tables S2 and S3 show m/z, mass error, resolving power,
signal-to-noise ratio (S/N), double-bond equivalent (DBE),
and neutral elemental composition for all mass spectral peaks
detected above 66 at m/z 611 and 612 by +ESI (Table S2) and
—ESI (Table S3). Across the 348 mDa region, >120 peaks are
assigned elemental compositions with a RMS mass error of 6
ppb by +ESI (Table S2a) compared to 66 peaks across a
similar mass range (RMS error of 6 ppb, error plot in Figure
S3) by —ESI for the same sample. The shift of one nominal
mass unit higher across each spectrum to m/z 612 (Tables S2b
and S3b) shows a similar trend with 96 peaks assigned at a
RMS error of S ppb by +ESI (across 312 mDa) compared to
54 peaks at a 9 ppb RMS error by —ESI (285 mDa). Positive
ESI contains more isobaric species with tighter mass
differences (1.59 mDa), which are resolved by 21T FT-ICR
MS (Table 1). Additionally, +ESI identifies more N species
(56 at m/z 611 and 67 at m/z 612) compared to —ESI (25 at
m/z 611 and 31 at m/z 612) and further highlights the
increased compositional coverage for +ESI compared to —ESI
for pyOM.

Positive-lon ESI Identifies 12 475 Unique Species Not
Observed in Negative-lon ESI. The differences in spectra
result in detection of unique species by each ionization mode,
shown in Table 2. Positive ESI results in 24 189 formulas
compared to 11301 by —ESI, a more than 2-fold increase in
identified species. Removal of the sodiated adducts from +ESI

Table 2. Formula Assignments and Elemental Class
Distributions of the CHO and CHNO Fractions of the
Negative-Ion and Positive-Ion ESI Spectra of a pyOM
Extract

-
—ESI +ESI +ESI (no Na)  common
formulas assigned 11301 24189 21010 8535
unique formulas 2766 15 654 12475 N/A
CHO 5112 9911 6732 4371
unique CHO 741 5540 2361 N/A
CHNO 4568 14015 14018 4164
unique CHNO 404 9851 9851 N/A

reduces the number of formulas assigned to 21 010 (only the
CHO species resulted in sodiated adducts). For simplicity,
further discussion of the elemental assignments will be limited
to the nonsodiated fraction. Between —ESI and +ES], there are
8535 formulas in common to both modes, 4371 CHO and
4164 CHNO, which comprise nearly all the —ESI assignments.
Stated another way, ~76% of the total —ESI formulas and
nearly 86% and 91% of the CHO and CHNO are also detected
by +ESIL However, common assignments represent only ~41%
of the assignments by +ESI (~65% of CHO and ~30% of
CHNO).

The unique formulas assigned for each mode were
determined by eliminating neutral elemental compositions
assigned in both spectra. However, it is important to note that
it is possible that structural isomers may be present that have
the same elemental composition and thus cannot be
differentiated by mass alone. For unique CHO species, only
741 species were assigned in negative mode, whereas 2361
species were assigned in positive mode. However, for CHNO
species, 9851 unique species were assigned by +ESI compared
to only 404 unique formulas in —ESI, an increase of ~87% and
more than twice the number previously reported.”’ Out of
21010 nonsodiated species assigned in positive-ion mode,
12475 are unique; put generally, +ESI displays more unique
formulas than it has in common with negative-ion mode. Thus,
the use of +ESI identifies organic N species in pyOM that
remain undetected by —ESI and results in an expansion of the
analytical window into complex fire-impacted systems.

Chemical Properties Are Influenced by lonization
Limitations. Chemical property calculations from elemental
compositions detected by FT-ICR MS analysis are common in
NOM systems for the rapid identification of qualitative trends
between samples. For example, the nominal oxidation state of
carbon (NOSC) describes a molecule’s lability because it is
directly related to the Gibbs free energy (AG®) of the
reduction half-reaction between organic matter as the electron
donor and the available terminal electron acceptor (e.g.,
oxygen) (eq S1).*® However, calculated properties based on
elemental compositions will change based on the number and
type of species detected. Table S4 shows average H/C, O/C,
N/C, NOSC, and double-bond equivalents (DBEs) (eq S2),
plus the average C, H, O, and N number per formula, for both
+ESI spectra. For both polarities, the H/C ratio is ~1 with
~10 more C and 12 more H in +ESI than in —ESL The
average number of oxygens is 1.3 higher in —ESI, in agreement
with Hertkorn et al,*” due to the preferential ionization of O-
rich molecules. The differences in average C, H, and N are
propagated by differences in DBE, which is four units higher
for +ESI, demonstrating how the differences in species
detected are propagated through calculated indices. Finally,
the distribution of the NOSC assignments displays a distinct
shift toward higher oxidation and lower C number in the —ESI
sample (Figure S3 (top)). This shift is even more distinct in
the CHNO class (Figure S3 (bottom)), which shows a shift
toward lower, more reduced NOSC values in +ESI. Together,
these properties clearly demonstrate that any calculation based
on elemental composition must be evaluated with caution.

Positive ESI at 21 T FT-ICR MS Resolves and Identifies
Dissolved Organic Nitrogen. Compared to —ESI, +ESI
more efficiently ionizes N-containing species (Table 2). Figure
S4 shows the heteroatom class distribution comparison for the
same sample of pyOM by +ESI (see Figure S5 for relative
abundances). Nitrogen species detected by +ESI contain a

D https://doi.org/10.1021/acs.analchem.1c05018
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Figure 3. Top: van Krevelen diagrams of all the assigned formulas of the pyOM extract. Bottom: van Krevelen diagrams of only the CHNO class
assignments. Unique formulas assigned for —ESI are on the left (blue); formulas in common are in the middle (gray), and formulas unique to +ESI

are on the right (red).
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Figure 4. Atomic H/C vs N/C ratios of neutral species detected in a pyOM extract. (a) All CHNO assigned, —ESI assignments on the top row and
+ESI assignments on the bottom row. (b) Only the unique CHNO assigned, again with —ESI on the top row and +ESI on the bottom row. Both

panels are separated by N number, which increases from left to right.

higher number of N atoms per molecule (i.e,, Nj, N,, and Ny),
likely composed of a range of basic functionalities (e.g.
pyridines and amides). Species with high N substitution (e.g.,
N;) are not detected in —ESI Additionally, +ESI identifies a

higher number of low oxygen-number classes (e.g, O, and
0;). In fact, six CHN, classes were assigned in +ESI, in
addition to CHN,0,, CHN,O,_;, CHN;0,_,, CHN,O,
and all CHN;O, that were not detected by —ESI. This suggests

E https://doi.org/10.1021/acs.analchem.1c05018
Anal. Chem. XXXX, XXX, XXX—XXX
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that speciation and molecular detection of dissolved organic N
in SOM systems could be significantly improved by 21 T FT-
ICR MS in positive-ion mode.

Van Krevelen Diagrams Highlight the Increased
Compositional Coverage of +ESI at 21 T. van Krevelen
diagrams plot the H/C ratio versus the O/C ratio of neutral
species, and different regions of the H/C and O/C space
correspond to the molar ratios of major biogeochemical
precursors (e.g, lignin-like, peptide-like, and lipid-like)."*
Because FT-ICR MS results in tens of thousands of elemental
compositions in a single mass spectrum, van Krevelen diagrams
are widely applied to rapidly visualize compositional changes
between samples.”” Figure 3 (top) shows van Krevelen
diagrams derived from both ionization modes for all assigned
species. Elemental compositions unique to —ESI are shown in
blue (left); those identified in both spectra are in gray
(middle), and species unique to +ESI are shown in red (right).
Unique species in —ESI primarily have an O/C between 0.3
and 0.9, whereas species unique to +ESI have an O/C
spanning 0.1 to 0.9. As shown in Table 2, 2766 formulas are
unique to —ESI and 12475 are unique to +ESIL These species
span similar compositional ranges but are lower in total
number of species in —ESL

Unique Compositional Space of Nitrogen Species by
+ESI 21 T FT-ICR MS. Figure 3 (bottom) shows van Krevelen
diagrams for unique N-containing species by +ESI. Impor-
tantly, across a wide range of H/C and O/C, positive-ion
mode species occupy a much more diverse compositional
range compared to —ESI with only 404 peaks in —ESI
compared to 9851 peaks in +ESI (more than 24X the formula
assignments in —ESI) (Table 2). These figures demonstrate
that, across a wide range of compositional and structural
classes, +ESI identifies a wide range of N species. Importantly,
species that correspond to H/C ratios >1.0 and O/C ratios
>0.3 are uniquely detected by +ESI and remain undetected by
—ESI. This region of van Krevelen space (H/C > 1.0 and O/C
> 0.35) has previously been reported as an indicator for the
presence of potential toxicants due to the inhibition of aquatic
photosynthetic organisms.”’ Therefore, the characterization of
pyOM by +ESI identifies potentially toxic species not detected
by —ESI. Differences in the O/C ratio are illustrated in Figure
§6, which shows that —ESI identifies more species with a high
oxygen content, while +ESI can more efficiently ionize those
with a lower oxygen content.

Modified van Krevelen Diagrams: H/C versus N/C. A
useful complement to the traditional van Krevelen diagram is
the H/C vs N/C plot, shown for the total assigned CHNO
fraction (Figure 4a) and the unique CHNO assignments
(Figure 4b). Each panel is further divided by ionization mode
(—ESI on top) and N number (1—$ from left to right). The
compositional space for the total assigned species spans similar
compositional ranges for N, (N/C > 0.1) and N, (N/C > 0.2)
species but becomes more evident for N;—Njs with only 25 N,
species identified by negative-ion mode and no Ny species
detected (Figure 4a). For the unique formula assignments, the
difference in N/C spans across all N classes. For N,_;, the
unique formulas in negative-ion mode are clustered toward
lower H/C ratios (H/C < 1.0), while N, and N do not display
any unique formulas (Figure 4b), further highlighting the
increased speciation of CHNO by positive-ion mode. Thus, for
research that is focused on changes in N content, +ESI should
be utilized as the preferred method. Importantly, previous
studies utilizing both negative and positive ESI were not able
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to provide the level of resolution for the nitrogenated
molecules that we report here.”"”**” Therefore, this key
element for microbial processing and ecosystem productivity is
relatively understudied within the field of FT-ICR MS.

Bl CONCLUSIONS

21 T FT-ICR MS in +ESI displayed clear shifts in pyOM
composition compared to —ES]I, highlighting differences in the
ionization mechanism that proliferate into the resulting
spectrum. The addition of +ESI resulted in an 87% increase
(12475 additional formulas) in the nonsodiated species
compared to the traditional —ESI-only analysis. This included
9851 unique CHNO formulas, which spanned a wider
compositional range, and demonstrated that a large fraction
of organic N is overlooked with analysis only by —ESL
Additionally, it was shown that the biases associated with
calculating chemical parameters by any ionization mechanism
(e.g, NOSC) must be fully understood for proper use in C and
N cycling models. Finally, while no one ionization mode can
address the complexity of SOM, the combination of ESI in
positive- and negative-ion modes substantially expands the
analytical window for fire-impacted systems.
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