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ABSTRACT: Poor air quality is a persistent challenge in Mexico
City, and addressing this issue requires an understanding of the
chemical composition of PM2.5 (particulate matter less than 2.5 μm
in diameter). Sulfate and secondary organic aerosol (SOA) are two
of the largest contributors to PM2.5 in Mexico City, but uncertainties
exist regarding their sources, distribution across individual particles,
and ability to form organosulfates. Herein, we show using electron
dispersive x-ray spectroscopy that only 41 ± 1% and 25 ± 1% of
particles (aerodynamic diameter, 0.32−0.56 μm) by number at two
sites in Mexico City, respectively, contain sulfur. Vibrational
spectroscopy (Optical-Photothermal Infrared + Raman Micro-
spectroscopy) shows that these sulfur-containing particles consist
of inorganic sulfate (SO4

2−) and organosulfates (ROSO3
−). In

addition, we unexpectedly measured abundant isoprene-derived SOA from low nitric oxide reaction pathways, specifically
organosulfates (methyltetrol sulfates = avg. 50 ng/m3, max. 150 ng/m3) and polyols (methyltetrols = avg. 70 ng/m3, max. 190 ng/
m3) using liquid chromatography with high-resolution mass spectrometry. Differences in SO2 and NOx concentrations between sites
likely contribute to these spatial differences in sulfate, organosulfate, and SOA formation. These findings improve understanding of
sulfur distribution and sources of SOA in Mexico City, which can inform efforts to improve air quality.
KEYWORDS: Particulate Matter, Inorganic Sulfate, Organosulfur Species, Organic Aerosol, Single Particle Composition,
Photothermal Infrared Spectroscopy, Raman Microspectroscopy, High Resolution Mass Spectrometry

■ INTRODUCTION
The Mexico City Metropolitan Area is the largest megacity in
North America, with a population of over 20 million people.1

Mexico City is located at high elevation (2240 meters above
sea level),2 but is also in a basin, surrounded by mountains on
three sides. The unique topography of Mexico City leads to
poor air quality through the buildup of local atmospheric
emissions and secondary aerosol formation (both inorganic
and organic),3 resulting in high concentrations of particulate
matter (PM).1,3

Sulfur is a critical component of PM2.5 (PM less than 2.5 μm
in diameter) and most commonly exists as inorganic sulfate
(i.e., SO4

2− or HSO4
−) or within organic species (e.g.,

organosulfates, ROSO3
−).4,5 Sulfate within urban PM is

primarily produced from aqueous (or gas) phase oxidation of
sulfur dioxide (SO2).

6,7 Sulfate and organic components
together are a significant fraction of aerosol mass globally,
with sulfate typically contributing 30-60% of fine PM2.5 mass,8

and organic aerosol contributing up to 50% of PM2.5 mass at
continental mid-latitude sites.9−11

In 2006, a large-scale field campaign, the Megacity Initiative:
Local and Global Research Observations or MILAGRO, was
conducted to improve understanding of the emission and
evolution of atmospheric pollutants in Mexico City.12−17 The
MILAGRO campaign improved understanding of sulfur and
organic components within PM in Mexico City, observing that
51-55% of PM2.5 mass in urban and industrial regions of
Mexico City was carbonaceous.14,18 The carbonaceous aerosol
within PM2.5 was found to contain both elemental and organic
carbon,19 including non-oxygenated urban primary emissions
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and oxygenated organic aerosol (e.g., secondary organic
aerosol or SOA).13,17 Additionally, analysis of non-refractory
PM1 (PM less than 1 μm in diameter) showed that sulfate and
organics contributed 11% and 52%, respectively, to total PM1
mass at a supersite in northern Mexico City.13

Organosulfates can form within PM after the reactive uptake
of less volatile oxidation products of volatile organic
compounds (VOCs) to sulfate-containing particles, generating
SOA.20 Isoprene is the non-methane VOC with the highest
emissions globally (∼600 Tg/year),21 and isoprene-derived
methyltetrol sulfates (MTS) are one of the most atmospheri-
cally abundant organosulfate species.22 MTS products form
from the acid-driven reactive uptake of the key isoprene
oxidation products, isoprene epoxydiols (IEPOX),23 to sulfate-
containing particles under low-nitric oxide (NO) conditions.24

MTS, as well as the non-sulfated IEPOX-derived product
methyltetrols (MT), contribute significantly to isoprene-
derived SOA (iSOA) mass.25−27 MTS and MT species
contribute up to 58% and 34%, respectively, of lab-generated
iSOA mass.28

Exposure to iSOA has been shown to result in adverse health
effects, such as inducing oxidative stress after inhalation.29−32

The importance of iSOA production in urban environments
has been established through both field measurements33,34 and
modeling.35−39 For example, in Atlanta, GA, iSOA represents
33% of non-refractory PM1 mass, as determined by source
apportionment of real-time aerosol mass spectrometry using
positive matrix factorization.36 iSOA production and properties

are highly influenced by anthropogenic emissions (e.g., SO2 or
nitrogen oxides, NOx)

40 and isoprene emissions from
terrestrial vegetation, with many studies focused on regions
with very high isoprene concentrations (e.g., Atlanta, USA,36

and Manaus, Brazil28,41).
During the MILAGRO campaign, SOA represented a

significant fraction of total organic aerosol mass.13,42 Aiken et
al.13 found that SOA represented almost half of the non-
refractory organic aerosol mass on average from measurements
using real-time high-resolution aerosol mass spectrometry
(HR-AMS). Stone et al.42 concluded that SOA represented 20-
25% of total organic carbon mass, as determined from PM2.5
filter samples measured by gas chromatography interfaced to
mass spectrometry. To further investigate SOA composition,
authentic standards for two organosulfates (i.e., glycolic acid
sulfate and lactic acid sulfate) were developed and their mass
concentration was determined at two MILAGRO sampling
sites, finding that the mass concentration of these species was
comparable to other measurements globally such as in
Riverside and Bakersfield, CA.43

During the 2006 MILAGRO campaign, it was found that the
SOA was primarily from VOCs of an anthropogenic origin,42

and that biogenic VOCs were insignificant contributors to
SOA formation.44 However, isoprene emissions from net-leaf
oak trees in Mexico City are estimated to range from 1.9 μg g−1

h−1 to 66.27 μg g−1 h−1, depending on the season,45 and could
potentially be a source of iSOA in the city. Due to a lack of
synthetic standards and analytical techniques available at the

Figure 1. (a) Map of Mexico with the geographic location of Mexico City denoted by the red box (Source: NASA, https://worldview.earthdata.
nasa.gov). Green colored regions on the map indicate enhanced vegetation indexes calculated with MODIS (Moderate Resolution Imaging
Spectroradiometer). Inset includes isoprene emission factors determined by Dominguez-Taylor et al.45 for Mexico City. (b) Satellite image of
Mexico City basin (Satellite image courtesy of Earthstar Geographics LLC.). (c) Map of Mexico City with sampling sites shown, San Agustiń
(green marker) and Pedregal (red marker). Image Source: ©OpenStreetMap (https://openstreetmap.org/copyright). (d) Photograph of Pedregal
sampling location.
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time, the mass concentration of many important iSOA
products, including the organosulfate species MTS, were not
quantified in PM samples from the MILAGRO campaign.
Thus, the contribution of iSOA to organic aerosol in Mexico
City remains unresolved.
While sulfur is abundant within PM2.5, it is not frequently

present in every aerosol particle.46,47 Single particle measure-
ments are thus key to understanding the composition and
source of sulfur, including both particle-phase inorganic sulfate
and organosulfate formation, and to fully characterizing an
aerosol population. Single-particle microscopic measurements
from the MILAGRO campaign showed that carbon is
frequently mixed with inorganic components (S, N, O, P)15

and industrial emissions (Zn, Pb, Cl).16 Additional single-
particle measurements using the aerosol time-of-flight mass
spectrometer revealed that submicron aerosol was largely
comprised of aged organic aerosol and biomass burning
aerosol, as well as showing that aged oxidized organic aerosol
was mixed with sulfate.17 While important insights into PM2.5
sources and aging in Mexico City have been gained with these
previous single-particle analyses, newer analytical capabilities
for individual particle analysis,48−51 including the development
of the optical photothermal infrared spectrometer (O-PTIR)
which allows for simultaneous collection of Raman and
Infrared spectra, enable a deeper understanding of sulfur
speciation and distribution within PM2.5. Additionally, the
development of authentic standards as well as improved
methodology for separation of iSOA species, specifically
hydrophilic interaction liquid chromatography coupled with
electrospray ionization high-resolution quadrupole time-of-
flight mass spectrometry (HILIC/ESI-HR-QTOFMS),28 now
enable the robust quantification organosulfates in SOA.52

More single-particle analysis is needed as the climate and
health impacts of aerosols are largely driven by single particle
composition and physical properties (size, optical properties,
hygroscopicity, etc.).53−55

Characterizing the distribution of sulfur, organosulfates, and
iSOA within single particles in Mexico City PM2.5 is important
to improve understanding of aerosol sources and formation
mechanisms. Herein, we combine single-particle compositional
analysis with speciated measurements of iSOA to understand
PM2.5 composition at two sites with differing SO2 and NOx
concentrations within northern and southern Mexico City
during May − June 2018. We use computer-controlled
scanning electron microscopy coupled with electron dispersive
x-ray spectroscopy (CCSEM-EDX) to sort the aerosol
population into the five most abundant categories of aerosol
particles by elemental composition and identify sulfur-
containing particles. We then use optical photothermal infrared
(O-PTIR) + Raman microspectroscopy to quantify the
number fractions of particles in each category containing
sulfate, organosulfates, soot, and/or organic carbon. Finally, we
quantify the mass concentrations of the iSOA products MTS
and MT from low-NO chemical pathways and explore the
formation of additional iSOA products using HILIC/ESI-HR-
QTOFMS. The results below improve our understanding of
the interplay between sulfur and organic species and the
abundance of low-NO iSOA products in a densely populated
urban environment.

■ MATERIALS AND METHODS
Description of Sites. Aerosol particle samples were

collected in summer 2018 from two sites in Mexico City,

Mexico: Pedregal in the south (19°19’30.9” N, 99°12’13.4” W)
and San Agustiń in the north (19°31’59.7” N, 99°01’48.4” W)
(Figure 1a-d). The San Agustiń site is a densely populated
urban zone with high industrial activity, and the Pedregal site is
primarily a residential zone containing vegetation and low
traffic activity.56 Both sites are Automatic Atmospheric
Monitoring Network (RAMA, by acronym in Spanish for
Red Automat́ica de Monitoreo Atmosfeŕico) government
monitoring stations. Ambient concentrations of O3, SO2, and
NOx (NO + NO2), as well as the meteorological conditions
(temperature and relative humidity, RH), are continuously
monitored at the RAMA stations. A detailed comparison of
environmental conditions at the two monitoring sites is
provided in the discussion section as well as in the
supplemental information. This includes a comparison of the
NO, nitrogen dioxide (NO2), and NOx (NO +NO2) for the
entire sampling period at the two sites (Figure S1);
temperature and RH for the two sampling days (Figure S2);
as well as a comparison of the temperature and RH for the
entire sampling period at both sites (Figure S3 and S4,
respectively).
Regional emissions in Mexico City include both anthro-

pogenic (vehicular emissions, cooking, oil refineries, and other
industrial activities) and natural sources (vegetation, volcanic
emissions).14 Primary sources of sulfur in Mexico City are the
active Popocateṕetl volcano, which is located ∼81 km to the
east of Mexico City, and Tula-Vito-Apasco region, which is an
industrial zone located to the north of Mexico City containing
oil refineries, cement industries, and powerplants.57 Biogenic
emissions in Mexico City include isoprene, and estimated
seasonal emission factors of isoprene based on common plant
types are shown in Figure 1a.45

Description of Sample Collection. In this study, six
samples were collected at each location between the dates of
5/30/2018 to 6/11/2018 (Pedregal location) and 6/18/2018
to 6/26/2018 (San Agustiń location). The dates and locations
of all samples are detailed in Table S1. For each date, sampling
was conducted for a 24-h period from 12 PM to 12 PM local
time. Aerosol particles were collected using a microorifice
uniform deposit impactor (MOUDI) via impaction onto
aluminum foil (TSI Aluminum Foil Substrates for MOUDI, 47
mm diameter) and quartz substrates (Ted Pella Inc.) on
MOUDI stages 6 and 7 (aerodynamic diameter (da) ranges of
0.32−0.56 μm and 0.18−0.32 μm, respectively) for offline
microscopy/spectroscopy analysis. MOUDI samples were
sealed with parafilm and stored in the dark at room
temperature until later analysis (over multiple years). Storage
procedure followed Laskina et al.58 to prevent the degradation
of sample chemical composition and particle morphology.
Aerosol particles were also sampled onto quartz filters (Pallflex
membrane filters, 47 mm diameter) using a MiniVol Portable
Sampler (Airmetrics) at 5 L/min for offline chromatography/
mass spectrometry analysis. The filters were stored in the dark
for four years at -20 °C before extraction using a previously
described procedure.28 The stability of iSOA species within
PM2.5 filter samples stored for several years under these
conditions has been previously demonstrated.59

Aerosol Particle Analysis. CCSEM-EDX was used to
determine the particle types46,60−65 present for two case study
sampling days, Pedregal 6/11/2018 (1899 particles analyzed)
and San Agustiń 6/18/2018 (1313 particles analyzed). For
both case study days, a sample from stage 6 of the MOUDI
(da, 0.32−0.56 μm) was analyzed. CCSEM-EDX was
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conducted using a FEI Helios Nanolab SEM/FIB (EDAX
Inc.), as described previously.66 X-ray spectra were analyzed
for the elements C, O, Si, Na, P, S, Ca, K, Fe, and Cu. The
instrument was operated in secondary electron mode with an
accelerating voltage of 20.0 kV and a current of 0.43 nA. The
particles were sorted into particle classes using a rule-based
classification approach,15,16,67 based on the presence of peaks
associated with key elements in each particle class, with the
criteria detailed in Figure S5.
Simultaneous O-PTIR and Raman microspectroscopy (O-

PTIR+Raman) of individual particles was conducted on the
samples from the case study days to characterize the
carbonaceous particles, which were further sorted into organic
and soot categories based on the functional groups present in
each particle. It should be noted that it is possible that the
degradation of organosulfur could occur during sample storage
(i.e., hydrolysis of organosulfate compounds), and thus the
number fraction of organic particles observed in this study
should be treated as a lower bound. The two case study days
described above were analyzed: Pedregal 6/11/2018 (95
particles analyzed) and San Agustiń 6/18/2018 (102 particles
analyzed). O-PTIR was conducted using a mIRage instrument
(Photothermal Spectroscopy Corp.) that simultaneously
collects IR and Raman spectra of an individual particle, as
previously described.48 Briefly, O-PTIR uses both a tunable IR
laser (QCL, MIRcat-QT, spectral range of 950−1800 cm−1

and 2700−3000 cm−1) and continuous wave visible laser (532
nm), co-aligned through a Cassegrain objective (40 × , 0.78
N.A.). The IR laser scans from low to high energy, and when a
species in the particle absorbs at a specific frequency a
photothermal expansion and change in refractive index leads to
increased scattering of the visible laser, which is recorded with
a photodiode detector. The IR spectra were collected with six
averages using an IR power of 24%, probe power of 5%, and
2× detector gain. IR spectra were collected with a spectral
resolution of 2 cm−1 and a sweep speed of 1000 cm−1/s.
Raman spectra were collected with six averages and an
integration time of 10 s. Raman spectra were collected using a
Horiba iHR320 module with a grating of 600 grooves/mm and
spectral resolution of 4 cm−1.
Filter extracts were analyzed for all sampling days using

HILIC/ESI-HR-QTOFMS operated in the negative (−) ion
mode using a previously described method,28 including
quantifying the particulate mass of MTS and MT compounds
on the filter samples. Briefly, filters were immersed in 8 mL of
methanol and extracted with 50 min of ultrasonication. The
extracts were then syringe filtered (Agilent Premium Syringe
Filter, PTFE, 4 mm diameter, 0.2-μm pore size), and the
solvent was subsequently evaporated using high-purity nitro-
gen gas. The dry extract was resuspended in 95:5 acetonitrile
(ACN, Fischer Scientific, HPLC Grade): Milli-Q water (18.2
MΩ cm−1). A 5-μL aliquot of each filter extract was injected
onto the HILIC column and analyzed following the method
previously described.68 HILIC separations were conducted
using a Waters Acquity UPLC BEH Amide column (2.1 × 100
mm, 1.7-μm particle size) with mobile phase A (0.1%
ammonium acetate in water, adjusted to pH 9) and mobile
phase B (0.1% ammonium acetate in 95:5 ACN:Milli-Q water,
adjusted to pH 9) with a gradient as described previously.68

Authentic standards of MTS and MT were synthesized as
described previously,28 and calibration curves of both stand-
ards were prepared ranging from 0.5 to 100 ppm in order to
quantify their mass in filter extracts. The limit of quantification

(LOQ) for this method is as previously reported (LOQ for
MTS = 5.75 μg/L or 0.2 ng/m3 and LOQ for MT = 25.8 μg/L
or 1.0 ng/m3).28 The LOQ and LOD for each sample is
converted to mass concentration by considering the theoretical
mass concentration for a sample at the LOD and LOQ based
on the average extraction efficiency (55 ± 8%) for all samples.
All of the samples analyzed in this data set were above the
LOQ for both species except for the sample collected at San
Agustiń on 6/18/2018.

HYSPLIT Analysis. The sources of the air masses sampled
for all measurement days at the Pedregal and San Agustiń
location were determined using the National Oceanic and
Atmosphere Administration Hybrid Single-Particle Lagrangian
Integrated Trajectory (NOAA HYSPLIT) back trajectory
model.69 For each run, the backward air mass trajectory for
each field site location was calculated using GDAS (1-degree,
global, 2006-present) at heights of 100, 200, and 500 m for a
duration of 48 h. It should be noted that the 1-degree spatial
resolution of HYSPLIT may not capture all transport patterns
at the sampling locations, and this uncertainty should be
considered when interpreting the modeling results.

■ RESULTS AND DISCUSSION
Case Study Days for Single Particle Analysis. Two case

study days were selected for single particle analysis based on
ambient data from the RAMA monitoring network, specifically

Figure 2. SO2 (ppbv) and NO (ppbv) at (a) Pedregal and (c) San
Agustiń field sites measured by the RAMA government monitoring
station. Rose plots provide wind direction and concentration for SO2
during case study days for (b) Pedregal 6/11/2018 and (d) San
Agustiń on 6/18/2018.
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SO2 and NO (Figure 2), with the Pedregal case study day
chosen as a representative of overall high-SO2 and high-NO
conditions and the San Agustiń case study day as
representative of overall low-SO2 and high-NO conditions.
NO2 and NOx concentrations are provided separately in Figure
S1 for comparison. SO2 at the Pedregal site averaged 6 ppbv
(max. 90 ppbv), which was higher than the average 1 ppbv (5
ppbv max) at the San Agustiń site. In contrast to SO2, the NO
levels were higher at the San Agustiń site (avg. 9 ppbv and max.
79 ppbv) than the Pedregal site (avg. 3 ppbv and max. 45
ppbv). The NO concentration at both sites was mostly low
(below 10 ppbv) throughout the sampling period (88% of the
time at Pedregal and 73% at San Agustin below 10 ppbv),
indicating low NO conditions,70 which impact the reactions
mechanisms that are important for the iSOA formation
discussed below. HYSPLIT analysis indicated that polluted
air masses were not transported from beyond or across the
basin (Figures S9−S20) at both sites. This means that
differences in SO2 and NO concentrations were likely driven
by local emissions, such as the industrial emissions at the San
Agustiń site or vehicular emissions at the residential Pedregal
site. Though both sites were typically under low NO
conditions, Pedregal had much higher SO2 concentrations.
The case study day for the Pedregal site was 6/11/2018 and

for the San Agustiń site was 06/18/2018, and these specific
days are hereafter referred to as PED and SAG (Figure 2a,b
and 2c,d). The case study days were representative of the
overall sampling period with higher NO concentrations at SAG
(range 1−30 ppb; avg. 10 ppb) than at PED (range not
detected (n.d.) − 14 ppb; avg. 5 ppb), but higher SO2 levels at
PED (range 2−23 ppb; avg. 6 ppb) than SAG (range n.d. − 2
ppb; avg. 1 ppb). The wind direction and ambient
concentration of SO2 for these case study days are provided
in Figures 2b (PED) and 2d (SAG). The higher SO2 at PED is
reflected in the observations of greater particle-phase sulfur,
which is discussed further below.
Description of the Particle Classes Identified. To

better understand the influence of SO2 on particle
composition, individual particles (da, 0.32-0.56 μm) within
PM2.5 from each case study day were analyzed using CCSEM-
EDX. Five main types of particles were identified across the
two case study days based on the elemental composition:
carbonaceous (which can include both organic carbon and
soot, as these are not differentiated using EDX),46,63,71,72 Ca-
rich,67,73−75 Si-rich,67,74,75 Fe-rich,64,67,74 and biological.46,76

Figure 3 shows representative single-particle EDX spectra and
corresponding SEM images for each of these most abundant
particle types. Based on spreading upon impaction, projected
area diameters (dpa) in the images of Figure 3 are larger than
aerodynamic diameters.77,78

The carbonaceous particles were classified based on the
presence of an intense carbon peak. Carbon-rich particles
containing P and/or Ca peaks were not included in the
carbonaceous particle group; they were instead classified as
biological or Ca-rich particles, respectively. The carbonaceous
particles in this study are likely a combination of primary and
secondary organic carbon,79−81 as well as soot81,82 from
combustion (both fossil fuels and biomass burning), as
CCSEM-EDX is unable to easily distinguish between these
categories (see O-PTIR+Raman below). Overall, slightly less
than half of the measured carbonaceous particles contained S >
2 mol % (40 ± 1% by number),80 and the speciation of these
S-containing inorganic and organic compounds is explored in

more detail below. In addition to S, some carbonaceous
particles were observed to be mixed with O, Fe, Na, Si, K, Ti,
and for Cu, indicative of industrial, biomass burning, other
combustion processes, mineral dust, or dry lake beds.17

These SEM-EDX results are largely consistent with carbona-
ceous particles observed in Mexico City and previously
characterized using SEM-EDX from three sites during
MILAGRO 2006, including one site within the city center
and two sites located northeast of the city (∼29 and 65 km
from the center).15 An additional study also observed
carbonaceous particles mixed with S, N, O, K, and Na, in
addition to a large fraction of biomass burning particles as
measured by single-particle mass spectrometry.17

Figure 3. Example EDX spectra and SEM images for the most
abundant particle classes: (a) Carbonaceous with Sulfur; (b)
Carbonaceous without Sulfur; (c) Ca-rich; (d) Fe-rich; (e) Si-rich;
and (f) Biological. Projected area diameter reflects spreading on
substrate, which represents between a 4:1 and 10:1 ratio with
aerodynamic diameter.75,76 Asterisks designates peaks resulting from
aluminum foil background. The large Al background peak from 0.9 to
1.64 kV has been zeroed and the other peaks with asterisks denote the
summed aluminum peak. Carbonaceous with Sulfur, Carbonaceous
without Sulfur, Fe-rich, and Si-rich particle classes are from samples
collected on Stage 6 of the MOUDI (da = 0.32-0.56 μm), and Ca-rich
and biological particle classes are from samples collected on Stage 7 of
the MOUDI (d50 = 0.18-0.32 μm). Carbonaceous particle classes
include soot particles, as EDX cannot easily differentiate them.
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In addition to carbonaceous particles, several different types
of dust were observed including Ca-rich, Si-rich, and Fe-rich
particles. These include natural mineral dusts and dust/fly ash
formed from anthropogenic processes (e.g., steel production,
cement production).64,74 The Si-rich and Fe-rich particles were
classified based on the largest peak (i.e., Si-rich particles
contained a Si peak ≫ Fe peak and vice versa). No particles in
the Fe-rich and Si-rich categories contained Ca peaks. The Fe-
rich and Si-rich particles did not contain S and were internally
mixed with other elements, including O and Ti, and could have
been mixed with Al (e.g., aluminosilicates), but this could not
be determined due to the background from the aluminum
substrate. Particles rich in Fe and Si have been previously
observed in samples from Mexico City, possibly originating
from road dust and unpaved roads within the city.83

Ca-rich particles contained a large peak associated with Ca,
and the majority of the Ca-rich particles also contained S (84
± 3% by number) as well as C, O, Si, and Fe. While the
majority of the Ca-rich particles were mixed with S, there is a
small fraction (17 ± 3% by number) of Ca-rich particles
present without any peaks associated with S, likely indicating
there are multiple sources of Ca-rich particles in this region or
different degrees of secondary processing. Particles rich in Ca
may originate from natural sources such (e.g., soil resuspension
from the dry Texcoco lake84 or gypsum (CaSO4·H2O)), as
well as anthropogenic sources (e.g., coal burning, diesel
combustion, cement production).73,85

Biological particles were classified based on the presence of a
peak associated with P (> 2%), and the EDX spectra in this
study were consistent with observations of biological particles
from other regions, which typically contain P from
phosphate,76 as well as C originating from organic macro-
molecules.46 The biological particles existed both with (71 ±
8% by number) and without (29 ± 8% by number) S, as well
as with other elements including O, Na, Si, K, Ca, Ti, Cu, and/
or Fe. It should be noted that limited EDX sensitivity to S
(limit of detection (LOD), S > 2 mol %)80 could mean that S
is undetected by this technique in some of the particles
classified, and thus the fraction of particles without S likely
represents an upper bound. Overall, the results from CCSEM-
EDX indicate that S is present within particles from several

primary and secondary sources (carbonaceous, Ca-rich,
biological), and that within these classes there is substantial
particle-to-particle diversity, with some of the particles from
the same general source both with and without the S.

Distribution of Sulfur across Particle Types during
the Two Case Study Days. To further understand the
influence of SO2 on the presence of S within PM at the field
sites during sampling, the distribution of S as measured by
EDX within the different particle types was compared for the
two case study days, PED and SAG, as defined above. A greater
number fraction of the measured particles contained S at PED
(41 ± 1% by number) than SAG (25 ± 1% by number), which
is consistent with a lower SO2 concentration at SAG leading to
less particle-phase S (Figure 4). An average spectrum for each
particle type with and without S is provided for the PED
(Figure S6) and SAG (Figure S7) samples. For both samples,
the most prevalent particle type with S was carbonaceous
(Figure 4b and 4e). In PED, the vast majority of the S-
containing particles (90 ± 1% by number) were carbonaceous,
while for SAG fewer carbonaceous particles had S (65 ± 1% by
number), likely due to lower SO2 levels. SEM-EDX results
suggest that the local SO2 levels in Mexico City influenced
particle composition and the number fraction of particles
containing S at each site.

Distribution of Sulfate within Soot and Organic
Aerosol. To further investigate the composition of the
carbonaceous particles identified via CCSEM-EDX, single
particle O-PTIR analysis, which provides information about
the functional groups of chemical species through simulta-
neous Raman and IR microspectroscopy, was conducted on
the PED and SAG samples (da = 0.32- 0.56 μm). The
individual particles were grouped into four categories for
carbonaceous particles based on their IR and Raman spectra:
organic with sulfate, organic + soot with sulfate, organic
without sulfate, and organic + soot without sulfate (Figure 5).
Background IR and Raman spectra for the quartz substrate are
provided in Figure S8. Sulfate has an anti-symmetric stretch,
νas(SO4), at ∼1100 cm−1 that is very IR-active and can be used
to clearly identify particles as sulfate-containing with PTIR.48

Sulfate also has a as a Raman-active (IR inactive) symmetric
stretch, νs(SO4), between 975-1010 cm−1 (depending on

Figure 4. Number fraction of particle type as determined by CCSEM-EDX analysis for the Pedregal 6/11/2018 (1899 particles) sample and the
San Agustiń 6/18/2018 (1350 particles) sample. Both samples were collected on stage 6 of the MOUDI (da = 0.32−0.56 μm). Pie charts represent
total number fraction of particles in (a) Pedregal 6/11/2018 sample and (d) San Agustiń 6/18/2018 sample with and without the presence of a
sulfur peak (S > 2 mol%). Bar graphs represent the number fraction of each particle type within these categories: (b) Pedregal 6/11/2018 particle
classes with sulfur, (c) Pedregal 6/11/2018 particle classes without sulfur, (e) San Agustiń 6/18/2018 particle classes with sulfur, and (f) San
Agustiń 6/18/2018 particle classes without sulfur.
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counterion).48,86 With these two peaks in the complementary
Raman and PTIR spectra, sulfate within individual particles
can be confidently identified.
Overall, a greater number fraction of particles contained

sulfate at PED (60 ± 5% by number) compared to SAG (10 ±
3% by number). The OPTIR results are overall consistent with
the trend observed in particles containing S as measured by
CCSEM-EDX. However, there was a greater number fraction
of particles containing S measured by CCSEM-EDX for SAG
(25 ±1%) compared to particles containing sulfate (10 ± 5%).
It is possible that the smaller sample size (100 particles
analyzed with OPTIR vs. >1000 particles with CCSEM-EDX)
results in underreporting the number fraction of particles
containing sulfate. Differences in the sensitivity of EDX to S vs.
OPTIR to sulfate could also contribute to this discrepancy.
The Raman spectra of soot particles were separated from

organic particles based on the presence of peaks near 1350 and
1610 cm−1 in the Raman spectra, which are the characteristic
D and G bands of soot,87−89 respectively. The D and G bands
were consistent while spectra were collected, and particles did
not visibly burn, indicating the bands were from soot in the
sample. These particles are further classified as soot-organic
due to the presence of peaks indicative of other organic species
in the C−H stretching region of the IR spectra (2864 and 2874
cm−1), as pure soot does not have significant signal from C−H
stretching.90 Soot particles were abundant across both case
study days, representing 64 ± 5%, by number at PED and 37 ±
5%, by number at SAG of the carbonaceous particles as
measured by O-PTIR (Figure 5g, h). Consistent with the
CCSEM-EDX measurements and ambient SO2 levels, more
soot particles contained sulfate at PED (41 ± 5% by number)
than SAG (8 ± 3% by number). This result suggests that a
large fraction of the S-containing particles within the EDX-
identified carbonaceous class are soot particles.
Organic particles were defined as particles with organic

peaks, but without the characteristic D and G bands of soot.
Representative spectra of organic particles with and without a
sulfate peak are shown in Figure 5a and 5b, respectively.
Additionally, 21 ± 4%, by number, of the organic particles had
Raman spectra saturated with fluorescence, which could
indicate that the organic species contain aromatic functional
groups. The number fraction of organic particles with and

without sulfate was compared for the two case study days, and,
similar to the soot particles, the number fraction of organic
particles with sulfate was greater for the PED sample (15 ± 4%
by number) than for the SAG sample (6 ± 2% by number).
A benefit of vibrational spectroscopy is that sulfate (1100

cm−1), bisulfate (1040 cm−1), and organosulfates (∼1070
cm−1) can be clearly distinguished from each other. Notably, a
peak (1066 cm−1)52,91 present in the organic particle with
sulfate spectra (Figure 5a) is associated with the presence of
particulate organosulfates, which includes MTS. Organo-
sulfates are formed within SOA, indicating that these particles
are secondary and mostly mixtures of sulfate, SOA, and
organosulfates. Having identified the presence of organo-
sulfates using single-particle characterization methods, it is
important to determine their concentration and potentially
their sources (e.g., isoprene), which was investigated with
HILIC/ESI-HR-QTOFMS.

Quantification of MTS and MT. The molecular speciation
of organosulfates can determine the VOC precursor from
which the SOA formed, and isoprene-derived MTSs, including
both 2-MTS and 3-MTS, were quantified within PM2.5 from
Mexico City. MTS forms from the acid-driven reactive uptake
of IEPOX (formed under low-NO conditions) and subsequent
nucleophilic attack by sulfate within particles (Figure 6a).92

The PM2.5 mass concentration of MTS measured by HILIC/
(−)ESI-HR-QTOFMS across measurement sites and sampling
days ranged from below the LOQ up to 145 ng/m3 (Figure
6b). The mass concentrations of MTS were greater for all
sampling days at the Pedregal site (avg. 80 ng/m3, range 20−
150 ng/m3) in comparison to the San Agustiń site (avg. 20 ng/
m3; range below LOQ − 40 ng/m3), consistent with the
greater levels of SO2 at Pedregal. In addition to MTS, we
quantified the formation of another key IEPOX reaction
product, MT, that forms from the reactive uptake of IEPOX
followed by nucleophilic attack by water.93 MT was observed
on all of the sampling days at both sites. Similar to MTS, the
particulate mass concentration of MT was overall greater at the
Pedregal site (avg. 110 ng/m3; range 60−190 ng/m3) than at
the San Agustiń site (avg. 40 ng/m3; range 8−60 ng/m3). This
could indicate that SO2 levels increase the formation of other
non-sulfated iSOA compounds, perhaps by lowering the pH of
the particles, which increases acid-driven IEPOX reactions.94,95

Figure 5. IR and Raman spectra of single aerosol particles (da = 0.32 − 0.56 μm) representative of each category are shown: (a) organic - sulfate,
(b) organic (no soot or sulfate), (c) soot − organic − sulfate, and (d) soot − organic (no sulfate). Number fraction of particles with and without
sulfate for the case study samples (e) PED and (f) SAG is shown. Additionally, the fraction of particles within each category (a-d) are shown for (g)
PED and (h) SAG.
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The mass ratio of MT to MTS (MT:MTS) was calculated
and compared between the samples (Figure 6c). For all
sampling days, the mass of MT was equal to or greater than the
mass of MTS. The highest MT:MTS ratios occurred on 5/30/
18 at the Pedregal location (3.0) and 6/19/18 at the San
Agustiń location (3.4), suggesting a greater amount of particle-
phase water (i.e., the nucleophile required for the formation of
MT products) or lower amounts of sulfate. It should be noted
that during transport and storage, it is possible that
degradation of MTS occurred on the filter samples before
analysis through the slow hydrolysis of MTS to MT, as has
been previously observed.59 This would result in an over-
estimation of the mass concentration of MT compared to
MTS, which could result in a higher MT:MTS ratio observed
for all samples.
The mass concentrations of MTS and MT products in this

study were compared to other field sites in which these species

have been quantified globally to place the measurements in
Mexico City within a global context (Table 1). In this study,
the mass concentration of MTS ranged from below the LOQ
to 150 ng/m3. In a recent study conducted by Zhang et al.,33

MTS isomers were quantified throughout a year-long period in
three large urban cities in China: Beijing, Hefei, and Kunming.
The mass concentration range of both MTS and MT
compounds quantified in this present study in Mexico City
were greater than what was measured in all three urban sites in
China.33 Additionally, MTS were recently quantified in Delhi,
India, during the pre-monsoon (early summer) and post-
monsoon (fall) season,34 and the concentration of MTS
measured in this study in Mexico City was also greater than
those measured in Delhi. These results indicate that Mexico
City could have a larger contribution of low-NO iSOA to total
SOA aerosol mass compared to many other urban megacities
globally. This could be due to high SO2 emissions in Mexico
City, resulting in the prevalence of acidic sulfate particles onto
which reactive uptake of IEPOX can occur.
Despite concentrations of MTS and MT measured in

Mexico City in this study being greater than the other
megacities where they have been quantified, the concentrations
of these species were less than those previously measured in
many isoprene-rich rural and urban environments (Table 1).
The mass concentration of MTS was previously quantified in
two rural regions including Look Rock, Tennessee, and
Manaus, Brazil, reporting 2,334 ng/m3 and 390 ng/m3,
respectively.28 In these rural regions, the mass concentration
of MTS was much greater than that identified in Mexico City
in this study, which is attributable to the higher local isoprene
concentrations. A significantly larger mass concentration of
MTS was measured in Atlanta, Georgia, which is due to the
city’s proximity to isoprene-rich forested regions, as previously
established.97

Interestingly, the different mass concentrations of MTS
between this study and other studies listed above seems to
suggest a different trend for MTS than for MT (Table 1).
Similar to MTS, a greater mass concentration of MT, 861 ng/
m3, was quantified at Look Rock, Tennessee28 than in this
study. However, despite a greater concentration of MTS, MT
quantified at Manaus, Brazil, was less than the maximum
observed in this study (Mexico City),28 which could indicate
that aerosol properties in addition to isoprene emissions help
determine the production of MT. A greater mass concentration
of MTS than MT was observed at both rural sites by Cui et
al.,59 whereas the mass concentration of MT exceeded that of
MTS for the majority of the Mexico City field samples in this
study. It is possible that the sampling conditions (e.g.,
hydrolysis of MTS to MT) could have resulted in an
overestimation of MT in these samples. It is also possible
that meteorological conditions (e.g., isoprene flux or SO2) or
aerosol properties (e.g., particle pH or liquid water content)
could influence the ratio of these products formed and result in
an enhanced formation of MT products on certain days.
For all sampling days at both field sites the air mass

remained within the Mexico City basin (Figure S9−S20),
indicating that the isoprene source is likely local, such as
vegetation within Mexico City from net-leaf oak trees as
estimated by Dominguez-Taylor et al.45 or anthropogenic
sources (e.g., traffic emissions) discussed by Hodzic et al.99

Estimates from the Models of Emissions from Gases and
Aerosols from Nature (MEGAN) model and GEOS-CHEM
global modeling indicate that isoprene emissions in Mexico

Figure 6. (a) Overview of mechanism of formation of methyltetrol
sulfates and methyltetrols.101 (b) Mass concentrations of methyltetrol
sulfates (MTS, green) and methyltetrols (MT, blue) quantified in
samples from Pedregal and San Agustiń. Error bars represent%
relative standard error in HILIC/ESI-HR-QTOFMS analysis (14%).
Asterisks indicates that quantification is below the LOQ. (c) Ratio of
mass of MT to the mass of MTS. Error bars represent% relative
standard error. Dotted line denotes to a 1:1 ratio of MT to MTS
products for reference.
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City could be greater than emissions in other urban megacities
investigated previously.100 Results from a GEOS-Chem global
model simulation from July 2013 − June 2014 also predicted a
significant surface concentration of IEPOX-SOA.101 Further
research is needed to characterize the formation of low-NO
iSOA in megacities without large isoprene sources (e.g.,
Atlanta) to better understand how vegetation influences iSOA
in urban regions.
To further investigate the abundance of iSOA in Mexico

City, especially S-containing iSOA products, filter extracts were
analyzed for the presence of additional iSOA compounds. An
example of the extracted ion chromatogram for each
compound is shown from PED (Figure 7). The ambient
concentration of NO influences the oxidation pathway that
isoprene undergoes to form SOA.70,102−104 Given the
complexities associated with the terms “low-NOx” and “high-
NOx” as discussed by Wennberg et al.,105 we have chosen to
refer to these regimes as low-NO and high-NO conditions.
While there isn’t an explicit range for ambient low-NO
conditions, in chamber experiments, low-NO conditions have
been represented with a NO mixing ratio of <1 ppb.25,106 From
isoprene oxidation, low-NO conditions allow for RO2 radicals
to predominantly react with hydroperoxyl radicals (HO2),
eventually yielding IEPOX that forms SOA under these
conditions.103,107 Interestingly, iSOA products from both the
low-NO (Figure 7a-d) and high-NO (Figure 7e-h) reaction
pathways were observed in these samples, indicating that
during sampling conditions, ambient NO levels could have led
to both reaction pathways occurring. This was also observed by
Zhang et al.33 in their study of three major urban cities in
China (Hefei, Beijing, and Kunming), suggesting that products
from these two pathways may co-exist in urban regions where
NO levels fluctuate throughout the day. During sampling
conditions in this study, the ambient NO levels varied widely;
the diel variation ranged from Δ9 ppb to Δ87 ppb at Pedregal
and from Δ16 ppb to Δ79 ppb at San Agustiń. It is possible
that, as NO levels fluctuate within a 24-h period, the iSOA
product formation in the region could subsequently fluctuate
between the high-NO and low-NO reaction pathways. In
addition to the results from PED shown in Figure 7, all of the
filter samples from the sampling days at both sites were
analyzed for the presence of these eight species, and all were
identified in the filter samples from all sampling days at the
Pedregal and San Agustiń field sites. Their relative abundance

across sampling days and locations is plotted in Figure S21.
Unfortunately, due to a lack of standards for these compounds,
their atmospheric concentrations could not be quantified.
These results further demonstrate the importance of iSOA in
the densely populated urban environment of Mexico City,
Mexico, and suggest that there could be an abundance of iSOA
products in this region. More so, a diversity of iSOA species
were observed, including products from both the low-NO and
high-NO regime, suggesting that these products could co-exist
in urban environments as NO levels fluctuate.

Comparison of Environmental Conditions During
Sampling Days. Given that the measurements were not
conducted simultaneously at the two sites, differences in the
mass concentrations of the species and MT:MTS product
ratios between the two sites could also be due to differences in
meteorological conditions and emissions across sampling days.
To investigate whether the difference in iSOA product mass at
the Pedregal and San Agustiń sites could be connected to
meteorology, the temperature and relative humidity (RH)
measured by the RAMA monitoring station during the
sampling periods were compared for the case study days
(Figure S2) as well as at the San Agustiń and Pedregal
locations across the entire sampling period (Figure S3 and S4).
The Pedregal site experienced higher temperatures during the
sampling period (5/30/2018 to 6/11/2018), with the 24-h
daily average ranging from 20 to 24 °C. In comparison, the San
Agustiń site experienced lower temperatures during the
sampling period (6/18/2018 to 6/26/2018), ranging from
17 to 20 °C. Higher ambient temperatures increase the
isoprene emission flux,108 which could result in higher iSOA
product formation with higher temperatures at Pedregal. To
investigate whether the ambient temperature correlates with
iSOA formation, the sum of the mass concentrations of MTS
and MT was compared to the average temperature during the
24-h sampling periods. However, no clear trend was observed
between temperature and MTS and MT mass concentrations
(Figure S22). Given the relatively small temperature difference,
it remains unclear whether temperature was an influencing
factor for the differences in iSOA formation.
A greater ambient RH results in an increase in aerosol liquid

water content, which dilutes aerosol particles and results in a
decrease in aerosol acidity.109 The formation of MTS and MT
are both enhanced under acidic conditions,26 which means that
the formation of these species could decrease as RH increases.

Table 1. Mass Concentrations of Methyltetrol Sulfates and Methyltetrols from Field Observations Globally, with a Focus on
Urban Measurementsa

Location Classification Season MTS (ng/m3) MT (ng/m3) Reference

Mexico City, Mexico Urban Summer below LOQ (0.2 ng/m3) − 150 8−190 This study
Beijing, China Urban Year-round 0.13−1.41 0.26−43.2 33
Hefei, China Urban Year-round 0.18−4.12 0.59−88.5 33
Kunming, China Urban Year-round 4.83−84.6 0.15−3.32 33
Delhi, India Urban Summer and Fall 17.91−38.79 N/A 34
Athens, Greece Urban Year-round 2.5−133 N/A 96
Patra, Greece Urban Year-round 6.1−281 N/A 96
Atlanta, Georgia, United States Urban Summer 419−4763 N/A 97
Cape Grim, Australia Marine Winter and Summer n.d. (LOD=1.72 μg/L) n.d. (LOD = 7.74 μg/L) − 4.21 59
Look Rock, Tennessee, United States Rural Summer 2334 861 28
Manaus, Brazil Rural Summer 390 137 28
Zion, Illinois Rural Summer 0.4−832.8 0.1−28.3 98
aColumns indicate location of sampling, classification of location, season of sampling, mass concentration of methyltetrol sulfates, mass
concentration of methyltetrols, and reference of study. n.d. indicates that measurement in the study did not detect product.
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To investigate whether the ambient RH correlates with iSOA
formation, the average RH during the 24-h sampling period
was also compared to the sum of the mass concentration of
MTS and MT species (Figure S22). Similar to the ambient
temperature, no clear trend was observed, and the difference in
MTS and MT mass concentration cannot be solely attributed
to the differences in ambient temperature and RH.
Conclusions and Atmospheric Implications. This study

investigates the distribution of sulfur within a population of
aerosol particles, the presence of organosulfates, and
concentrations of iSOA at two field sites in Mexico City,
Mexico. To better understand the speciation of S-containing
compounds within the aerosol particles, the chemical
composition of individual aerosol particles within a subset of
PM2.5 is analyzed for the distribution of S across particle types.
Additionally, filter samples were analyzed for the formation of
key organosulfate and non-sulfated organic species formed
from the reactive uptake of the isoprene oxidation product
IEPOX to sulfate particles. Through individual particle
analysis, five different classes of aerosol particles were
observed: carbonaceous, Ca-rich, Si-Rich, Fe-rich, and bio-

logical. Within these classes, the greatest number fraction of
particles containing S were carbonaceous particles. Comple-
mentary O-PTIR and Raman microspectroscopy of single
aerosol particles revealed that these carbonaceous particles are
a mix of soot and organic aerosol, and that the organic aerosol
particles contain a peak corresponding to organosulfates.
Through filter analysis, a significant mass of MTS and MT,
which form through the low-NO pathway, were quantified. In
addition, several iSOA products from both the low-NO and
high-NO reaction pathways were observed. Notably, a greater
mass of MTS and MT products were quantified at these
Mexico City field sites compared to other megacities globally.
Given that previous research did not identify iSOA as a
significant class of PM in Mexico City,42,44 our results indicate
that it is possible that emission sources influencing the
formation of iSOA may have changed since previous
measurements campaigns and that iSOA could contribute
more significantly to PM within Mexico City than previously
thought. Additionally, our results indicate that sulfur is not
evenly distributed across the aerosol population, with some
classes of aerosol particles existing without any sulfur. It is

Figure 7. HILIC/(−)ESI-HR-QTOFMS extracted ion chromatograms (EICs) collected from Pedregal 6/11/2018 sample. Includes the
deprotonated molecules corresponding to (a) methyltetrol sulfates (MTS), C5H11O7S−, at m/z 215.023, (b) methyltetrols (MT), C5H11O4

−, at m/
z 135.066, (c) C5-alkene triols, C5H9O3

−, at m/z 117.055, (d) isoprene-organosulfate oxidation product, C5H7O7S−, at m/z 210.991, (e) 2-methyl
glyceric acid, C4H7O7S−, at m/z 198.991, (f) hydroxyacetone sulfate, C3H5O5S−, at m/z 152.986, (g) isoprene-organosulfate, C4H7O6S−, at m/z
182.996, and (h) isoprene-organosulfate, C4H7O5S, at m/z 167.001.
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possible that the mixing state of sulfur in other urban locations
could be analogous, and future studies should characterize the
mixing state of aerosol populations in urban environments.
As the number fraction of individuals living in megacities

globally increases, understanding the chemistry of air pollution
in these environments becomes increasingly important. Mexico
City is the largest city in North America and its metropolitan
area is home to over 20 million people. The combination of its
topographical geography as well as high emissions from a
number of sources (i.e., industrial, vehicular, biomass burning,
resuspended dust, etc.) result in persistent poor air quality in
the city.110,111 SO2 emissions are a significant source of
pollution in Mexico City. While there have been significant
reductions in SO2 in Mexico City since the early 2000’s,57

emissions have remained high over the past decade (Figure
S23). Our results indicate that sulfur-containing particles are
still a significant component of PM within Mexico City
impacting SOA formation (i.e., iSOA) in this region, which
may be underrepresented in measurements quantifying sulfate
in PM due to the conversion of some sulfate to organosulfur
species. Thus, future air quality initiatives focused on further
SO2 emission reductions are likely to lead to even greater
reductions in SOA formation in the region. Additionally, since
the 2006 MILAGRO campaign, initiatives have been
developed to increase green spaces within the city,112 which
could inadvertently increase biogenic VOC emissions such as
isoprene. Similar greening efforts have been projected to
increase SOA formation from increased emission of the
biogenic VOC precursors in Los Angeles basin.113 Future air
quality initiatives could consider increasing the type and
density of vegetation in Mexico City with a lower secondary
organic aerosol formation potential (SOAP).113 To guide these
initiatives, future work should characterize the density of
isoprene-emitting vegetation within Mexico City and inves-
tigate their influence on SOA formation. Our study expands
understanding of the sources and composition of S-containing
aerosol particles in Mexico City, specifically improving
understanding of iSOA by quantifying the mass of key
products. The chemical composition of aerosol particles is
known to impact their resulting health effects after exposure,
and iSOA has well-established chronic negative health effects,
such as inducing oxidative stress in the pulmonary system.30,31

The improved understanding of sulfate and organosulfates
from this study can help efforts aimed at mitigating the harmful
effects of atmospheric aerosol pollution in Mexico City and in
other urban megacities globally.
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