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ABSTRACT: Detailed chemical characterization of biomass burning organic aerosol (OA) was performed using a synergistic com-
bination of multi-modal mass spectrometry techniques. OA was analyzed in-situ using a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS) and an extractive electrospray ionization time-of-flight mass spectrometer (EESI-MS) deployed
onboard the NASA DC-8 research aircraft. Additionally, complementary filter samples of OA were collected for offline laboratory
analysis using high performance liquid chromatography interfaced with a photodiode array and an electrospray ionization high reso-
lution mass spectrometer (HPLC-PDA-HRMS). During a research flight on August 3%, 2019, which was focused on the Williams
Flats Fire, WA, the onboard HR-ToF-AMS data revealed the abundant presence of organic-sulfur (OS) species as prominent compo-
nents of the OA. These OS species were identified based on their unique fragmentation. Further investigation using HPLC-PDA-
HRMS and MS" fragmentation allowed us to identify the molecular characteristics of these unusual OS species. The dominant OS
compounds detected during the research flight were found to be alkyl benzene sulfonates. Organosulfate, nitroaromatic, and oxygen-
ated aromatic components of OA were also identified. Guided by the HRMS results, time-resolved aging profiles of selected individ-
ual OA species were retrieved from the real-time EESI-MS datasets to evaluate their aging evolution in the emission plume. Notably,
the alkyl benzene sulfonate species showed remarkable stability over 8 hours of atmospheric transport. In contrast, common organo-
sulfates displayed short apparent half-life times, that were as low as 1.2 hours, indicating their susceptibility to aging. The nitroaro-
matic and oxygenated aromatic species exhibited relatively slower aging, with average apparent half-life times of 1.8 and 2.2 hours,
respectively.
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INTRODUCTION.

Atmospheric organic aerosols (OA) contain components of pri-
mary emissions from biogenic and anthropogenic sources
(POA) and products of atmospheric reactions that convert vol-
atile organic species into secondary organic aerosol (SOA).'
As they age in the atmosphere, POA and SOA undergo trans-
formations driven by various atmospheric processes such as ox-
idation, photolysis, fragmentation, oligomerization, gas-to-par-
ticle partitioning, and cloud processing, which blur their origi-
nal identity.*

Wild and prescribed forest fires, burning of biomass for heating
and cooking, and practices of burning waste and crop residues
emit very complex mixtures of biomass burning organic aerosol
(BBOA) with significant atmospheric concentrations.” BBOA
has a profound influence on Earth’s radiative forcing, air qual-
ity, and human health. Specifically, direct effects on radiative
forcing include absorption and scattering of sunlight and terres-
trial radiation by airborne particles.>® The indirect effects are
related to aerosol-induced changes in the cloud albedo and
cloud lifetime.”"!° The majority of OA scatters incoming solar
radiation and thus has a cooling effect on climate; however its
light-absorbing components, termed brown carbon (BrC),'! ab-
sorb light in the near-UV range,'? and therefore contribute to a
warming effect.'>!"* Additionally, BBOA, and more generally
OA, degrade air quality, which causes serious human health im-
plications ranging from allergy, respiratory, and cardiovascular
diseases to reduced life-expectancy.!® Because adverse effects
of OA on humans and the environment depend strongly on its
chemical composition, it is essential to characterize OA with
sufficient molecular specificity.

The sensitivity and specificity of field-deployable in-situ mass
spectrometry techniques for aerosol characterization is contin-
ually evolving, offering valuable insights into the chemical
composition of OA.'*1° However, these techniques have certain
limitations, such as their inability to separate isomers and lower
mass resolution and sensitivity compared to laboratory instru-
mentation. The complexity of the real-world OA is too great to
be unraveled by online techniques alone. Offline analysis of
field-collected OA samples by high performance liquid chro-
matography interfaced with a photodiode array detector and an
electrospray ionization high-resolution mass spectrometer
(hereafter HPLC-PDA-HRMS) is a comprehensive method ca-
pable of characterizing species of interest and providing their
elemental and molecular descriptions based on the separation
and accurate measurements of ion masses and their MS" frag-
mentation patterns.?*2® Obtained molecular information com-
plements the limited specificity of in-situ mass spectrometry
techniques.

In this work, we present the synergistic implementation of
multi-modal mass spectrometry techniques. Specifically, in-situ
measurements were performed using an Aerodyne high-reso-
lution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS, or AMS hereafter),'® and an extractive electrospray ioni-
zation time-of-flight mass spectrometer (EESI-ToF-MS, here-
after EESI-MS), complemented by offline HPLC-PDA-HRMS
measurements of the collected sample. This combined approach
allows us to explore the chemical evolution of individual mo-
lecular components of BBOA in greater depth than is possible
with any single technique alone. In this case study, OA from
wildfires was analyzed in-situ using an AMS and an EESI-MS
deployed onboard the NASA DC-8 research aircraft. In parallel,
bulk samples of OA were collected for subsequent offline la-
boratory analysis using a HPLC-PDA-HRMS. The in-situ col-
lected AMS data is used to identify specific OA-type classes.
The information retrieved from the AMS measurements then
guides the HPLC-PDA-HRMS data acquisition and data mining
of specific components of interest, which in turn informs pro-
cessing and interpretation of the individual molecular species
observed by the EESI-MS and allows derivation of specific mo-
lecular aging profiles.

EXPERIMENTAL.

Real-time MS measurements. Fire Influence on Regional to
Global Environments and Air Quality (FIREX-AQ)* was the
field study where we initially implemented this novel multi-
modal MS approach for OA characterization. Chemical compo-
sition of airborne aerosols was monitored in real-time by the
AMS and EESI-MS instruments (Aerodyne Research, Inc.
Billerica, MA, USA) deployed onboard the DC-8 research air-
craft during the FIREX-AQ campaign conducted over north-
western and southeastern US in summer 2019.% This work fo-
cuses on the research flight on August 3™, 2019 (21:00-03:45
UTC) which probed the emission plume from the Williams
Flats fire in Washington state.

The AMS, a commonly used field instrument for in-situ quan-
titative measurements of common OA-type classes,'**° was one
of the core aerosol characterization tools employed on the air-
craft.!” Recently developed EESI-MS is a novel technique ca-
pable of probing quantitative contributions of individual partic-
ulate organic molecules in real time.'®*'=* Previously, an EESI-
MS has been employed in several laboratory and ground field
studies of OA constituents.>**' Combining the use of an AMS
and an EESI-MS onboard the aircraft offers complementary ad-
vantages, with the broad class-specific OA description provided
by the AMS guiding the investigation of time-resolved molec-
ular components detected by the EESI-MS. Both instruments
were operated continuously for the entirety of the flight. The



AMS provides in-situ quantitative field measurements of com-
mon OA-type classes at a mass resolution of m/Am = 3600 at
m/z 184, and the EESI-MS is used to probe time-resolved quan-
titative contributions of individual OA components at a mass
resolution of m/Am = 3900 at m/z 185 in positive polarity, and
3800 at m/z 154 in negative polarity.'®3-33 EESI polarity was
switched between flights, negative polarity was used for the
Aug 3%, 2019 flight discussed here. Data acquisition and inter-
pretation of the EESI-MS and AMS data have been discussed
in detail in our previous manuscripts, 6-18:42:43 4445

Real Time Mist Chamber lon Chromatography Measurements.
A custom mist chamber—ion chromatograph (referred hereafter
as SAGA-MC-IC) system to measure nitric acid and ionic par-
ticle species with diameters up to nominally 1 pm'”* was also
deployed on the DC-8 during FIREX-AQ. The MC (or Cofer
scrubber) has been extensively used to collect water-soluble
gases or particles.**® Ambient air is drawn into a glass cham-
ber where a continuously generated mist at slightly above am-
bient temperature (50 °C) uptakes both aerosols and soluble
gases. After a fixed sample collection period (for FIREX-AQ
this was 150 s), liquid is removed from the glass chamber and
immediately analyzed with an online ion chromatography sys-
tem. The ICs are custom built using primarily Dionex parts. An-
ions were separated using an AS-11 column and NaOH eluent.
Two MC chambers and two ICs are run in parallel to provide
continuous coverage.

In the planetary boundary layer the particle size range probed
by AMS is closely comparable to that of the particle size range
probed by SAGA-MC-IC. However, at higher altitudes the par-
ticle size cut of SAGA-MC-IC shifts smaller.!” For the data dis-
cussed here (~4 km altitude) no large biases are expected. Re-
ported accuracy (1o) is 15% for the sulfate measurement.

All hazards and risks associated with the research flight opera-
tion were evaluated and mitigated by the aircraft crew accord-
ing to their standard procedures and policies. No unexpected or
unusually high safety hazards were encountered during opera-
tion of our instruments onboard the aircraft.

Field Collected Samples. During the FIREX-AQ campaign
BBOA samples were regularly collected on a Teflon filter (pol-
ytetrafluoroethylene (PTFE), 0.45 pm porosity, 47 mm diame-
ter, Whatman) for subsequent offline analysis (Figure S1). OA
mass loadings on the collected filters were calculated based on
inlet flowrate, collection time, and OA concentration measured
by the AMS instrument. The filter sample from the research
flight was collected during the first full pass over the smoke
plume between 22:00 and 00:00 UTC on August 3™, 2019. The
flight path employed semi-Lagrangian sampling of the smoke
plume, as illustrated in Figure 1. The aircraft altitude is plotted
as a function of time in Figure S2. The AMS measurements re-
vealed elevated concentrations of unusual sulfur-containing or-
ganic species in the smoke plume. The Teflon filter had a mass
loading of 125 pg of OA collected from the smoke plume. Ap-
proximately 31 pug of OA was extracted from % filter into 5 mL
of acetonitrile (Optima™ LC/MS grade, Fisher Chemical) by
sonication for 20 minutes. Insoluble impurities were filtered
from the sample with a pre-wetted PTFE membrane syringe fil-
ter (0.45 pm, Fisherbrand™). Fresh solvent was then used to
rinse the extraction vial and was also filtered with the PTFE
membrane syringe filter to recover remaining analytes. Extracts
were then partially evaporated to ~250 uL and subsequently re-
constituted to ~620 uL with water (Optima™ LC/MS grade,

Fisher Chemical), resulting in the final OA concentration of
50.5 mg/L for offline chemical analysis.
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Figure 1. Semi-Lagrangian flight path of NASA DC-8 re-
search aircraft during sampling of the Williams Flats fire,
WA, on August 34,2019 (21:00-03:45 UTC). The portion of
the flightpath highlighted in orange, corresponds to the
first pass. Online measurements (AMS and EESI-MS) and
filter sampling performed during the first pass is used for
this work. Arrowheads on flight path indicate flight direc-
tion.

Offline Chemical Characterization. Laboratory analysis of the
sample extract was performed using an analytical platform of
HPLC (Vanquish™), coupled with a PDA detector and high
resolution Orbitrap Q-Exactive HF-X mass spectrometer
equipped with an electrospray ionization (ESI) source operated
in negative mode (all components by Thermo Scientific Inc.)
illustrated in Figure S1B. OA analyte components were sepa-
rated on a reversed-phase column (Luna C18(2), LxL.D.: 150 x
2 mm, 5 um particles, 100 A pores, Phenomenex Inc.). The col-
umn compartment was maintained at a temperature of 25 °C.
An injection volume of 25 pL (1.26 pg of OA) was introduced
into the HPLC. A 110 min LC gradient adapted from Lin et al,?
was employed. A binary mobile phase consisting of LC-grade
water (A) and acetonitrile (B), both doped with 0.1% (v/v) for-
mic acid (Optima™ LC/MS grade, Fisher Chemical), at a flow
rate of 0.2 mL/min, was used. The employed LC gradient was:
0-3 min at 10% B, 3-90 min linear ramp up to 100% B, 90-100
min hold at 100% B, 100-103 min linear ramp down to 10% B,
103-130 min hold at 10% B to re-equilibrate the column for the
next run. The PDA detector employs a 10 mm LightPipe flow
cell and a deuterium lamp. Continuous UV-Vis scans were col-
lected at 200-680 nm wavelengths with a spectral resolution of
2 nm and acquisition frequency of 20 Hz. Eluting analytes were
ionized using an ESI source operated in negative mode () at
the following settings: capillary temperature of 250°C, 45 arbi-
trary units of sheath gas, 10 units of auxiliary gas, 2 units of
sweep gas, and spray voltage of 3.5 kV. (-)ESI was used due to
its sensitivity toward oxygenated aromatic compounds includ-
ing OS species, nitroaromatics, and oxygenated aromatic hy-
drocarbons, all of which are of interest in this study. Mass spec-
tra were recorded for the m/z range of 80-1200 Da at a mass
resolution of m/4m = 240,000 at m/z 200, and at RF level 80.
The mass spectrometer was calibrated using standard CalMix
solutions (Thermo Scientific, PI-88324).

Offline Tandem MS Experiments. Tandem MS experiments
were conducted using an LTQ XL mass spectrometer equipped
with an ESI source (all components by Thermo Scientific Inc.).
The (—)ESI source was operated with the following settings: 10



arbitrary units of sheath gas, 5 units of auxiliary gas, 5 kV of
spray voltage, 250°C capillary temperature, -32 V capillary
voltage, and -110 V tube lens voltage. Collision energies rang-
ing from 25-45 eV were optimized for MS? and MS?* experi-
ments. Mass spectra were recorded for the m/z range of 50-2000
Da at a mass resolution of m/Am = 571 at m/z 400. The mass
spectrometer was calibrated using standard CalMix solutions
(Thermo Scientific, PI-88324).

HRMS Data Analysis. Raw HPLC-PDA-HRMS data was ini-
tially viewed using Xcalibur software (Thermo Scientific Inc.).
Subsequently, an open-source Mzmine 2.33  code
(http://mzmine.github.io/)**>° was used to perform peak pick-
ing, peak deconvolution, chromatogram construction, and peak
smoothing. Raw Xcalibur data was imported into Mzmine, and
low intensity peaks were filtered out using a threshold ion in-
tensity of 3x10* A.U. Chromatograms were constructed with a
tolerance of 2.7 ppm. Custom built Excel macros®' and the
MIDAS molecular formula calculator (v1.1; https:/fs.mag-
net.fsu.edu/~midas/download.html) were used to assign formu-
las and eliminate erroneous assignments based on the first- and
second-order Kendrick mass defects. The following limits were
applied when assigning formulas: Cc<soHn<10000-30No.3S0-1 and a
mass tolerance of + 2.7 ppm. 284 peaks were identified within
the selected threshold, eluting over 0-100 min. Of the total
peaks, 122 peaks (43%) were assigned with elemental formulas.
50, 24, and 48 peaks were CHOS, CHON, and CHO com-
pounds.

RESULTS AND DISCUSSION. The aircraft-based OA meas-
urements of the wildfire emissions are challenging to quantify
because measurements are continuous while passing in and out
of a constantly diluting emission plume. To gain insights into
the quantitative evolution of OA components in these complex
emission plumes, onboard time-resolved measurements by the
AMS and EESI-MS were employed (at 1 Hz measurement fre-
quency for the flight discussed here). Measurements by these
techniques are then compared and scaled with respect to the
simultaneously measured carbon monoxide (CO) mixing ra-
tio.525% Because of the high emission rates, CO is used as an
inert tracer to distinguish between the in-plume and the ambient
air measurements and to account for the plume dilution with
surrounding background air.!$36->

Figure 2a shows the time-resolved AMS records of total sulfur
and inorganic sulfate, along with the complementary IC record
of inorganic sulfate. Combined together, these records are used
to distinguish between ‘in-plume’ and ‘background’ aerosol
composition. Total sulfur signal by the AMS is deconvoluted
into organic-sulfur (OS) and inorganic sulfate components with
the methods assessed in Scheunemann et a/'® and previously ap-
plied to the FIREX-AQ dataset in Rickly et al.** This included
validation of the estimation by comparison to the inorganic sul-
fur factors derived by positive matrix factorization analysis
(PMF) of the AMS data.®® The values of sulfur apportionment
are then compared with the IC measurement (recorded in 150 s
averages) to further evaluate accuracy of the inorganic sulfate
fraction determined by AMS.%%2 Pie charts shown in Figure 2b
illustrate fractions of OS and inorganic sulfate averaged over
‘in-plume’ and ‘background’ portions of the flight (‘back-
ground’ is defined as having less than 20% time coverage in-
smoke for the 150 s averaging interval of the SAGA-MC-IC in-
strument). The OS fraction measured by the AMS is substan-
tially (~45%) greater ‘in-plume’, indicating emissions of OS

from wildfires and/or formation of OS through atmospheric ag-
ing reactions in the plume. Figure 2¢ shows a scatter plot of the
AMS- and the IC- derived datasets, segregated again by in-
plume/background conditions. As expected, given the substan-
tial amount of non-inorganic sulfate apportioned in the AMS,
total AMS sulfate is larger than IC-sulfate; however, appor-
tioned inorganic sulfate under background conditions agrees
well within uncertainties for both instruments.!” This is not
quite the case under in-plume conditions, but this is likely due
to the less than ideal overlap between both instruments and the
smoke plume at these low time resolutions.

Assessment of the AMS ion intensities indicates that the ion
precursors are neither inorganic sulfates nor common organo-
sulfates,® suggesting abundant presence of an as-yet unidenti-
fied subclass of OS species.!®*>%! However, molecular infor-
mation on the chemical forms of sulfur cannot be inferred from
the AMS measurements alone. We employed a HPLC-PDA-
HRMS platform to investigate the molecular composition of the
unusual OS components of aerosol highlighted by the AMS.


http://mzmine.github.io/
https://fs.magnet.fsu.edu/~midas/download.html
https://fs.magnet.fsu.edu/~midas/download.html

6
a e AMS: Total Sulfur
5F AMS SO4,inorg
= SAGA-MC-IC: SO,
Eal
o))
=
< 3 f
c
[®)
2
w2r
=
<
’I -
o Li_tg0 & 0 0 § 8 B0 0 B4 |
10:30PM  11:00PM  11:30PM 12:00AM
8/3/2019 (UTC) 8/4/2019
b.
6 . 4
c. 1']/
5

@ —AMS S0, (As+08)

2 2 m=250,r?=079
e @ —Avsas

m=140, r2=0.78

Sulfur by AMS [ug sm]
w
|

[]--- AMS SO, (AS+0S)

m=1.67,r=0.26
[--- AMSs As
m=0.90, r’=0.21

0 1 2 3 4 5 6
Inorganic SO, by IC [pg sm™]

FIGURE 2. Airborne measurements of sulfur containing
species in aerosol phase during August 3rd flight of the
FIREX-AQ 2019 campaign. Panel (a) shows time-resolved
measurements of the AMS total sulfur (red), inorganic sul-
fate (blue), and SAGA-MC-IC inorganic sulfate (black).
Panel (b) shows pie charts indicating mass fractions of or-
ganic sulfur (red) and inorganic sulfate (blue) for the ‘in-
plume’ aerosol and the ‘background’ aerosol measured by
the AMS. Panel (c) shows the correlation plot between
mass concentration of total sulfur (red) and inorganic sul-
fate (blue) measured by the AMS both ‘in-plume’ (circles)
and ‘background’ (squares), as a function of inorganic sul-
fate measured by SAGA-MC-IC. Linear orthogonal distance

regression fits are shown along with Pearson’s correlation
coefficients.

Figure 3 displays the (—)ESI-HRMS features detected over the
entire LC separation run, providing an effective summary of the
most abundant ions detected in the analyzed extract. Detailed
information on the assigned species is included in the SI file,
Table S1. Based on the formula assignments, we identify three
main groups of species: CHOS — likely a mixture of commonly
formed organo-sulfates* and uncommon OS, CHO — mostly
oxygenated aromatic hydrocarbons, and CHON — mostly ni-
troaromatics. Additionally, a few CHONS species were also ob-
served. Figure 4 showcases the LC elution profiles of major spe-
cies detected by HRMS, to aid in the identification and confir-
mation of individual species in each main group.

Within the observed CHOS species, several subgroups were
distinguished, namely HSO4", RSO5", RSO4, RSOs~, RSO¢", and
RSO7. Of note, the maximum oxidation state associated with
sulfur is (IV), therefore oxygen atoms in excess of O4 have to
be bound to the hydrocarbon (R) chain. The summed MS inten-
sities of each CHOS subgroup are included in Figure S3. Their
relative abundancies from most to least abundant are: HSO4 >
RSO3 > RS04 > RSOs™ > RSO7 > RSOg¢". Deprotonated sulfu-
ric acid (HSOy) is the most abundant ion in the entire sample,
with m/z intensity >10° A.U. This observation is expected in
BBOA and is supported by the presence of the *2S and **S iso-
topic peak pair at the expected m/z ratio (~20:1) within the un-
retained LC feature. Because of its strong affinity to the polar
mobile-phase and weak attraction to the stationary phase,
deprotonated sulfuric acid elutes in the first few minutes of the
LC run as it is not retained on the column.

The next most intense CHOS subgroup, RSO3, is an order of
magnitude lower than the ion intensity of deprotonated sulfuric
acid, with m/z intensity of RSO;" around 108 A.U. (Figure S3).
Correlated *2S and *S isotopic peak pairs are unambiguously
discernable for major RSOj;™ species C16H25S05™ and CsH2SO3
, which have m/z intensities of approximately 107 A.U. and 10?
A.U., respectively. In addition to the isotopic pairs, acetonitrile
(+CH3CN) and sodium formate (+NaHCO,) adducts were also
identified for the most abundant RSOs" species. These adducts
are listed in Table S1 and provide additional support to the un-
ambiguous detection of RSOs species in the wildfire OA sam-
ple. Finally, the LC elution profiles presented in Figure 4, reveal
that RSO3 species elute between ~40-80 minutes. The highly
abundant species CiH»sSO3™ and Ci3H20SOs3™ have multiple elu-
tion times, likely from structural isomers. Organosulfates, the
most frequently reported type of OS in BBOA, contain RSOy
groups. Both AMS (see detailed discussion in Rickly et al;** this
is further supported by the PMF factors retrieved for this flight)
and HRMS measurements detect an abundant fraction of OS
that is not attributed specifically to organosulfates, indicating
the presence of another type of OS. The abundant fraction of
species detected by HRMS that contains an -RSO; group in-
stead of the expected -RSO4 group appears to make up the ma-
jority of these unusual OS species.

The RSOy subgroup is the third most abundant group, with a
summed MS intensity of approximately 107 A.U. Within this
group, C12H25SO4 stands out as the most abundant ion with an
m/z intensity around 2.5x10° A.U. C;;HsSO4 is abundant
enough to clearly observe the 3S isotopic peak. As depicted in
Figure 4, the major RSOy species have slightly later LC elution
times compared to RSO3 species. This trend is expected be-
cause the -SO; functional group is more polar than the -SO4



group, and therefore has a higher affinity to the mobile phase.
Like the RSOs™ species, many RSO4” compounds also elute at
multiple RTs, which indicates presence of their multiple iso-
mers. Based on previous literature reports it is likely that the
majority of these RSO4 species are common organosulfates
originating from reactions of oxygenated organics with sulfuric
acid produced by oxidation of sulfur dioxide (SO,) emissions.*?
The RSO-4 subgroups constitute a smaller overall fraction of
the sample but follow similar trends to the RSO, subgroup.
These species likely also consist of organosulfates containing
the -SO, functional group, with additional oxygens bound else-
where on the carbon chain of molecules.

Moving on to the CHO and CHON products, their LC-MS elu-
tion profiles are displayed in Figure 4. Notably, the elution pro-
files of CHO species are characteristically narrower compared
to those of CHOS species, likely due to fewer potential isomers
for the smaller CHO species. Overall, CHO species elute over
a wider range of retention times, with the smaller species
(#C<8) appearing earlier because of their generally higher po-
larity or fewer active sites interacting with the stationary phase
of the column. The LC elution profiles of the smaller CHON

species exhibit similar characteristics to the major CHO spe-
cies; however, the larger CHON species have broader peaks and
more isomers, akin to CHOS species.

Previous studies investigating the molecular composition of
wildfire OA reported the abundant presence of oxidized aro-
matic hydrocarbons and nitroaromatics,?”% %" which were also
detected in our analysis. As an example, Fleming et al. per-
formed 12 unique biomass material burns to study composition
and properties of biofuel-specific BrC chromophores.?’ The
majority of these oxidized aromatic hydrocarbons and nitroaro-
matics are also reported here. Fleming et al. also reports specific
species that were unique to single sources. Of these, we report
Ci0H10O2, which was detected only in subalpine fir burns. No-
tably, Douglas-fir-Pacific, Ponderosa Pine, and Oceanspray
trees are the primary biofuels reported for the Williams Flats
fire, WA.? Budisulistiorini et al. also report the presence of or-
ganosulfates in BBOA,% consistent with our findings. Addi-
tionally, some of these studies utilized similar offline HRMS
platforms for OA characterization,?” which is the primary tech-
nique employed here to characterize newly reported species in
this work, such as the RSO3™ subgroup.

0 CHO/CHON Dominated Dominated
10773 Hso4- CoHsNO, 0 Q CHO
] C;HsNO, OH CH:NO, N ﬁ—o’ X0 CHON
] OH HO OH fjo O/o
9 - s
107 3 C;HEOZ & Iz CHO..S
1c.Hlo C1oH24 128525
1L 4
] OCH
~1083 7|1 NO, ’ 0o
D. 3 - C1:Ho550, | N ﬁ—O
< ] P 0
= a7 ° * 7 CHy(CHoCH, Q40 /G
_-037 10 E E x o r\b C12H250
2 ] vy k2 n1' )
Q 1 p
E 106 - 11 t2
] ; uz |28
5 1 L n1* gl n; t1 | 121
1073 5 |
: U |
104 v T ,
100 200 m/z 300 400

FIGURE 3. An (-)ESI-HRMS spectrum of the August 3rd sample extract integrated across the LC run. Assigned peaks are color-
coded as shown in the legend: CHO (blue), CHON (green), CHOsS (orange), CHO>3S (brown), and unassigned (grey).
C18H29S04" is grouped with CHO3S peaks because later MS" analysis reveals that it is “alkyl benzene sulfonate-like” (ABS-
like) in nature. OS species containing adducts are grouped according to the compound class of their corresponding parent
ion. Annotations correspond to peaks listed in Table S1. ‘*’ denotes a 34S isotope. Peaks with intensities less than 3x104 A.U.
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Analysis of the HPLC-PDA-HRMS data, including assessment
of isotopic features, LC retention times, elution profiles, and
comparison with literature are helpful for identification of OA
species; however, tandem MS" fragmentation experiments are
needed for unequivocal identification and structural elucidation
of individual OA species. Figure 5a illustrates MS? spectra of
the parent ion C;sH2SOj;™ detected in the collected sample, com-
pared to its commercially available isomer 4-Dodecylbenzene
sulfonic acid (DBSA). In both cases, deprotonated CigH29SO3"
parent ions (m/z 325) show very similar MS? fragmentation pat-
terns. Their most prominent MS? fragments include m/z 170,
183,197, and 261. All observed fragments and their relative in-
tensities detected in the ambient sample resemble MS? frag-
ments of DBSA.%72 Furthermore, additional MS? fragmenta-
tion experiments with fragments m/z 183 and 261 also show re-
markable consistency between the DBSA and the ambient sam-
ple. Specifically, Figure 5b shows the MS? fragmentation pat-
tern of CsH7SO3™ (m/z 183) in the experimental mixture, which
forms CgH;O™ (m/z 119) by loss of SO; and readdition of O.%°
Figure 5¢ shows MS? spectrum of CisH20O" (m/z 261), which
fragments by repeated loss of -CH, (m/z 14) from the carbon
chain, also yielding the CsH;O™ (m/z 119) fragment. While the
fragmentations strongly suggest that CisH20SOj3" is similar to the
DBSA standard, the MS" experiments do not confirm the exact
location and branching of the aliphatic carbon chain. As a result,
it is concluded that C;sH2SOj" is an “Alkyl Benzene Sulfonate-
like” (ABS-like) species. Similar MS? and MS? patterns were

also observed for Ci¢H2sSOs™ (m/z 297) and CisH23SOs5™ (m/z
283) ions, as shown in Figure S4. These fragmentation patterns
match well with MS" characteristics of DBSA and other sul-
fonic acid standards as illustrated by the bottom panels in Figure
5, indicating that these are also ABS-like species. Analogous
MS" patterns are also observed for CisH29SO4™ (m/z 341) ion
summarized in Figure S5. The major MS? peak, CsH;SO4 (m/z
199), fragments to form MS? fragment CsH70," (m/z 135). This
same loss of m/z 64 is seen in other ABS-like species indicating
that the parent ion C;sH29SO4™ (m/z 341) is also a sulfonic acid,
and the fourth oxygen molecule is attached to the carbon chain
or benzene ring instead of being connected to the sulfur atom.

Overall, MS" experiments with C;3H9SO5 (m/z 325),
Ci6H25SO5™ (m/z 297), CisH23S05 (m/z 283), and CisH29SO04
(m/z 341) produced fragmentation patterns very similar to that
of the DBSA standard, which suggests that these components
are all ABS-like species. To provide additional support to this
conclusion, MS" experiments of a commercial standard of Bis-
(4-hydroxyphenyl)sulfone (BHPS), Ci,HoSO4 (m/z 249), an or-
ganic sulfone, are shown in contrast in Figure S6. BHPS frag-
mentation reported here also matches published literature for
BHPS.” The MS? and MS? fragmentation patterns identified in
these experiments do not match fragmentation seen in any of
the suspected ABS-like species, ruling out the possibility that
the unusual RSO3 species detected in this sample are sulfones.

Additional MS" fragmentation experiments were employed for
structural elucidation and identification of common organosul-
fate species in the sample. The formation of hydrogen sulfate
ions (HSOy) (m/z 97) in MS" experiments is a strong indicator
of common organosulfates, and therefore can be employed to
identify such species. With the exception of C;sH2SO4 (m/z
341) discussed earlier, MS" fragmentation of RSOy indicates
that these species are organosulfates. For example, MS? of
C12H25SOy4 (m/z 265) and of Ci14H29SO4 (m/z 293), shown in
Figure S7, generate hydrogen sulfate ions, indicating that both
species are organosulfates.
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FIGURE 5. MS» fragmentation of OS component C1s8H29S03-
m/z 325 (top, black), and commercial DBSA standard
C18H29S03- m/z 325 (bottom, grey) plotted for comparison
to confirm the identity of ABS-like species. Panel (a) shows
MS2 fragmentation of both species. Panel (b) shows MS3
fragmentation of the m/z 183 fragment and panel (c)
shows MS3 fragmentation of the m/z 261 fragment. Frag-
mentation patterns of commercial DBSA agree with pub-
lished literature.68-72

Figure 6 compares the molecular characteristics of each com-
pound class in terms of their number of carbon atoms and aro-
maticity. Notably, CHO and CHON species have lower num-
bers of carbon atoms (#C<11, m/z<250); whereas CHOS com-
pounds contain a larger number of carbon atoms (11<#C<23,
m/z>250). These differences in molecular size between CHON
and CHOS components are likely indicative of the atmospheric
processes governing their formation. Specifically, single-ring
nitroaromatic CHON compounds are low volatility condensed-
phase products of photochemical reactions between gas-phase
volatile organic compounds (VOCs) and OH/NOj oxidant spe-
cies.” On the other hand, organosulfates and organosulfonates
(CHOS) are generated through aqueous chemistry that occurs
in aerosols when low-volatility dissolved organic species inter-
act with sulfur-containing oxidants.” "’ To corroborate this hy-
pothesis, we calculated the saturation mass concentrations of
the CHO precursors that correspond to the observed CHON and
CHOS products. The results were subsequently categorized into
volatility bins for further analysis (Supplemental Note 4, Figure
S8). The results reveal that the precursors of CHON primarily
fall within the volatile and intermediate volatility bins (VOC
and IVOC), consistent with their classification as atmospheric
gas-phase components. Conversely, the precursors of CHOS
predominantly occupy the semi-volatile and low volatility bins
(SVOC and LVOC), aligning with their atmospheric con-
densed-phase tendency.

Figure 6b presents the double bond equivalent (DBE) values for
the assigned species. Species which fall in the region between
the 0.9xC limit’® and the Linear Polyenes line™ are substantially
aromatic and are therefore likely BrC chromophores. The ma-
jority of CHO species with #C<11 and CHON species with
#C+N<8 fall within this region. It is likely that these species
contribute to the overall BrC properties of the sampled OA. In
contrast, CHOS species fall below the Linear Polyenes line,
suggesting that they may not possess strong BrC properties. The
low DBE values of CHOS species also indicate that they do not
have a substantial degree of oxidation, which has been previ-
ously confirmed through structural characterization by MS".
This suggests that the CHOS species have low BrC chromo-
phore potential and they are likely not formed as a result of ad-
dition and condensation reactions with CHO or CHON species.
Additionally, it has been shown that spontaneous oxidation of
sulfones (-RSO,) to sulfonic acids (-RSOs3) may occur on the
surface of ESI droplets.®® Therefore, it is possible that the un-
common OS species detected by AMS are attributed to sulfones
present in the wildfire smoke, and RSO3 species detected by
the HRMS may be formed through oxidation of the sulfones in
the ESI droplets.
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FIGURE 6. Composition characteristics of components
identified in the OA sample extract. (a) Total count of iden-
tified species in each compound class, CHO (blue), CHON
(green), CHOsS (orange), and CHO>3S (brown) plotted as a
function of the number of carbon atoms. (b) Plot of the
double bond equivalent (DBE) versus number of C+N at-
oms of assigned species. Size of the symbols is scaled to the
cubic root of MS peak intensity. Reference lines show DBE
references corresponding to linear polyenes?® and 0.9xC
unsaturation limit corresponding to fullerene-like hydro-
carbons.’8 Species with C < 2 are removed for clarity. 0OS
species containing adducts are grouped according to the
compound class of their corresponding parent ion. The
ABS-like RSO+ species, C18H29S04, is grouped in the CHO3S
compound class.

Consistent with the observed trends depicted in the DBE plot of
Figure 6b, further examination of HPLC-PDA data shown in
Figure 7 reveals that ~44% of the BrC light-absorption is at-
tributed to assigned CHO and CHON compounds. Figure 7
summarizes values of the mass absorption coefficient of the or-
ganic fraction (MACou) collected on the filter, extracted, and
subsequently analyzed by HPLC-PDA in the bulk-phase. The
MACou fractions attributed to CHO and CHON species are de-
rived from the cumulative contributions of assigned species la-
belled in Figure S9. The MACoy fraction attributed to unas-
signed components includes contributions from prominent



light-absorbing features in the chromatogram that lack explicit
identification. Additionally, the unresolved fraction includes
additional light absorption that reflects contributions from mi-
nor unassigned regions within the chromatogram. Lastly, the
unretained fraction encompasses the overall contribution of the
material that eluted within 0-3 minutes. Specific details elabo-
rating on the calculation of MACoy contributions are included
in Supplementary Note 5. In previous studies employing similar
analysis techniques, the M4 Coyvalues for laboratory-generated
bulk-phase BrC were reported. West et al reported MACoc val-
ues in a range of 0.49-0.02 m*g at 350 nm for BrC sampled
from ethane flames with characteristic temperatures of 1946 K
and 1863 K, respectively.?! Hettiyadura et al reported a MACoum
value of ~0.4 m?/g at 350 nm for BrC generated from heated
wood pellets under pyrolysis conditions.?® In our work here,
MACoy at the same 350 nm is approximately 0.28 m?*/g. Fur-
thermore, MACoy values over an entire wavelength range of
300-450 nm reported here is consistently lower than those re-
ported by Hettiyadura et al and West et al, indicating signifi-
cantly less absorbing BrC properties of the organic material
sampled in our present study. Additionally, it is important to
note that the HPLC analysis exclusively covers the soluble or-
ganic fraction, as insoluble material is filtered by the column
guard. Therefore, the injected OM mass assumed for the
MACoy calculations (see Supplemental Note 5) may be overes-
timated, compared to what is actually being delivered to the
PDA, causing an underestimation of the reported MACou val-
ues.
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Figure 7. Light absorbing features of the August 3rd sample
extract quantified as MAC (m2/g) values, fractionated to in-
dicate contributions from different groups of OA constitu-
ents. The inset shows the distribution of the total MACas a
fraction from 0-1.

Molecular characterization of individual OA components ob-
tained from HPLC-PDA-HRMS analysis guided interpretation
of the time-resolved in-situ EESI-MS records.'® Specifically,
the aging profiles of selected individual OA species, identified
in the offline HPLC-HRMS analysis, were retrieved from the
EESI-MS data. The time-resolved EESI-MS records were suc-
cessfully retrieved for the following OA species: C3;HsOs3,
C7H¢O2, C7HeO3, CisH3603, CeHsNOs, CeHsNOs, C7H7NOs,
C12H26S04, Ci6H26SO3, C7HgN20s, Ci14H30SO4, Ci14H30SOs,
C16H24SO3, C17H23804, C15H24SO3, and C15H32SO3 (all listed as
neutral species). As shown in Figure 4, each of these OA spe-
cies retrieved by EESI-MS, displayed one to three major HPLC-

HRMS elution peaks. Figure 8a shows a representative time-
resolved EESI-MS record of a [M-H]™ ion corresponding to
C12H26S04 species, plotted together with the CO record as a
function of the flight time. All other aging profiles retrieved
from the EESI-MS records are included in the SI (Figures S10-
S12). The data collected from 10:15 PM to 12:15 AM UTC rep-
resent the first period of transecting the biomass burning emis-
sions plume originating from the source and travelling down-
wind (Figure 1). 12:15 AM to 2:15 AM represents the second
period of transecting the smoke plume following a similar tra-
jectory. The observed maxima in each period occur when the
aircraft transects the middle of the plume, and the minima are
the baseline values measured outside the plume. To account for
plume dilution downwind of the wildfire, changes in the EESI-
MS signals from individual OA species are compared with
changes in the CO signal. The blue triangles represent the ratio
of A[C1,H2sSO4/A[CO] averaged across each plume transect
to show the trending change in the ratio. A linear fit line of these
ratios is plotted for each of the two periods to facilitate visuali-
zation of the aging profile, while accounting for plume dilution.

Figure 8b shows in-plume ratios of A[Ci,H,5SO4)/A[CO] plot-
ted as a function of physical smoke age, which was calculated
by fitting the data as a function of exponential decay. The dif-
ference, A, values used in the ratios of C;,H»5SO4 and CO were
determined by subtracting the 'background’ concentrations
from the ‘in-plume’ concentrations during each pass across the
plume. ‘Background’ concentrations were averaged over 60 s
time intervals both before and after each plume transect, and
‘in-plume’ concentrations were averaged across the entire
plume transect. The obtained data points are color-coded ac-
cording to the total OA mass measured by AMS.

The half-life of C;,H»5SOy4 in the plume was then calculated
from a first-order exponential decay fit of A[C1,H26SO4/A[CO]
versus characteristic time of the physical smoke age, as illus-
trated in Fig 8b. Figure 8¢ summarizes half-life times of all in-
dividual species identified by the HPLC-PDA-HRMS analysis
for which the EESI-MS time-resolved records were success-
fully retrieved (listed as neutral species). With respect to their
in-plume aging behavior, two groups of species were observed:
i) aging-susceptible, rapidly decaying species with half-life
times of 1-2.5 hours, and ii) aging-resilient species that did not
show detectable changes on the time scale of the field experi-
ment (~8 hours). CHO and most of the CHON species were ag-
ing-susceptible, while the majority of the CHOS species
showed aging-resilient characteristics. This suggests that
CHOS compounds may be more stable than CHO and CHON;
however, more individual species should be systematically in-
vestigated to provide conclusive and comprehensive infor-
mation on the aging kinetics and evolution of the individual OA
constituents in each class of compounds. Additionally, investi-
gation of the emission rates of organosulfur compounds is also
needed to separate any potential shifts in emissions that could
confound the aging analysis presented here. The presented com-
plementary applications of offline HPLC-HRMS and online
EESI-MS analytical techniques enable unique chemical specia-
tion of the individual components within a complex OA matrix,
providing their in-depth chemical description and assessing
their aging transformations.

CONCLUSIONS. The complementary use of airborne meas-
urements by AMS and EESI-MS, along with offline HPLC-
PDA-ESI-HRMS and tandem MS" measurements, is presented



here as a novel multi-modal method for investigating wildfire
BBOA. This integrated approach provides a comprehensive un-
derstanding of the aging characteristics of individual molecular
components. In essence, AMS provides quantitative measure-
ments of broad classes of OA, which guides in-depth HRMS
analysis of individual molecular components. In turn, the
HRMS data informs interpretation of time-resolved EESI pro-
files, enabling us to elucidate the fate of individual species.
Through AMS analysis, we have identified substantial presence
of OS in the wildfire sample, which led to further investigation
of OS species by HRMS and tandem MS, revealing the presence
of uncommon ABS-like species. Additionally, we identified
common organo-sulfates, nitroaromatics, and oxygenated aro-
matics, frequently found in BBOA samples.

Finally, by employing these multi-modal MS techniques, we
successfully decipher aging trends of individual species in real-
world complex mixtures of OA. We observed the decay of more
reactive OA components within approximately 3 hours, while
more stable OA components persist in the atmosphere for more
than 8 hours. These aging characteristics are difficult to predict
due to the complexity and variability of atmospheric OA, ' and
due to the variety of chemical and physical processes that con-
tribute both to the formation and loss of OA.3"%2 Therefore, the
application of time-resolved AMS and EESI, along with offline
HRMS analyses, provides essential information to gain insights
into the formation and fate of specific BBOA, which impacts
climate, atmospheric chemistry, and human health.
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FIGURE 8. (a) EESI-MS time-resolved records of C12zH25504~
and CO as a function of flight time (UTC). The ‘in-plume’ ra-
tios of A[C12H255047]/A[CO] are plotted for the 1st full pass
(light purple) and 2nd full pass (dark purple) as a function
of flight time. (b) ‘In-plume’ ratios of A[C12H25S047]/A[CO]
are plotted with respect to the time of smoke age, color-
coded according to total OA mass of the sample at a given
time. Formal first-order reaction kinetics are used to fit
the data and estimate half-life time of Ci12H26S04 in the
plume. (c) Summary of the half-life times of major species
investigated. Additional plots of the major species investi-
gated by EESI-MS are included in SI file, Figures $10-S12.
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