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ABSTRACT: Online mass spectrometry techniques, such as extractive electrospray ionization time-of-flight mass spectrometry
(EESI-TOF), present an attractive alternative for analyzing aerosol molecular composition due to reduced aerosol sample collection
and handling times and improved time resolution. Recent studies show a dependence of EESI-TOF sensitivity on particle size and
mixing state. This study measured authentic sea spray aerosol (SSA) components generated during a phytoplankton bloom,
specifically glycerol, palmitic acid, and potassium ions. We demonstrate temporal variability and trends dependent on specific
biological processes occurring in seawater. We found that the EESI-TOF sensitivity, after adjusting for pressure variations at the
inlet and normalizing to the reagent ion, critically depends on the sample's relative humidity. Relevant SSA species exhibited
heightened sensitivity at an elevated relative humidity near the deliquescence relative humidity of sea salt and poorer sensitivity
with sparse detection below the efflorescence relative humidity. Modeling the reagent ion’s diffusive depth demonstrates that the
sample aerosol particle viscosity governs the relative humidity dependence because it modulates the distance the reagent ion
diffuses and reacts with components in the particle bulk. Furthermore, the particle’s stickiness and coagulation efficiency with the
electrospray droplets increase at higher relative humidity. The effects of particle size and mixing state are discussed, revealing
improved sensitivity of phase-separated components present along the particle surface. This work highlights the importance of the
particle phase state in detecting and quantifying molecular components within authentic and complex aerosol particles and the

utility of EESI-TOF for measuring SSA composition.

INTRODUCTION

Sea spray aerosols (SSA) play a crucial role in the climate
system by influencing the global radiative budget through the
direct and indirect scattering and absorption of solar and
terrestrial radiation.’® SSA constitutes the most abundant
aerosol by mass in the atmosphere alongside mineral dust,” 8
with an estimated global production rate ranging from 3 to 70
Pg yrl® ° This mass significantly surpasses anthropogenic
aerosols and contributes substantially to the global aerosol
burden, providing considerable cloud condensation nuclei
(CCN).'0 Atmospheric models commonly parameterize SSA
as pure sea salt.!> 12 Yet, they are far more chemically and
physically complex, encompassing varying mixtures of
dissolved and crystalline inorganic salts,!® dissolved and
particulate organic carbon,'* 5 and whole cells.'® The
proportions of these components vary with particle diameter
due primarily to their production method via bubble
bursting.!”!” Though organic matter may not dominate the
total SSA mass, it can constitute a significant portion of SSA
particles smaller than 1 pm in the ambient marine atmosphere,
with film droplets that are primarily organic carbon
constituting ~57% of the number concentration of submicron
SSA.17- 18, 20 Moreover, studies show a higher organic carbon
mass fraction in ultrafine (<0.1 um) SSA, with purely organic
SSA particles exceeding the SSA particles comprised only of
sea salts or sea salts mixed with organic carbon.!” 18 21 22
Identified organic molecules in SSA include free and
polysaccharides,” lipids and fatty acids,®» » and amino

acids.?® 27 Organic matter can modulate water uptake and the
CCN activity of SSA.% 2% 2° Therefore, characterizing the
molecular composition of SSA and factors such as biological
activity altering the organic carbon proportion of SSA
particles is crucial for better understanding their indirect
radiative effects, the least understood aspect of global
radiative forcing.3°

Several techniques have contributed to the growing
knowledge of SSA composition. For example, liquid
chromatography  coupled  with  high-resolution  mass
spectrometry (HRMS) can detect individual organic molecules
and elemental ratios in SSA.3'-3> While highly sensitive, these
measurements face challenges such as long sample collection
times (between 5 and 12 hours)* needed to obtain sufficient
particulate mass for detection, storage, incubation, sample
extraction, and derivatization.>> 3¢ Techniques like Raman3’: 38
and IR spectroscopy®> 4 focus on identifying specific
functional groups and compound classes. These methods can
be coupled with microscopy to determine inter- and intra-
particle chemical variability with high chemical specificity for
the particle’s surface,*® 4! but focus on a single particle at a
time. While such measurements have been critical to
understanding SSA  composition, in dynamic marine
environments with rapidly changing conditions such as
variations in water biological activity, air temperature, relative
humidity, air mass history, and wave break conditions
occurring on short timescales, online methods become
indispensable for accurately capturing the temporal variability
in SSA composition. Currently, online techniques, such as
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aerosol mass spectrometry (AMS) and aerosol time-of-flight
mass spectrometry (ATOFMS), have been employed for size-
dependent chemical composition analysis of SSA particles,*>
4 but extensive molecular fragmentation prevents
unambiguous detection of individual molecules in SSA,
necessitating softer ionization approaches.

Extractive electrospray ionization time-of-flight mass
spectrometry (EESI-TOF)* is a promising yet untested online
technique for analyzing SSA chemical composition. During
EESI, aerosol components are extracted following collision
and coalescence between the aerosol and a charged solvent
spray (electrospray). Sample molecules are ionized based on
their binding affinity with a reagent ion in the electrospray
droplet (commonly Na®), and the ionized sample molecules
are then detected downstream after being heated and
evaporated into the gas phase.*> With the entire EESI process
occurring in a fraction of a second, this technique enables high
temporal  resolution  aerosol  chemical  composition
measurements. Operating in positive mode ionization with
Na*, EESI-TOF has achieved detection limits of 1-10 ng m= or
even lower for some organic molecules.*4® While applied in
various field studies,*’! its application to SSA has been
limited, with only one study from this lab conducted thus far.>?

The exact EESI mechanism is still debated, and although
there have been a few studies employing single-component
organic aerosols and internally mixed binary-component
organic/inorganic aerosols generated in the lab that examined
the effects of particle size,* component volatility,>* relative
humidity (RH),* and particle organic coating thickness>> on
EESI extraction efficiency, none have considered such effects
on aerosols sampled in the field or authentic SSA. SSA
particles adopt different phase states (viscosities),
morphologies, and mixing states that change with RH and
biological activity.?> 52 5658 Changes in RH can induce
complex multistep phase transitions in SSA.’® Such changes
likely affect the extraction and ionization efficiencies of EESI,
e.g., by altering the coagulation efficiency between the aerosol
sample and electrospray droplets and the bulk diffusion rates
of ions and molecules within the droplet-aerosol mixture. To
our knowledge, factors such as particle viscosity and RH-
induced phase transitions have not been characterized in terms
of how they affect EESI.

This study investigates the effects of sample RH (spanning a
range of 20% to 75% near the sea salt efflorescence and
deliquescence RH, respectively) and subsequent changes to
particle viscosity on the molecular detection of components in
authentic SSA produced while inducing a phytoplankton
bloom in natural seawater in a wave flume. The study also
aims to provide insights into the temporal variations in
specific SSA molecular components during the bloom,
emphasizing the method’s capability to detect and track SSA
compositional changes with higher temporal resolution and
softer ionization than previous techniques throughout a bloom
cycle. This work underscores the importance of the particle
phase state in the molecular detection of components by EESI
in authentic SSA, which needs to be considered in other
ambient aerosol measurements that use EESI.

EXPERIMENTAL SECTION

SSA Generation and Biological Activity Measurements

This study was conducted as part of the Sea Spray
Chemistry and Particle Evolution (SeaSCAPE) study in 2019

with the National Science Foundation Center for Aerosol
Impacts on Chemistry of the Environment (NSF-CAICE).
Comprehensive details of the study can be referred to in
previous works,32 3440, 41,52, 5961 with a brief overview provided
here. Water was sampled from the Scripps Pier in La Jolla, CA
(32° 52' 01.0" N, 117° 15' 25.7" W) on 7/23. The water was
filtered using 50 pm Nitex nylon mesh (Flystuff; Cat # 57-
106) to remove larger biological species. This water was
placed into the 11,800 L, 33 m-long glass tank equipped with
fluorescent lamps along the outer walls and a moving paddle
to simulate a diurnal solar cycle and generate SSA through
wave breaking. A phytoplankton bloom was induced by
spiking the water with f/2 growth media and sodium
metasilicate. This work focuses explicitly on SSA
measurements during the third bloom between 7/31 and 8/9,
which generated the largest biomass. Biological activity was
monitored by measuring chlorophyll-a concentration via
continuous fluorescence (ESP),> an indication of algal
biomass, bacterial cell counts with a Liquid Spot Sampler
(SS110A, Aerosol Devices Inc) and flow cytometry, and
dissolved organic carbon (DOC) concentrations with a
Shimadzu TOC-Vcgy catalytic combustion oxidation
instrument.

Sampling Apparatus and Conditions

The sampling apparatus and conditions followed the details
outlined in Tumminello et al., 2021.%? Briefly, filtered air was
supplied to the wave flume’s headspace to prevent outside
contamination, and the headspace air was drawn through one
silica gel diffusion dryer and into our sampling setup at a flow
rate of 5 L min'!. A Pyrex flow tube (inner diameter of 5 cm
and 50 cm long) facilitated the mixing and equilibration of
particles at the tube’s RH, adjusted by varying zero air (747-
30, AADCO) flows through a bubbler containing pure water
or a “dry” bypass sampling line. These RH values were
measured by an inline RH/temperature sensor (Sensirion AG).
The sample flow was split for particle size and composition
analysis, passing through a honeycomb-type activated
charcoal denuder to remove volatile hydrocarbons before
entering the mass spectrometer inlet, as shown in Fig. 1. Two
two-way valves directed the flow either directly into the inlet
or through two particle filters connected in series (HEPA
Capsule Versapor, 99.97% efficiency for 0.3 pm) for a
background, or “blank” measurement. Filter blanks were taken
at the start of every measurement period at four flow settings
to modulate RH (20 min total, 5 min each). Then the sampling
and long RH cycles began (1 hr at each setting, four settings
total), also shown in Fig. S1. SSA size distributions were
measured every two minutes with a Brechtel scanning
electrical mobility sizer (SEMS; Model 2100; size range of 5
nm to 850 nm across 100 size bins). Measurements occurred
in approximately three to four (dependent on start time)
subsequent 4-hour cycles overnight (8-11 P.M. to 7-8:30 A.M.
local time), systematically adjusting between four RH regimes
within a cycle from a maximum RH of ~75% to a minimum
RH of ~20%, covering a range that extended to the
deliquescence RH (DRH) (~75%) and below the efflorescence
RH (ERH) (~44%) of NaCl. We categorized RH into four
regimes depending on the wet-to-dry flow ratio: 20-35%, 35-
50%, 50-65%, and 65-75%.
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Figure 1. EESI-TOF sampling apparatus and visualization of the
ionization mechanism.

EESI-TOF Description

The nascent SSA molecular composition was measured
using an extractive electrospray ionization time-of-flight mass
spectrometer (EESI-TOF; Aerodyne Research Inc. and
Tofwerk AG). EESI involves exposure of the aerosol sample
to suspended electrospray droplets, resulting in a signal
proportional to the mass concentration of components in the
aerosol phase.* 47. 48, 30, 52, 63, 64The reagent ion spray was
generated by passing the reagent solution through a 365 pum
OD fused silica capillary (IDEX Health and Science, LLC) at
a pressure of 350 mbar. It was charged at —2500V in negative
mode and +2500V in positive mode. The reagent solution for
negative mode consisted of 50% (by mass) H,O (18 mQ,
Millipore Synergy System) and 50% acetonitrile (>99.95%,
Fisher Chemical) spiked with 100 ppm potassium acetate
(99%, Sigma-Aldrich), resulting primarily in ionization by
deprotonation [M-H]-. In positive mode, the reagent solution
consisted of 50% acetonitrile (>99.95%, Fisher Chemical) and
50% H,O spiked with 100 ppm sodium iodide (99%, Sigma-
Aldrich), which ionized the sample by clustering with sodium
[M+Na]*. Negative and positive mode EESI-TOF
measurements were conducted, but only positive mode results
are described here because of their broader coverage
throughout the measurement period. The aerosol was sampled
at 1 liter per minute (LPM), mixed with the reagent ion spray,
and heated to 220 °C before detection by the TOF mass
analyzer.*®

Mass Spectra Data Processing

The mass spectra were processed using Tofware (Version
3.3.0, Aerodyne Research Inc. and Tofwerk AG) in IGOR 9
(Wavemetrics). Files with 1-second time resolution were
averaged in 60-second increments before further high-
resolution analysis. After data processing, there was <10 ppm
error in the mass calibration and a resolution of ~5000 m/Am
in negative mode for m/z=59.013853 (CH;COO") and ~5500 in
positive mode for m/z=22.989221 (Na*). Chemical formulae
were determined using a pre-determined peak list based on
compounds previously identified in SSA (Table S1) and the
formula generator developed by Stark et al. 2015.% The
generator allowed for all combinations of C, H, O, and N with
m/z in the range from 50 to 400, with maximum oxygen-to-
carbon ratios (O:C) of 2, double bond equivalences (DBE)
from 0 to 1, and minimum hydrogen-to-carbon ratios (H:C) of
0.5.%% % Due to some clustering between molecular ions and
the acetonitrile organic solvent, which could flag as false
positives for CHON compounds when they are possibly CHO
compounds clustered with acetonitrile, all nitrogen-containing
elemental formulae were omitted from the peak list, except for
those with the same formulae as amino acids previously
measured in SSA.?

Peaks were identified as present if their mass accuracy was
within 15 ppm and intensities were above the limit of
detection, determined by the area near the peak, as done in
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Lopez-Hilfiker et al. 2019.# It is important to note that some
volatile components that transmit through the charcoal
denuder and break through the particle filters used for blank
measurements can dissolve into or become solvated in the
electrospray and lead to elevated background levels.*® The
filters and denuder were new as of the start of the study and
regularly cleaned by flushing with dry zero air and, for the
charcoal denuder, baking it in an oven at 150 °C. Detected
molecular ions were filter-blank subtracted and normalized to
the background Na* reagent ion intensity at the corresponding
RH without further corrections, mitigating interferences from
gas breakthrough, Na* in SSA, and accounting for potential
sensitivity differences with varying RH.

RESULTS AND DISCUSSION

Temporal Trends and Variability in Measured SSA
Components with Changing Seawater Biology

This section elucidates the temporal trends and variability in
tracer components within nascent SSA measured by EESI-
TOF. We focus on the temporal behavior and enrichment
during a controlled phytoplankton bloom of K*, palmitic acid,
and glycerol, which are representative components in nascent
SSA that depend on seawater biological activity.?3 24 6768
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Figure 2. Time series of (A) chlorophyll-a concentrations in pg L
! (green) and bacterial cell counts in cells x 10° L' (gray).
Hourly-averaged normalized intensities of (B) palmitic acid
(squares) (C) glycerol (diamonds), and (D) potassium (circles).
The blue scale refers to the average relative humidity of the
incoming sample aerosol within the hourly-averaged period. The
yellow shading represents the “daytime” hours, defined by the
times when the lights outside the flume were on. For B and C, the
signal intensities were background-subtracted and normalized to
the background Na' reagent ion signal at the same relative
humidity as the sample. For D, the signal intensity of K" was
taken directly because it does not depend on the Na* reagent ion.
Error bars represent one standard deviation from the mean hourly-
averaged data.

Marine biological activity can be assessed through various
biological markers, as depicted in Fig. 2A. This section
provides a brief overview of the results concerning these
markers, with a more comprehensive analysis in Sauer et al.
2022.3* Chlorophyll-a is the primary marker for monitoring
phytoplankton growth, as they produce chlorophyll-a to
capture sunlight energy. While phytoplankton can generate
different types of chlorophyll, measurements of chlorophyll-a
remain the most reliable indicator of overall phytoplankton
growth.® Diatoms (mainly Skeletonema sp. and Cylindrotheca
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sp.) and diatom aggregates (mostly Cylindrotheca sp. and
Navicula sp.) dominated the phytoplankton communities in
this study.* Following the phytoplankton bloom, there was an
extended period of senescence after 8/5, succeeded by a surge
in bacteria, as confirmed by bacterial cell counts, a
characteristic feature of post-bloom conditions established in
prior research.> 7 Table 1 shows the r?> values for each
identified compound versus the chlorophyll-a concentration
and bacterial cell counts, with the correlation plots in Fig. S5.

Table 1. Correlation coefficients (R? values) for the linear
regression analysis of chlorophyll-a and bacteria cell
counts with palmitic acid, glycerol, and potassium.

Palmitic Glycerol Potassium
Acid
Chlorophyll-A 0.06 0.48 0.11
Bacteria 0.05 0.11 0.62

Figure 2B shows the temporal variability in C,sH;,O,Na*
(m/z=279.229451), tentatively identified as palmitic acid, the
predominant saturated fatty acid in nascent SSA at
concentrations between 20 and 214 ng m=.'% 2* The highest
palmitic acid levels in SSA coincided with the end of the
chlorophyll-a peak on 8/4, diminishing as the bacterial levels
increased. It is unclear if the palmitic acid levels in nascent
SSA were greater in earlier stages of the phytoplankton bloom
before the positive mode EESI-TOF measurements, but
studies show an increase in fatty acid concentration within
SSA after nutrients are exhausted during a phytoplankton
bloom.?* 2° In a diatom-dominated bloom, palmitic acid and
other 16-carbon fatty acids are produced by the
phytoplankton,”" potentially increasing palmitic acid levels in
SSA near the chlorophyll-a peak’s end. Following the peak,
palmitic acid levels decreased, then decreased more rapidly as
the bacteria grew on 8/6 and 8/7. This decline may result from
its usage by bacteria, as all bacteria can incorporate exogenous
fatty acids for use in the B-oxidation cycle to yield acetyl-
coenzyme A, which the bacteria can then use to make
phospholipids to build the cell membrane.”> The decreasing
trend in palmitic acid across the bloom did not align with the
total SSA volume, surface area, or number concentration
trends, which remained relatively stable except when the
lamps were on (Fig. S6). Additionally, the concentrations of
palmitic acid did not strongly correlate with chlorophyll-a or
bacteria (r>=0.06 and 0.05, respectively). Although previous
work suggests a diel cycle in SSA production,”¢ our study
lacked sufficient measurements during lamp-on periods to
identify any diurnal trend in SSA composition.

Figure 2C shows the temporal variability in C;HgO;Na*
(m/z=115.036565), tentatively identified as glycerol due to it
having no naturally occurring structural isomers, its
prevalence in marine biota,”” and SSA.”® Glycerol, a small
saccharide and the Dbackbone of triglycerides and
phospholipids, showed decreasing levels in nascent SSA from
8/4 to 8/8. However, unlike palmitic acid, glycerol exhibited
consistently higher signals at the start of the night, decreasing
through the night during all five nighttime measurement
periods. Glycerol, a byproduct of photosynthesis,” can be
exuded by phytoplankton into surrounding water, varying in
quantity with phytoplankton type.8-8 As photosynthesis stops

once the wave flume lights are turned off, glycerol levels
decrease. This could explain the glycerol signal decay
throughout the nighttime sampling period and the better
correlation between glycerol and chlorophyll-a (r>=0.48), as
chlorophyll-a  reflects the photosynthetically active
phytoplankton  abundance. Additionally, bacteria can
metabolize glycerol for energy, potentially explaining the
near-zero glycerol signal by the end of the bloom following
the bacterial spike on 8/7.34

Figure 2D presents temporal variability and trends in K* in
SSA (detected at m/z=38.963158), with K* confirmed by its
isotopic abundance in the mass spectra (Fig. S7). K* is known
to be enriched relative to Na* in SSA compared to seawater.!”
23 The signal remained relatively low and stable immediately
following the bloom but subsequently increased, coinciding
with gradual bacterial growth after 8/5 (r>=0.62). A similar
trend in K* enrichment relative to Na* was observed in
Jayarathne et al. 2016,2 coinciding with the maxima in
chlorophyll-a and bacterial cell counts. This enrichment was
attributed to the complexation of cations with dissolved
organic carbon components at the sea surface, including
oligo/polysaccharides selectively transferred in SSA. Such
cation enrichment has been observed in other studies.®s 86
While Mg?* and Ca?* in SSA are expected to be enhanced
alongside K*, they were not detected in this study, possibly
because the TOF mass analyzer was tuned to Na*-ion adducts
and not to doubly charged species like Mg?* and Ca?".

Local changes in water pH could influence these
observations, as pH can affect complexation.?”- 8 Flynn and
Mitra et al., 2023, demonstrated that phytoplankton activity
can impact local pH, where growth leads to increased pH due
to CO, uptake, and subsequent heterotrophic consumption
results in decreased pH.¥ Throughout this phytoplankton
bloom, the average pH of the bulk water increased from ~7.9
on 7/31 to as high as ~8.3 at peak chlorophyll-a concentration
on 8/4 and 8/5, followed by a subsequent decrease in pH, as
shown in Fig. S3. The pH of the sea surface microlayer
(SSML) remained relatively stable between 7/31 and 8/5,
decreasing following the bloom from a high of ~8.0 on 8/5to a
low of ~7.7 as the bacteria grew in. Hakim et al. 2019
indicated that pH can influence the complexation of cations
with DOM, where an increase in pH, especially above the pKa
of DOM, enhances binding between anionic forms of the
organic carbon and divalent cations.”® Considering that
previous work shows 60% of marine DOM exhibits
carboxylic-like pKa values of 3.6 and 4.8,%7 we conjecture that
the increase in K* in SSA coinciding with the peak in bacteria
cell counts could be due to a smaller proportion of K* bound
to anionic forms of DOM in the SSML at the lower pH,
effectively “releasing” the carbon-bound K* and forming free
K* in SSA, which becomes detectable by EESI.

Relative Humidity Effects

Substantial variations in the EESI-TOF intensity for specific
ions (normalized to the background reagent Na*) were noted in
response to changes in the sample RH, as shown in the color
scale of Fig. 2. We illustrate this further in Fig. 3A for
palmitic acid during a representative measurement cycle,
showing a significant decrease in the reagent ion-normalized
signal as the RH was stepped down from ~70% to ~20%. As
shown in Fig. S4, changes in intensity were evident in nearly
all signals associated with SSA with varying RH, with less
signal variability (i.e., relative error) for ions at lower m/z and
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elevated RH. For the majority, though not all, of the identified
MS peaks, intensities were prominent under elevated RH,
while most approached background levels or were undetected
(i.e., below background) at RH < 40%.
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Figure 3. (A) Example temporal profile of the normalized
Cy6H3,0,Na" (palmitic acid) intensity during one measurement
cycle with changing relative humidity (black). The background
measurement period is highlighted in the gray-shaded region. The
measured relative humidity is indicated in the blue trace. The blue
diamonds show the calculated particle extraction (%) from Eq. 2.

Figure 4 shows an intercomparison of the detection
frequencies and normalized signal intensities from the hourly-
averaged palmitic acid, glycerol, and K* data presented in Fig.
2 for each RH range, considering the full measurement period.
Despite the effects on their signal intensities due to changing
biological activity, the most significant and reproducible
impact was due to sample RH. In Fig. 4A, we present the
fraction of the hourly-averaged samples detected above
background. Detection frequencies increased for all three ions
with increasing RH, with glycerol demonstrating the most
substantial increase from ~0% detection frequency at 20% RH
to 100% detection frequency at 70% RH. In contrast to
glycerol, K* and palmitic acid were still detected in about half
of the measurements at 20% RH. These trends also held in
terms of their normalized signal intensities shown as averages
at the different RH ranges in Fig. 4B. Both glycerol and
palmitic acid exhibited significantly greater average ion
intensities with increasing RH across the bloom. In
comparison, K* showed some but insignificant enhancement
in signal with increasing RH.
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Figure 4. Variations in (A) detection frequency and (B) average
normalized intensities of potassium, glycerol, and palmitic acid at
different sample relative humidity ranges. Error bars represent the
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standard deviation of N=11, N=8, and N=12 hours of averaged
data points in each RH range for potassium, glycerol, and palmitic
acid, respectively, that were statistically significantly above the
background. No error bar is shown for glycerol between a RH of
20% and 35% because there was only one hourly-averaged data
point statistically significantly above the background level in that
range.

In the study by Lopez-Hilfiker et al. 2019 using EESI-TOF,
insignificant perturbations in the MS intensities were observed
for homogeneously nucleated alpha-pinene secondary organic
aerosol (SOA) components in the RH range between 0% and
80%, with most showing no perturbation at all* We
hypothesize that the change in RH can influence EESI-TOF
sensitivity primarily in two ways: (1) the change in RH
modulates the particle size of mostly water-soluble or
hygroscopic aerosol particles, i.e., “shrinking” the particles
with decreasing RH and “growing” the particles with
increasing RH, affecting the coagulation efficiency between
the sample aerosol particles and electrospray droplets, and (2)
RH-induced phase transitions that modulate the aerosol’s
sticking probability or coagulation efficiency with the droplets
and distance that components in the sample aerosol and the
reagent ion (e.g., Na*) in the electrospray droplet must diffuse
before they interact. These two pathways are explored further
in the following sections.

Particle Size Effects

As depicted in Figure S5, throughout the study, the surface
area-weighted diameter varied with RH, ranging from
180(£10) nm to 239(£15) nm across the phytoplankton bloom,
generally exhibiting a stepwise decrease in diameter between
the highest and lowest RH. In Gallimore and Kalberer, 2013,
the EESI-TOF response to components in purely organic
aerosol particles was linear for particles with mobility
diameters ranging from 70 nm to 200 nm.*¢ In contrast, Lee et
al. 2021 reported a significant and non-linear increase in the
EESI-TOF sensitivity as the particle diameter decreased from
300 nm to 30 nm for organic-coated NH,NOj; particles.>® They
attributed the heightened sensitivity for smaller particles to
differences in the coagulation rates between the sample
aerosol particles and electrospray droplets, estimated from the
Brownian coagulation coefficient,’ calculating a coefficient of
~1 for 100 nm particles and ~10 for 30 nm particles. This
translated to a 30x increase in sensitivity for the 30 nm
particles compared to the 100 nm particles in that study.
Furthermore, the coagulation coefficient varies dramatically
and decreases above 100 nm. It is proposed that this variation
is due to a reduced coagulation rate between the electrospray
droplets (ranging from 0.5 to 5 um) with larger sample aerosol
and that a decrease in the difference between the size of the
electrospray and the aerosol sample leads to a reduced
coagulation rate. Without direct measurement of the
electrospray droplet size distribution, these impacts remain
unknown for other EESI-TOF measurements. However, based
on the results in Lee et al. 2021, 200 nm particles,
approximately the size of the peak number-weighted SSA
particles measured here, have one to three times lower
coagulation efficiency than 100 nm particles.>® In this study,
the decrease in the sample aerosol particle size at the lower
RH is expected to enhance sensitivity because of the greater
anticipated coagulation efficiency between smaller aerosol
particles and larger electrospray droplets. Despite the
anticipated increase in sensitivity with decreasing particle size
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with lower RH, the opposite is observed — a marked decrease
in sensitivity for most aerosol components at the lower RH.
This suggests that the change in particle size with RH was
either too small to influence coagulation rates significantly or
that another RH-dependent mechanism is responsible.

Viscosity effects

A different explanation is the increased mobility of reactants
resulting from the reduced SSA particle viscosity at higher
RH.22 40.52 This would heighten diffusive mixing and facilitate
interactions between Na* at the particle surface and the
molecular components in nascent SSA, akin to the enhanced
reaction probabilities between molecules at the particle
interface and in the bulk of lower viscosity aerosols at higher
RH.63, 92-94
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Figure 5. Modeled diffusive depths of the reagent ion, Na*, in
SSA particles at different particle diameters and as a function of
relative humidity according to the relative humidity-dependent
SSA viscosities reported in Tumminello et al., 2021, which was
conducted jointly with this study. The color scale is the estimated
percent particle volume extracted according to Eq. 2.

To examine the influence of RH-dependent viscosities on
the diffusion and reaction between the Na™ reagent ion and
components in the particle phase, we modeled the “diffusive
depth” of Na* entering an SSA particle between an RH of 5%
to 95% in Fig. 5. The modeled diffusive depth represents the
solution to the Stokes-Einstein equation under the assumption
of atomic radii for Na* and the maximum residence time of a
particle within the EESI-TOF inlet, as shown in Eq. 1:

Depth= |t kT Eq. 1
*
p 6m]r( 1)

Here, ¢ represents the residence time inside the EESI-TOF
inlet (16.96 milliseconds), k, is the Boltzmann constant, T is
the ambient temperature (K), n is the particle viscosity (Pa-s)
estimated from Tumminello et al. 2021 for SSA, and r is the
ionic radius of Na' of 1.02x10'° m. n of SSA was taken
directly from the estimated n for the organic carbon reported
in Tumminello et al. 2021.52 On the higher end, the n of SSA
was estimated to range from 9.14x10'° Pa-s at 5% RH to
1.88x103 Pa's at 95% RH, coinciding with the peak in
chlorophyll-a, and between 5.58x10° Pa's at 5% RH to
1.55x1072 Pa-s at 95% RH on the lower end, during a period of
low Dbiological activity. Other particle properties, e.g.,
solubility, surface tension, morphology, mixing state, and

localized differences in pH and concentration of other
reactants between the particle surface and bulk might also play
a role in the mass transfer of components.”> Therefore, the
reported diffusive depths are treated as estimates to
demonstrate viscosity's effects on mass transfer. If components
at the particle surface dissolve into the electrospray droplet
upon collision with the droplet, the Na* ion will likely interact
with and diffuse to greater depths in the particle than predicted
by this model. The reported mixing depths may serve as a
lower limit in such cases. Figure 5 illustrates these outcomes
as a function of RH. At a relatively low RH of 20%, Na* is
estimated to penetrate the particle only to within 1 nm from
the surface (black curve), while at a relatively high RH of
70%, the depth is around 200 nm, i.e., diffusing completely
through the sample particle in the time the particles spend in
the EESI inlet. While the modeled diffusive depth is
independent of the sample’s particle size, fewer molecules in
larger particles will interact with Na* than in smaller ones with
the same viscosity. To illustrate these different size-related
effects, we can estimate the percentage of the sample aerosol
particle volume extracted for spherical particles (Eq. 2),
approximating the thickness of the particle layer extracted as
the diffusive depth.

3
—(ro—d
% Volume Extracted = W

3

* 100 (Eq. 2)

S

In Eq. 2, 7 is the sample particle radius (nm), and d is the
diffusive depth (nm). For a nascent SSA particle with a
mobility diameter of 211.5+15.4 nm, the estimated percent
volume of the particle extracted and ionized by Na* is ~1.8%
at 25% RH and 100% at 70% RH. This closely follows the
relative palmitic acid signal intensity trends with RH shown in
Fig. 3A (blue diamonds). This implies that in this study's
sample RH range and the size range of SSA, increasingly
smaller volume fractions of the nascent SSA were extracted
and measured by the EESI-TOF with decreasing RH and that
the extraction depends on the viscosity.

Potential Combined Effects of Viscosity and Particle
Morphology on the Coagulation Efficiency and Extraction of
Palmitic Acid, Glycerol, and K* in SSA

The ionization of glycerol and palmitic acid in SSA by EESI
necessitated Na“™-adduct formation. Due to the lower 7 of SSA
at elevated RH, we attribute the heightened detection
frequencies at the higher RH to greater diffusivity and mixing
of Na* with glycerol and palmitic acid. In addition, the less
viscous, or stickier, SSA particles are expected to exhibit less
bounce off and, thus, greater coagulation efficiency with the
electrospray droplets with increasing RH,’% promoting
interactions between the molecules and reagent ion during
EESI. As shown in Fig. S8, within the post-bloom period
(between 8/5 and 8/9), the measured SSA particle bounce
fractions, a proxy for particle viscosity,”> were inversely
proportional to the normalized intensities of all three ions.
Within the peak bloom period (8/2 to 8/5), the highest
normalized intensities coincided with the minimum bounce
fraction and the smallest with the maximum bounce fraction.
Although no clear or robust dependence between signal
intensity and bounce fraction absolute values could be made,
these results further indicate that less bouncy or stickier SSA
particles yield higher detection frequencies and signal
intensities with EESI-TOF compared to their bouncier
counterparts at a lower RH.
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Furthermore, particle morphologies were investigated with
atomic force microscopy during SeaSCAPE for the same
bloom, demonstrating an increasing number of larger core-
shell SSA particles with solid-like organic shells across the
bloom at the lower RH of 20% compared to an RH of 60%.4
Such phase separation is common in SSA?2 40. 36 9 and may
facilitate interactions between molecules at the particle surface
and the EESI reagent ion. The observation that EESI
demonstrates greater specificity for extracting and ionizing
molecular components at the particle surface is not novel.
Kumbhani et al. 2018 found minimal signal for NaNO; in the
particle core and mostly glutaric acid from the particle surface
for NaNOs; particles coated with glutaric acid.>> However, a
substantial sampling of malonic acid and the glutaric acid core
occurred, with malonic acid coating on glutaric acid
particles.®> As a surfactant, palmitic acid has a greater surface
activity than glycerol, which could explain the higher
detection frequencies for palmitic acid than glycerol at the
lower RH. By a different mechanism, K* can be enriched at
the surface of nascent SSA.?* 190 Because K* is already ionized
and does not require Na* ions to diffuse within the particle and
react, less change in the K* signal intensity with RH was
observed.

CONCLUSIONS

This study demonstrates the capability of the EESI-TOF
method for measuring components in nascent SSA, namely
palmitic acid, glycerol, and K*. The finer temporal resolution
enabled key new findings in our understanding of SSA
molecular composition: (1) K* in SSA correlated with bacteria
levels in seawater, possibly from complexation with anions in
the DOC, and did not correlate with chlorophyll-a, (2) palmitic
acid did not strongly correlate with either chlorophyll-a or
bacterial cell counts but generally decreased in intensity as the
chlorophyll-a concentrations in seawater decreased, and (3)
glycerol correlated with chlorophyll-a, decreasing with time
after the lamps were turned off. The different K*, palmitic
acid, and glycerol levels in SSA at different bloom periods
could be important for understanding the evolution of SSA
CCN activity throughout the bloom. Glycerol and other
polyols are relatively hygroscopic organic compounds.!®!
While palmitic acid is poorly soluble in water, it is surface
active and, hence, expected to increase CCN activity via the
Kelvin effect by suppressing the droplet’s surface tension. In
Tumminello et al., 2021, we observed this effect where the
SSA CCN activity remained elevated even with a greater
organic carbon mass fraction during the peak of the
phytoplankton bloom.5

The impact of RH on sample extraction via the EESI-TOF
method is significant, depending on the sample aerosol's size,
viscosity, and morphology. Within the context of SSA,
imaging of different authentic SSA particles has demonstrated
that phase separation occurs in SSA in as many as six
multistep phase transitions upon changes in RH.?> 3¢ EESI
extraction depends upon the ambient RH as shown here, and
particle properties such as viscosity, and processes such as
phase separation that depend on RH could critically impact the
ability to detect molecular components by EESI-TOF,
emphasizing the need for understanding the EESI extraction
mechanism more precisely for different particle phases and
multiple phases together. Phase-separated or core-shell-type
particles, like the mixed glutaric acid/NaNQO; particles studied
in Kumbhani et al., 2018, and those common to SSA at a low

Analytical Chemistry

RH,?> 40, 32, 56 fayor the extraction of components from the
particle surface. On the other hand, well-mixed and
deliquesced organic carbon/aqueous electrolyte particles with
low viscosity, such as the nascent SSA near the deliquescence
RH of sea salt,’> favor complete extraction and ionization of
the particles. Future work should also focus on the role of
phase in other aerosol systems, e.g., in SOA, which undergoes
liquid-liquid and liquid-solid phase transitions depending on
the aerosol’s composition and ambient RH.%" 102

The impact of phase on EESI is expected to be more
relevant in detecting components in larger particles when the
particle diameter is greater than the diffusive depth of the
reagent ion. In the case of SSA, this suggests that the
components in film droplets, which are smaller than jet
droplets,'® potentially have a higher probability of complete
extraction based on their smaller size, contingent on particle
viscosity. Our results suggest that studies quantifying
molecular components in ambient aerosols with EESI-TOF
could be underestimated, mainly if the ambient RH is lower
(or the particles are more viscous) than when calibrated. These
results highlight the importance of knowing the aerosol
sample’s physicochemical properties (i.e., phase state,
viscosity, and morphology) for meaningful analysis of the
results.
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TOC Figure Caption: Different Na+ diffusive depths within particles with different morphologies and
phase states. The left shows a shorter diffusive depth into a particle with a core-shell morphology and
viscous outer organic layer at low relative humidity (RH) within an electrospray droplet. The right
shows a longer diffusive depth into a well-mixed particle with a lower viscosity organic phase at a high
RH.

12

ACS Paragon Plus Environment





