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Abstract. This study investigated the effect of relative humidity (RH) on the chemical composition of gas and
particle phases formed from the photooxidation of 1,3-butadiene (13BD) in the presence of NOx under acidified
and non-acidified seed aerosol. The experiments were conducted in a 14.5 m3 smog chamber operated in a steady-
state mode. Products were identified by high-performance liquid chromatography, gas chromatography–mass
spectrometry, and ultrahigh-performance liquid chromatography coupled with high-resolution mass spectrom-
etry. More than 50 oxygenated products were identified, including 33 oxygenated organics, 10 organosulfates
(OSs), PAN, APAN, glyoxal, formaldehyde, and acrolein. Secondary organic aerosol (SOA) mass and reaction
products formed depended on RH and on the acidity of the seed aerosol. Based on the Extended Aerosol Inorgan-
ics Model (E-AIM), the seed aerosol originated from the acidified and non-acidified solutions was found to exist
under aqueous and solid phases, respectively. Although the terms “acidified” and “non-acidified” are true for the
solutions from which the seeds were atomized, there are far more fundamental differences between the phase
states in which species partition to or from (aqueous/solid), which considerably affects their partitioning and for-
mation mechanisms. SOA mass and most SOA products (i) were higher under acidified seed conditions, where
the aerosol particles were deliquescent, than under non-acidified seed conditions, where the aerosol particles did
not contain any aqueous phase; (ii) increased with the acidity of the aerosol aqueous phase in the experiments un-
der acidified seed conditions; and (iii) decreased with increasing RH. Glyceric acid, threitols, threonic acids, four
dimers, three unknowns, and four organosulfates were among the main species measured under either acidified
or non-acidified conditions across all RH levels. Total secondary organic carbon and carbon yield decreased with
increasing RH under both acidified and non-acidified seed conditions. The photochemical reactivity of 13BD in
our systems decreased with increasing RH and was faster under non-acidified than acidified seed conditions. To
determine the contribution of 13BD products to ambient aerosol, we analyzed PM2.5 samples collected at three
European monitoring stations located in Poland. The occurrence of several 13BD SOA products (e.g., glyceric
acid, tartronic acid, threonic acid, tartaric acid, and OSs) in the field samples suggests that 13BD could contribute
to ambient aerosol formation.
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1 Introduction

Atmospheric particulate matter, especially particles with di-
ameters less than 2.5 µm (PM2.5), plays an important role in
Earth’s climate through direct scattering and absorption of
incoming solar radiation, trapping of outgoing longwave ra-
diation (Charlson et al., 1992), and altering cloud formation
and lifetime (Shrivastava et al., 2017; Fletcher et al., 2018).
PM2.5 is considered harmful to humans and the environ-
ment (Majewska et al., 2021; Manisalidis et al., 2020), but
its impact on climate, air quality, health, and the chemistry
of the atmosphere is still not adequately understood (Myhre
et al., 2013; Noziere et al., 2015). The recent literature sug-
gests that secondary organic aerosol (SOA) contributes sig-
nificantly to ambient PM2.5, and it remains a relevant subject
of research (Jimenez et al., 2009; Shrivastava et al., 2017;
Srivastava et al., 2022). A substantial number of studies have
been conducted to investigate SOA chemical composition,
formation mechanisms and contribution to ambient PM2.5.
SOA is formed through the oxidation reactions of volatile
organic compounds (VOCs) that are emitted directly into
the atmosphere from anthropogenic and biogenic sources,
producing highly oxidized species of low volatility, which
can form new particles or condense onto existing particle
surfaces. Precursor VOCs emitted in urban and industrial
areas have a significant influence on aerosol burden either
through direct SOA formation or through the enhancement
of SOA originated from naturally emitted precursors (Jaoui
et al., 2008; Hoyle et al., 2011).

The mechanism of SOA formation is complex and de-
pends on several environmental parameters, including tem-
perature, relative humidity (RH), acidity of the aqueous par-
ticles, solar irradiance, type of oxidant, and the concentration
of precursor VOCs that controls peroxy radicals (RO2) and
NOx concentrations. All these parameters can affect SOA
chemical composition, an important characteristic of atmo-
spheric particles that may provide key insights on properties
governing the effect of particles on climate, air quality, and
human health. While considerable effort has been expended
studying acidity and RH effects on biogenic precursors, far
less effort has been made to examine such effects on anthro-
pogenic hydrocarbons, including reactive hazardous air pol-
lutant (HAP) species such as 1,3-butadiene (13BD) and ben-
zene. RH affects the quantity of water available in the system
by influencing the processes in which water acts as a reactant,
catalyst, product, or solvent. Atmospheric water also has a
strong effect on the acidity of aqueous particles (Tilgner et
al., 2021; Lei et al., 2022; Cooke et al., 2024). While the ef-
fect of RH on biogenic and anthropogenic SOA bulk prop-
erties (e.g., SOA yield) has been the subject of a number
of studies (Edney et al., 2000; Cocker et al., 2001; Zhou et
al., 2011; Nguyen et al., 2011; Zhang et al., 2011; Kamens et
al., 2011; Lewandowski et al., 2015; Riva et al., 2016; Faust

et al., 2017; Hinks et al., 2018; S. Liu et al., 2019; Healy et
al., 2009; Jia and Xu, 2014, 2018; Chen et al., 2021), the ef-
fect of RH on SOA chemical composition is complex and has
been reported only in a few studies (Nestorowicz et al., 2018;
Wang et al., 2020; Zhang et al., 2021; Klodt et al., 2023; Luo
et al., 2024; Thomsen et al., 2024).

Although significant progress has been made over the past
3 decades in improving our understanding of the atmospheric
chemistry controlling the formation and transformation of
air pollutants, significant uncertainties remain, as the suite
of chemical compounds involved is ever expanding. HAPs,
also known as air toxics, are an increasingly studied group
of chemicals because they are known to be potentially car-
cinogenic and dangerous for human health and the envi-
ronment (Scheffe et al., 2016; Kao, 1994). HAPs are ei-
ther emitted directly (primary HAPs, or PHAPs) or formed
through secondary reactions in the atmosphere (SHAPs).
For example, acrolein, formaldehyde, and acetaldehyde are
important HAPs from a health and atmospheric chemistry
standpoint, yet their sources and reactions remain uncer-
tain. Regulatory policies for HAPs target the sources of di-
rect emissions; however, several aromatic, nitrogenated, and
oxygenated HAPs can be formed in the atmosphere through
chemical reactions. Numerous PHAPs undergo atmospheric
transformation following their emissions by reacting with at-
mospheric oxidants, leading to the formation of SOA and
SHAPs. For example, formaldehyde is produced from almost
every atmospheric photooxidation reaction (Kao, 1994).

1,3-Butadiene, a structural analog of isoprene, is an im-
portant anthropogenic PHAP released into the atmosphere
through industrial petroleum processing for synthetic rubber,
resins and plastics production, combustion of vehicle fuels,
tobacco smoke, and biomass combustion (Berndt and Böge,
2007; Anttinen-Klemetti et al., 2006; Dollard et al., 2001;
Eatough et al., 1990; Pankow et al., 2004; Penn and Snyder,
1996; Ye et al., 1998; Thornton-Manning et al., 1997; Sorsa
et al., 1996; Hurst, 2007). 13BD is classified as a hazardous
(U.S. EPA, 1996), carcinogenic, toxic, mutagenic, and geno-
toxic pollutant in humans and other mammals (Acquavella,
1996; IARC, 2015; IPCS, 2001; U.S. EPA, 2002). The an-
nual emission of 13BD into the atmosphere is estimated at
6× 106 t worldwide (Berndt and Böge, 2007). A recent pa-
per by Chen and Zhang (2022) provides an update on the
properties of 13BD from newly available data. 13BD reacts
in the atmosphere with OH, O3, NO3, and Cl and can pro-
duce many potential toxic products, including acrolein and
formaldehyde (U.S. EPA, 1996; Angove et al., 2006; Doyle
et al., 2004; Notario et al., 1997; Kramp and Paulson, 2000;
Liu et al., 1999). Previous research efforts have made signif-
icant advances in 13BD oxidation product characterization
and its role in SOA formation (Angove et al., 2006; Berndt
and Böge, 2007; Kramp and Paulson, 2000; Liu et al., 1999;
Sato, 2008; Sato et al., 2011; Jaoui et al., 2014); however,
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13BD SOA composition has not been adequately character-
ized and remains largely unknown. To date, few smog cham-
ber studies have focused on 13BD SOA formation (Angove
at al., 2006; Sato, 2008; Sato et al., 2011; Jaoui et al., 2014),
and only a limited number of studies have focused on the ef-
fects of seed aerosol acidity and relative humidity on SOA
formation (Lewandowski et al., 2015). Our previous work
(Jaoui et al. 2014) reported a detailed chemical characteriza-
tion of gas and particle phases formed from the oxidation of
13BD in the presence (RH= 30 %) and absence (RH< 3 %:
dry conditions) of NOx . We identified several oxygenated or-
ganic compounds using GC-MS analysis, including threitol,
erythritol, glyceric acid, malic acid, tartaric acid, and thre-
onic acid. Many of these compounds were detected in ambi-
ent aerosol. Our previous work (Jaoui et al., 2014) focused
on non-sulfate species analysis due to the capabilities of the
analytical method used; therefore additional characterization
of SOA from 13BD oxidation is still needed to character-
ize organosulfates (OSs) and nitro- or nitroso-organosulfates
(NOSs).

The objective of the present study is to assess the impact
of aerosol water content on acidity-influenced SOA forma-
tion during NOx-mediated irradiation of 13BD. It extends
our work previously reported showing the critical role RH
plays in SOA composition from the irradiated isoprene/NOx
system (Lewandowski et al., 2015; Nestorowicz et al., 2018).
Our previous work focused mainly on the role of RH (< 5 %
and 30 %) on aerosol bulk parameters, that is, secondary
organic carbon (SOC) yields and OM/OC (Lewandowski
et al., 2015; Jaoui et al., 2014). Here we explored the ef-
fect of RH on a wide range of 13BD oxygenated products
in the presence of acidified and non-acidified sulfate seed
aerosol and incorporated a new method to analyze organosul-
fates (OSs) using a liquid chromatography–mass spectrom-
etry (LC-MS) technique (Szmigielski, 2016; Rudziński et
al., 2009; Darer et al., 2011). Non-sulfate SOA oxygenates
were also examined using silylation derivatization followed
by GC-MS analysis (Jaoui et al., 2004). We also analyzed
the influence of RH and acidity of seed aerosol on HAP for-
mation, as well as glyoxal, peroxyacetyl nitrate (PAN), and
peroxyacryloyl nitrate (APAN). The results were compared
to the chemical analysis of PM2.5 field samples to substan-
tiate the importance of the laboratory findings and their role
in ambient SOA formation. Numerical calculations using the
Extended Aerosol Inorganics Model (E-AIM) were used to
examine the response of RH in aerosols upon the addition of
sulfuric acid. The results of the present study contribute to
further development of acidity-influenced SOA chemistry in
air quality models.

2 Experimental methods

All chemicals used in the smog chamber experiments and
GC-MS analysis, including 13BD, external standards used

for calibration curves, and the derivatization agent N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1 % of
trimethylchlorosilane (TMCS) as a catalyst, were purchased
from Aldrich Chemical Co. (Milwaukee, WI, USA) at the
highest purity available and were used without further pu-
rification. Solvents with GC2 quality were purchased from
Burdick & Jackson (Muskegon, MI, USA). Standard com-
pounds for LC-MS analysis – DL-tartaric acid (99 %), D-
threonolactone (≥ 95 %), tartronic acid (> 97 %), DL-malic
acid (≥ 99 %), and sodium 1-pentyl sulfate (99 %) – were
purchased from Sigma-Aldrich, Poland, at the highest avail-
able purity and used without further purification. Aerosol ex-
tracts and LC-MS mobile phases were prepared using high-
purity water (resistivity 18.2 M�cm−1) from a Milli-Q Ad-
vantage water purification system (Merck, Poland), and high-
purity methanol (LC-MS Chromasolv grade) was purchased
from Sigma-Aldrich, Poland. D-threonic acid was prepared
in our laboratory according to the procedure described in
Jaoui et al. (2019).

2.1 Smog chamber experiments

The experiments were conducted in a 14.5 m3 fixed-volume
chamber with a stainless-steel frame and interior walls fused
with a 40 µm PTFE Teflon coating. The chamber operation,
sample collection, derivatization procedure, and GC-MS and
LC-MS analysis methods used in this study are described
in detail elsewhere (Jaoui et al., 2004, 2014; Kleindienst et
al., 2006; Nestorowicz et al., 2018). The chamber was oper-
ated in flow mode as a continuous stirred tank reactor with
a residence time of 4 h to produce a steady-state, constant
aerosol distribution which could be repeatedly sampled at
various seed aerosol acidities and relative humidities. A set
of UV fluorescent bulbs was used in the chamber to produce
radiation in the actinic region of the spectrum at 300–400 nm,
photolytically comparable to that of solar radiation (Black et
al., 1998).

13BD and NO were added continuously from high-
pressure cylinders, each diluted with N2, through flow con-
trollers into the inlet manifold, where they were diluted and
mixed prior to the introduction to the chamber. Inorganic
seed aerosol was added continuously to the chamber by neb-
ulizing (TSI model 9302, Shoreville, MN) a dilute aqueous
solution of ammonium sulfate (non-acidified seed aerosol)
or an aqueous solution of ammonium sulfate and sulfuric
acid (acidified seed aerosol), with the total sulfate concen-
tration held constant to maintain stable inorganic concentra-
tions in the chamber (Lewandowski et al., 2015). The seed
aerosol stream was equilibrated to the computer-controlled
relative humidity designated for a particular experiment.
The reaction was run for about 24 h to reach steady-state
conditions. The concentrations of 13BD in the inlet man-
ifold and the chamber were measured using a gas chro-
matograph with flame ionization detection (Hewlett-Packard,
model 5890 GC). NO and NOx were measured with a chemi-
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luminescent analyzer (TECO model 42C, Franklin, MA),
and O3 was measured with a chemiluminescent ozone moni-
tor (Bendix model 8002, Lewisburg, WV). Temperature and
relative humidity were measured with a thermohydrometer
(model RH411, Omega Engineering, Inc., Stamford, CT).
The effect of relative humidity on 13BD SOA composition
was examined with two sets of experiments, each with multi-
ple stages. In the first set of experiments, the 13BD/NO sys-
tem was examined at multiple humidity levels using a low
concentration (1 µg m−3) of ammonium sulfate seed aerosol
(ER666; Table 1). The relative humidity was varied in stages
from roughly 11 % to 60 % (Table 1). The overall average
temperature was ∼ 25 °C. This set provided a base case for
exploring the changes in aerosol composition in the absence
of significant seed aerosol acidity. In the second set of ex-
periments, the same system (13BD/NO) was examined in
the presence of an acidified inorganic sulfate seed aerosol,
generated using a solution incorporating sulfuric acid solu-
tion and ammonium sulfate solution (Table 1), in which sul-
fate concentration was held constant across the full range of
humidity examined. Additional bulk aerosol analysis associ-
ated with these experiments was reported by Lewandowski et
al. (2015). Secondary organic aerosol produced in the cham-
ber at each stage was collected for 24 h at 16.7 L min−1 on
47 mm glass-fiber (GF) filters (Pall Corporation, Ann Arbor,
MI).

2.2 Ambient aerosol samples

Ambient PM2.5 samples were collected on pre-baked quartz
fiber filters with a high-volume aerosol sampler (DH-80,
Digitel) at the regional background monitoring stations
in (1) Zielonka (Kuyavian–Pomeranian Province, Poland;
53°39′ N, 17°55′ E), (2) Diabla Góra (Warmian–Masurian
Province in northern Poland; 54°07′ N, 22°02′ E) during
the summer 2016 campaigns, and (3) the regional monitor-
ing station in Godów (Silesian Province, Poland; 49°55′ N
18°28′ E) in summer 2014. All sites are located in forested
areas; however, the Godów site is close to major industrial
cities of the Silesian region in Poland and a coal-fired power
station in Dětmarovice, Czechia, so samples collected at this
site were highly influenced by anthropogenic sources. Ad-
ditional characteristics of Zielonka and Godów sites were
reported in Nestorowicz et al. (2018). Diabla Góra is sur-
rounded by boreal forests and highly influenced by biogenic
precursors, e.g., isoprene and α-pinene. The anthropogenic
emissions are seasonal and limited to biomass burning and
vehicle exhausts. Meteorological and pollution characteris-
tics of the sampling sites are presented in Table 2.

2.3 Secondary organic aerosol analysis

2.3.1 EC-OC analysis

Organic carbon (OC) formed in each stage of the experimen-
tal studies was measured using a semi-continuous elemental

carbon–organic carbon (EC-OC) instrument (Sunset Labora-
tories, Tigard, OR). The instrument operates with a quartz fil-
ter positioned within the oven housing used for the analysis.
The pumping system drew chamber effluent through the fil-
ter at a rate of 8 L min−1. A carbon strip denuder was placed
in-line before the quartz filter to remove gas-phase organic
compounds in the effluent that might interfere with the OC
measurements. With a sample collection time of 0.5 h and an
analysis time of 0.25 h, the duty cycle for the measurement
of OC was 0.75 h (Lewandowski et al., 2015).

2.3.2 GC-MS analysis

SOA formed in each stage of each experiment (Table 1)
was analyzed for individual organic compounds by extract-
ing one GF filter from each stage using sonication in a 1 : 1
dichloromethane /methanol mixture for 1 h. Prior to extrac-
tion, cis-ketopinic acid (KPA; 21.4 µg) and d50-tetracosane
(20.8 µg) were added to each filter as internal standards. Fil-
ter extracts were concentrated to dryness and then derivatized
with bis(trimethylsilyl) trifluoroacetamide (BSTFA) contain-
ing 1 % trimethylchlorosilane as a catalyst in the presence
of 100 µL pyridine. Samples were heated to 70 °C to com-
plete the reaction (Jaoui et al., 2018). The derivatized extracts
were analyzed using a ThermoQuest GC (Austin, TX, USA)
coupled to an ion trap mass spectrometer (ITMS). The injec-
tor, heated to 270 °C, was operated in splitless mode. Com-
pounds were separated on a 60 m long, 0.25 mm inner diam-
eter RTx-5MS column (Restek, Inc., Bellefonte, PA, USA)
with a 0.25 µm film thickness. The GC oven temperature pro-
gram for the analysis started isothermally at 84 °C for 1 min,
followed by a temperature ramp of 8 °C min−1 to 200 °C
and a 2 min hold, and was then ramped at 10 °C min−1 to
300 °C. The ion source, ion trap, and interface temperatures
were 200, 200, and 300 °C, respectively. Mass spectra were
collected in both the methane chemical ionization (CI) and
electron ionization (EI) modes (Jaoui et al., 2014). Jaoui et
al. (2004) determined the efficiency of BSTFA derivatization
to be greater than 95 %. In addition to important pieces of
information used for structural elucidation of unknown oxy-
genated organic species, the silylation method can be used
for quantitative analysis using recovery and internal stan-
dards. Previous quantitative analysis was performed on ni-
troaromatic and other oxygenated organic compounds con-
taining hydroxyl and/or carboxylic groups (Jaoui et al., 2004,
2018). In this study, calibration curves were prepared by di-
luting standard mixtures (Sect. S1 in the Supplement). The
compounds listed in Tables S1 and S2 in the Supplement
were chosen due to their structural diversity and similarity
to products detected in chamber and ambient samples. The
method was evaluated previously by our laboratory (Jaoui et
al., 2004, 2018). Calibration curves were developed for sily-
lated compounds as reported in Tables S1 and S2 by plot-
ting the relative integrated peak areas versus the amount rel-
ative to the internal standard (cis-ketopinic acid) as shown in
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Table 1. 13BD photooxidation smog chamber experiments in the presence of acidified and non-acidified seed aerosol: initial and steady-
state conditions, reaction and 13BD conversion, and yields data. The initial NOx was entirely nitric oxide. The non-acidified experiments
were conducted with ammonium sulfate seed at ∼ 1 µgm−3. The acidified experiments were conducted with inorganic seed generated from
a nebulized solution for which two-thirds of the sulfate mass was derived from sulfuric acid and the other one-third was derived from
ammonium sulfate, giving a constant aerosol sulfate concentration at ∼ 35 µgm−3 (Lewandowski et al., 2015). For a wide range of particles,
the wall loss rate is 0.063 h−1. However, with the chamber running in a flow mode, the wall loss rate is subsumed in the observed decrease
from the input reactants and the steady-state concentrations. The steady-state SOCs for both experiments are wall-loss-corrected.

Experiment ER444: acidified seed aerosol (one-third ammonium sulfate, two-thirds sulfuric acid
by sulfate mass in precursor solution)

Stage 1 Stage 2 Stage 3 Stage 4

Initial 1,3-butadiene (ppmC) 6.88 7.02 6.81 6.92
Initial NO (ppm) 0.313a 0.343 0.373a 0.343

Steady-state conditions

RH (%) 10 31 50 62
Temperature (°C) 22.4 22.6 22.2 22.2
O3 (ppm) 0.313 0.259 0.255 0.242
NOy (ppm) 0.168 0.150 0.129 0.117
1HC (µgm−3) 2842 2848 2640 2611
Conversion efficiency (%)b 74.1 72.6 69.6 67.6
SOC (µgCm−3) 60.3 41.6 33.7 31.1
Carbon yield 0.024 0.016 0.014 0.013
Filter analyzedc: LC-MS GF21 GF9 GF18 GF24

GC-MS GF19 GF7 GF16 GF23

Experiment ER666: non-acidified seed aerosol (ammonium sulfate)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

Initial 1,3-butadiene (ppmC) 7.00 7.00 7.09 7.14 7.11 7.13
Initial NO (ppm) 0.416 0.416 0.416 0.408a 0.416 0.416

Steady-state conditions

RH (%) 11 20 29 39 49 60
Temperature (°C) 25.3 25.3 25.1 24.7 25.0 24.7
O3 (ppm) 0.327 0.314 0.307 0.290 0.273 0.254
NOy (ppm) 0.242 0.252 0.239 0.231 0.227 0.243
1HC (µgm−3) 3099 3077 3085 3030 2968 2917
Conversion efficiency (%)b 80.3 79.7 78.9 76.5 75.4 74.0
SOC (µgCm−3) 45.1 40.9 34.7 27.0 26.4 24.7
Carbon yield 0.016 0.015 0.013 0.010 0.010 0.010
Filter analyzedc: LC-MS GF2 GF4 GF6 GF8 GF10 GF12

GC-MS GF1 GF3 GF5 GF7 GF9 GF11

a NO-explicit measurement specific to that stage is reported; for the remaining stages, a full-experiment (all stages) global NO
average is reported. b The conversion efficiency is defined as in Y. Liu et al. (2019). c For filter numbering, see Sect. 2.3. [H+]
air was reported for ER444 (Lewandowski et al., 2015).

Table 2. Characteristics of sampling sites in Poland: meteorological data (average temperature and RH), ambient air parameters (NOx , SO2),
and organic carbon (OC) levels in PM2.5.

RH Temperature NOx SO2 OC
(%) (°C) (µgm−3) (µgm−3) (µgm−3)

Zielonka 86 % 25 1.3 0.6 1.7
Godów 94 % 28 30.0 3.0 5.4
Diabla Góra 62 % 18 3.2 0.4 3.3
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Fig. S1 in the Supplement. Figures S2 and S3 show examples
of TIC chromatogram and mass spectra recorded for selected
standards, respectively.

2.3.3 LC-MS analysis (GF and ambient filters)

For LC-MS analysis, one GF filter from each stage was used
as shown in Table 1. The procedure of filter extraction was
similar to the one described in Nestorowicz et al. (2018).
From each filter, two 1.5 cm2 punches were taken, extracted
with 15 mL aliquots of methanol for 60 min using a Multi-
functional Orbital Shaker (PSU-20i, Biosan). The extracts
were concentrated on a rotary evaporator (Rotavapor® R-
215, Buchi; temperature 30 °C, vapor pressure 150 mbar),
then filtered with disposable 0.2 µm PTFE syringe filters
and dried to dryness under a gentle stream of nitrogen at
ambient temperature. The residues were reconstituted with
200 µL of 1 : 1 methanol /water mixture and shaken for
1 min. The qualitative UHPLC-ESI-MS/MS analyses used
are described elsewhere (Nestorowicz et al., 2018; Spolnik
et al., 2018). A Waters ACQUITY UPLC I-Class chromato-
graph coupled with a Waters SYNAPT G2-S high-resolution
mass spectrometer was used. The chromatographic separa-
tions were performed using an ACQUITY HSS T3 column
(2.1× 100 mm, 1.8 µm particle size) at room temperature.
The mobile phases consisted of 10 mM ammonium acetate
(eluent A) and methanol (eluent B). An injection volume of
1 µL was used. The SYNAPT G2-S spectrometer equipped
with an electrospray ionization source (ESI) was operated in
negative-ion mode. Optimal ESI source conditions were 3 kV
capillary voltage with a 20 V sampling cone and a full-width-
at-half-maximum mass resolving power of 20 000. High-
resolution mass spectra were recorded fromm/z 50 to 600 in
MS or MS/MS mode. All data were recorded and analyzed
with the Waters MassLynx V4.1 software package.

Quantitative UHPLC-ESI-MS/MS analysis was per-
formed using an Agilent 1290 coupled with a 6540 UHD
Accurate-Mass Q-TOF spectrometer (Agilent Technologies)
equipped with an ESI source. Compounds were separated
with the same ACQUITY UPLC HSS T3 column at 40 °C.
The mobile phases were used as follows: water with 10 mM
ammonium formate and methanol with 10 mM ammonium
formate as solvents A and B, respectively. Samples were
loaded directly onto the analytical column at a flow rate of
0.3 mL min−1 with 100 % solvent A. The injection volume
was 2 and 8 µL for survey and MS/MS scans, respectively.
Compounds were eluted from the column at a flow rate of
0.3 mL min−1 with the following linear gradient: 0 min with
100 % A, 3 min with 100 % A, 6 min with 100 % B, 9 min
with 100 % B, and 12 min with 100 % A. The eluted com-
pounds were ionized in negative-ion mode with a capillary
voltage of 2.5 kV in the ESI source. Nitrogen was used as a
sheath and auxiliary gas (5 L min−1, 150 °C, 20 psi). Survey
scans were recorded in the Q-TOF mass analyzer at a resolv-
ing power of 20 000 in the m/z range of 50–500. MS/MS

spectra were recorded in a cycle time of 2 s. Collision energy
values were optimized to obtain appropriate fragmentations
of the studied compounds. Survey scans and MS/MS spectra
were evaluated manually using MassHunter software (Agi-
lent Technologies, Santa Clara, USA). Quantitative analysis
performed for OSs and NOSs of 13BD SOA was based on a
surrogate standard compound: sodium 1-pentyl sulfate (SP-
OS). A stock solution was prepared with a concentration of
0.1 mg mL−1. Tables S3 and S4 present the mean peak area,
recovery, and LOD and LOQ levels obtained for pentyl sul-
fate. All calculations were performed for deprotonated ions
(Fig. S4).

2.4 Chamber secondary HAP, glyoxal, PAN, and APAN
measurements

Selected low-molecular-weight carbonyls and dicarbonyls
(e.g., HAPs) were quantified by derivatization using 2,4-
dinitrophenylhydrazine (DNPH; Smith et al., 1989). Sam-
ples were collected at 0.5 L min−1 for 20 min and derivatized
in a 4 mL solution of acidified DNPH and then heated for
40 min at 70 °C. Air samples were drawn through an im-
pinger containing the DNPH solution in acetonitrile. The
resulting solutions were analyzed by high-performance liq-
uid chromatography with an ultraviolet detector (HPLC/UV)
(Smith et al., 1989). A 15-component hydrazone standard
(comprising formaldehyde, acetaldehyde, acrolein, acetone,
propionaldehyde, crotonaldehyde, methacrolein, butyralde-
hyde, 2-butanone, benzaldehyde, glyoxal, valeraldehyde, m-
tolualdehyde, methylglyoxal, and hexaldehyde; AccuStan-
dard, Inc.) at a free-carbonyl concentration of 30 µgcm−3

for each component was used for calibration. Separate di-
hydrazone standards of glyoxal-DNPH and methylglyoxal-
DNPH were also formulated. Carbonyls were separated us-
ing a Hewlett-Packard (HP) 1100 HPLC system with an Ag-
ilent Zorbax ODS 4.6× 250 mm, 5 µm column maintained at
30 °C eluted with binary acetonitrile–water gradient. A 10 µL
injection volume was used for all standards and samples. Car-
bonyls were quantified by UV absorption with a diode ar-
ray detector set to 360 nm. Control and sample processing
were managed with HP ChemStation software. Peroxyacetyl
nitrate (PAN) and peroxyacryloyl nitrate (APAN) concen-
trations were determined using a gas chromatograph–pulse
discharge electron capture detector (GC-PDECD; model D-
2, Valco Instruments Co., Houston, TX). The column made
of fused silica had a 30 m× 0.53 mm inner diameter with a
1.0 µm Rtx-200MS liquid phase (Restek, Bellefonte, PA). It
was operated at a carrier flow of 11.5 cm3 min−1. Samples
were injected onto the head of the GC through a 1 cm3 loop.
Gas flows were adjusted for proper operation of the PDECD,
that is, He at 30 cm3 min−1 with a 3 cm3 min−1 flow of a
5 % CH4/He, which creates the standing current. The GC-
PDECD system was operated at 60 °C, and the total flow
through the ECD was 44.5 cm3 min−1.
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2.5 Aerosol acidity and liquid water content

Liquid water content (LWC) and the acidity of the aerosol
aqueous phase generated during the smog chamber experi-
ments were estimated using the Extended AIM Thermody-
namic Model (Wexler and Clegg, 2002; Carslaw et al., 1995;
Clegg et al., 1992, 1998; Clegg and Pitzer, 1994; Clegg and
Brimblecombe, 1995). The model was evaluated and used
extensively for atmospheric applications (Pye et al., 2020).
E-AIM does quantitative thermodynamic modeling of liq-
uid/solid, liquid/gas, and solid/gas equilibrium partitioning
of aerosol components in an atmospheric system. We used
the Model II Comprehensive variant of E-AIM, designed for
systems containing H+−NH+4 −SO2−

4 −NO−3 −H2O. Nitrite
ions were set to zero and no organic components were con-
sidered because of the uncertain stoichiometry of dissociable
hydrogen ion production during their formation and the lack
of reliable dissociation constants. Our input data included
temperature, relative humidity, and formal molar composi-
tion of seed aerosol (NH+4 , SO2−

4 , H+).

3 Results and discussion

3.1 Chemical characterization

3.1.1 Gas-phase (GP) products

The chamber conditions, including temperature and RH, are
shown in Table 1. Table 1 also shows initial 13BD and NO
concentrations, reacted 13BD (1HC), steady-state concen-
trations of O3, and NOy (sum of NO, NO2, and all oxidized
odd-nitrogen species). Once the 13BD/NO mixture reached
steady state under acidified or non-acidified conditions, NO
had completely reacted, while only a fraction of the initial
13BD was consumed. The reacted 13BD depended on RH
and seed aerosol acidity (Table 1). Under these conditions,
the steady-state concentrations of NOy and O3 given in Ta-
ble 1 also depend on RH and seed aerosol acidity. O3 and
NOy produced during the reactions show a steady decrease
with increasing RH (Fig. 1a), except for NOy under non-
acidified conditions, which did not change much across the
RH used in this study. The results show that the increase
in RH can reduce the maximum O3 under both acidified
and non-acidified seed aerosol (Fig. 1a). Ozone was higher
under non-acidified than acidified conditions across all lev-
els of RH used in this study. Figure 1b shows 13BD con-
version efficiency (CE) (Y. Liu et al., 2019) as a function
of RH for both experiments, ER444 (acidified) and ER666
(non-acidified). Once the 13BD/NO mixture reached steady
state, 13BD CE was found to be lower under acidified than
non-acidified conditions, at ∼ 8 % lower across all levels of
RH used in this study. A maximum of 80 % and 74 % CE
was reached at lower RH (11 %–30 %), and a maximum of
74 % and 68 % was reached at higher RH (49 %–60 %) under
non-acidified and acidified conditions, respectively (Table 1,
Fig. 1b). Wang et al. (2020) reported that the RH and chem-

ical make-up of the gas phase where the photooxidation oc-
curs can influence the CE of 13BD. They found that 13BD
photochemical reactivity first increased and then decreased
with increased RH. Our study shows that the photochemical
conversion of 13BD, either under acidified or non-acidified
conditions, decreased with increasing RH across all levels of
RH used in our study. The slight discrepancy at low RH be-
tween the present study and the findings of Wang et al. (2020)
is probably due to the experimental conditions used in both
studies, including chamber mode (static vs. dynamic), chem-
ical make-up of the GP where oxidation occurs, RH (con-
stant in our study vs. only initial RH provided in Wang et
al., 2020 experiments), and CE values taken after 24 h reac-
tion time vs. ∼ 4 h in our study. It has been reported that RH
changes promote changes in OH-radical concentrations (Hu
et al., 2011). These changes may be some of the reasons for
the RH affecting the photochemical conversion of 13BD in
our study.

Steady-state concentrations and formation yields of
formaldehyde, acrolein, glyoxal, PAN, and APAN were mea-
sured only in experiment ER444 (Table 3), as the instru-
ments were not working during experiment ER666. Under
the conditions shown in Table 1 (ER444), high concentra-
tions were observed for formaldehyde and acrolein and, to
a lesser extent, glyoxal, PAN, and APAN (Table 3). This is
the first time that experimental data have been presented for
secondary HAPs from the oxidation of 13BD under a range
of RH levels. Figure 1c–d show changes in the mass yield of
these five species as a function of RH. The product mass yield
was calculated as the product mass (µgm−3) formed divided
by the mass of reacted 13BD (µgm−3). The reacted 13BD
was calculated from the difference between the initial and
steady-state concentrations. The concentrations of gas-phase
species were corrected for background and blank. Glyoxal
and formaldehyde yields first exhibited a decrease, followed
by a sharp increase as the RH increased. However, the yields
of APAN and PAN first exhibited a slight increase, followed
by a decrease as the RH increased. Meanwhile, the yield of
acrolein remained relatively steady as the RH increased, then
it increased sharply at 60 % RH. This is consistent with pre-
vious findings for glyoxal formed from benzene and ethyl-
benzene (Jia and Xu, 2014). Glyoxal was found to partition
into the particle phase and become hydrated at high RH and
enhance the formation of SOA (Jia and Xu, 2014). The wall
loss of particles is ∼ 6 % h−1. We expect gas-phase products
and the 13BD wall to be negligible as the experiments were
conducted at steady-state conditions and in flow mode. The
yield of formaldehyde and acrolein from the photooxidation
of 13BD has been examined in a limited number of labora-
tory studies in the presence and absence of oxides of nitro-
gen. Berndt and Böge (2007) reported yields of formalde-
hyde (0.64± 0.08) and acrolein (0.98± 0.12) from OH radi-
cal reactions with 13BD conducted in a flow reactor. Kramp
and Paulson (2000) reported the formation of acrolein from
the ozonolysis of 13BD with a yield of 52± 7 %. In addition
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Figure 1. Influence of relative humidity on (a) O3 and NOy concentrations (ppm) under acidified and non-acidified conditions; (b) 1,3BD
conversion efficiency (%) under acidified and non-acidified conditions; (c) glyoxal, PAN, and APAN yield under acidified conditions; and
(d) formaldehyde and acrolein yields under acidified conditions. The smoothed lines in these plots are used solely as a visual guide.

to primary emission, formaldehyde has been reported with
high yields from the oxidation of most hydrocarbon pho-
tooxidation reactions, including 13BD (Bauwens et al., 2016;
Wolfe et al., 2016). The formaldehyde yield reported in our
study (Table 3) represents the overall yield (not only first-
generation-derived yield) considering all branches that can
produce formaldehyde (second-generation pathways and fur-
ther) and consume formaldehyde (photolysis and reaction
with OH radicals and other species, partitioning in the par-
ticle phase, etc.). Therefore, our yield is lower than those re-
ported in the literature. Formaldehyde is used to estimate the
emission rate of atmospheric VOCs (Bauwens et al., 2016;
Cho et al., 2021, and references therein). High emissions of
13BD in urban areas could be a significant source of sec-
ondary acrolein and formaldehyde and could influence urban
atmospheric chemistry in these areas. PAN and APAN were
also formed in this study with a yield of ∼ 0.5 for PAN and
up to 7 % for APAN at lower RH. A mass yield of 4 % was
measured for glyoxal at 10 % RH and decreased as RH in-
creased.

Insights from the present study can help elucidate the
chemistry of other atmospherically relevant compounds, es-
pecially isoprene, the major non-methane hydrocarbon emit-
ted globally (Guenther et al., 1995). While past work has
identified reaction products from 13BD oxidation, we still
do not understand explicit secondary HAP formation and
other oxygenated products, particularly over a range of seed

Table 3. Steady-state gas-phase concentrations (ppb) and formation
mass yields (%) during 13BD photooxidation under acidified seed
aerosol (ER444: one-third ammonium sulfate, two-thirds sulfuric
acid by sulfate mass in precursor solution).

Stage 1 Stage 2 Stage 3 Stage 4

RH (%) 10 31 50 62

Formaldehyde 426.8 283.0 277.1 709.2
Acrolein 236.3 223.7 218.4 428.2
Glyoxal 52.9 32.9 23.0 28.6
PAN 2.9 3.6 – 2.4
APAN 38.8 38.5 – 14.5

Formation yield (%)

Formaldehyde 18.4 12.2 12.9 33.4
Acrolein 19.1 18.8 19.0 37.6
Glyoxal 4.4 2.7 2.1 2.6
PAN 0.5 0.6 – 0.5
APAN 7.4 7.4 – 3.0

aerosol acidity and RH. In addition, the uptake of some of
these compounds (e.g., glyoxal) in the aerosol phase fol-
lowed by heterogeneous sulfur chemistry can lead to SOA
formation (Carlton et al., 2007; Liggio et al., 2005; Chan
et al., 2010). The role of APAN in ambient SOA formation
could be important and might follow chemistry similar to
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MPAN, which only recently was found to play a role in SOA
formation from isoprene (Tanimoto and Akimoto, 2001; Sur-
ratt et al., 2010).

3.1.2 Particle-phase products

In this study, up to six glass-fiber (GF) filters were collected
at each stage associated with ER444 and ER666 (Table 1).
One filter from each stage was analyzed by UHPLC with-
out derivatization. A second filter from each stage was ana-
lyzed by GC-MS following the derivatization procedure de-
scribed above. The analysis at the molecular level of 13BD
SOA generated from smog chamber experiments was based
on the interpretation of GC-MS (in EI and CI modes) and
UHPLC/ESI(-) HRMS mass spectra of derivatized and un-
derivatized SOA products, respectively.

GC-MS analysis

The identification of reaction products from GC-MS anal-
ysis was based on comparisons between the mass spectra
of the derivatized samples and the authentic spectra in CI
and/or EI mode and on retention times, with the exception
of compounds with no authentic standards. In this case, the
identification was made based on the interpretation of frag-
ment/adduct peaks in CI mode that permit determination of
the number and identity of functional groups and the molec-
ular weight of the derivative. A peak was associated with
a reaction product only if its corresponding mass spectrum
was consistent with the fragmentation pattern of the BSTFA
derivatization reagent and was not detected in blank and
background samples. In addition, an extensive evaluation
was made by comparing products identified in this study with
those identified in our previous work or other laboratories to
determine the degree of consistency and to provide informa-
tion on which chemical systems might be subject to the great-
est uncertainties. Except for products bearing nitrate and sul-
fate groups, the BSTFA single-derivatization technique pro-
vides good qualitative and quantitative analysis due to both
its simplicity and its efficiency (Jaoui et al., 2004). We previ-
ously reported the characteristic ions associated with BSTFA
derivatization (see Jaoui et al., 2014, for more information).
In this GC-MS analysis, our main purpose was to compare
and highlight the effect of relative humidity on the chemi-
cal characteristics of SOA products generated under acidi-
fied and non-acidified conditions. Additional analysis using
LC-MS was carried out focusing mainly on products bearing
sulfate and nitrate groups and reported in the LC-MS section
below.

Figures 2, 3, and 4 present GC-MS extracted-ion chro-
matograms (EICs) associated with 13BD/NOx photooxida-
tion experiments ER444 (Figs. 2, 3) and ER666 (Fig. 4),
respectively. Each figure contains EICs associated with
each RH used in this study. According to obtained chro-
matograms, several compounds can be distinguished, i.e.,

five isomers of threonic acid, tartaric acid, threitol, meso-
threitol, glyceric acid, and erythrose. Tartronic acid and ery-
throse (MW 120) both have three OH active groups co-eluted
under the GC-MS conditions used in this study, and their
mass spectra were similar. The chromatograms in Figs. 2,
3, and 4 can be directly compared because the chamber air
sampled and the extraction and analysis were the same for
each filter, although the relative abundance in the y axis is
different. Therefore, a relative contribution of products to
SOA masses at various RH levels could be visually gained
through these EICs. Two EICs were provided for the acidi-
fied experiment. They highlight oxygenated organic species
(OOSs) eluted early in the chromatograms (Fig. 2) and sev-
eral unknown (U1 through U7) products eluted later in the
chromatograms (Fig. 3). EICs of non-acidified smog cham-
ber experiments highlight OOSs eluted before 27 min and
dimers eluted after 27 min (Fig. 4). Compounds identified us-
ing GC-MS analysis are summarized in Table 4, which con-
tains proposed structures for products identified (when pos-
sible), chemical formula, retention time, nomenclature, and
molecular weights of the derivatized (MWBSTFA) and under-
ivatized compounds (MW), as well as if the product is de-
tected under acidified and/or non-acidified conditions. All of
these products contain one or more of the flowing functional
groups: alcoholic (-OH) groups, acidified (-COOH) groups,
or both. We previously reported the formation of 13BD SOA
products, such as threitol, erythritol, glyceric acid, threonic
acid, and tartaric acid, in field samples and chamber stud-
ies under low- and high-NOx conditions (Jaoui et al., 2014).
Therefore, their identification is discussed only briefly in this
study. Figure S5 presents mass spectra in CI mode of selected
reaction monomer products observed in this study.

Two groups of unknown products were detected in both
systems and were absent in the background chromatograms.
Although no structural information could be obtained, the
molecular weights of selected unknowns were tentatively ob-
tained (Table 4). Their mass spectra were consistent with
compounds bearing OH and COOH groups. Groups 1 and
2 consist of seven monomers (Fig. 3, Table 4) and several
dimers with mass spectra similar to those dimers (dimers 1–
4) reported in Fig. 3 (not shown in Table 4), respectively. Fig-
ure S6 shows mass spectra associated with these unknown
dimers in CI mode. The formation mechanism for selected
compounds under low-NOx conditions is possible given the
reactive uptake of 2,3-epoxy-1,4-butanediol (BEPOX) onto
acidified aerosol seeds and under high-NOx conditions by
further oxidation of acryloyl peroxynitrate (APAN) to acrylic
acid epoxide (AAE) (Jaoui et al., 2014). Additional organic
compounds were present in the SOA collected that were not
detected by the GC-MS derivative method, as can be seen
from the presence of organonitrates and OSs using LC-MS.
A detailed analysis is reported in the section below (LC-MS
analysis).
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Figure 2. Extracted-ion chromatograms – m/z 165 (ketopinic acid (KPA)), m/z 307 (glyceric acid), m/z 409 (threonic acid, five isomers
at 24.36, 24.53, 24.75, 25.04, and 25.51 min), m/z 321 (erythrose), m/z 395 (threitol, two isomers), m/z 247 (D-threono-1,4-lactone), and
m/z 423 (tartaric acid) – for 1,3-butadiene/NOx photooxidation experiment ER444 (acidified seed) as a function of RH. Compounds detected
as silylated derivatives. The intensity was multiplied by 5 between 20–23 and 24–27 min.

LC-MS analysis

In this section, we further explore the SOA analysis of smog
chamber samples in order to confirm (1) the structures ob-
tained for selected organic acids by GC-MS analysis (see
Organic acids section below) and (2) identification of OSs.
The LC-MS analyses focused mainly on the identification of
a variety of OSs and NOSs, as described below.

Organic acids

A set of the main organic acids, including tartaric acid (TA),
D-threonic acid (TrA), tartronic acid (TrtA), and malic acid

(MA), were detected in the particle phase at all RH levels
under acidified conditions, non-acidified conditions, or both
using the LC-MS analysis. This is consistent with the results
reported above using the derivatization technique followed
by GC-MS analysis (Table 4, last column). The identifica-
tion was based on comparing the results of smog chamber
experiments ER444 and ER666 with standard compounds
for these organic acids. Figure 5 shows EICs of TA, TrA,
TrtA, and MA recorded for SOA samples (ER666) and au-
thentic standards. The retention times and fragmentation pat-
terns obtained for these SOA components are in good agree-
ment with reference compounds. Recent studies suggest that
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Figure 3. Portion of extracted-ion chromatograms at m/z 153, 229, 243, 259, 317, 405, and 481 for 1,3-butadiene/NOx photooxidation
experiment ER444 under acidified seed aerosol as a function of RH (retention time between 27 and 32 min). Compounds detected as silylated
derivatives. Only limited species are provided in this figure for clarity.

TA and other carboxylic acids undergo a heterogeneous OH
reaction in aqueous solution (Cheng et al., 2016). Figures 6–
9 show representative MS/MS spectra of TA, TrA, TrtA, and
MA, along with proposed fragmentation patterns. Molecular
formulas of the fragment ions were confirmed by mass mea-
surements, but their structures were only tentative. Figure 6a
and b show two high-resolution product ion mass spectra of
tartaric acid with characteristic fragment ions at m/z 149
[MC – 1], 131 [MC – 18], 103 [MC – 46], 73 [MC – 76], and
59 [MC – 90] (MC is the molecular weight of the compound)
recorded for both the smog chamber sample and the standard
compound. The fragmentation pathway in Fig. 6 shows that
fragment ions with m/z 131 and 87 are consistent with the
loss of H2O and of H2O and CO2 from the deprotonated ion
of TA (m/z 149), respectively. Fragment ions with m/z 105
and 73 are consistent with loss of CO2 and C2H4O3, respec-
tively. Finally, fragment ions with m/z 103 and 59 are con-
sistent with the loss of (H2O+CO) and (H2O+CO2+CO),
respectively. High-resolution product ion mass spectra asso-
ciated with TrA, TrtA, and MA are shown in Figs. 7, 8, and 9,
respectively.

Organosulfates

In this section, a tentative identification of OSs and NOSs
is proposed based on accurate high-resolution mass data
and MS/MS spectra, following the assumptions described
in Nestorowicz et al. (2018). Briefly, this analysis was
based on the deprotonated ions [M-H]− and the correspond-
ing fragmentation pathways. OSs were recognized by the
loss of characteristic ions at m/z 80 (SO−3 ) and 96 (SO−4 )
and by the presence of the m/z 97 ion (HSO−4 ) (Darer et
al., 2011; Szmigielski 2016). The nitroxy-organosulfates and
nitrosoxy-organosulfates were identified based on the neu-
tral loss of m/z 63 (HNO3) and m/z 47 (HNO2), respec-
tively. All OSs identified have the same carbon backbone
of butane, except glyceric acid organosulfate (GA-OS). The
presence of the m/z 97 ion in a spectrum, corresponding
to HSO−4 , indicates that the hydrogen atom or a hydroxyl
group is present at the carbon atom next to that bearing HO–
SO2–O– moiety (Attygalle et al., 2001; Wach et al., 2020).
For nitrosoxy- and nitroxy-OSs, the elimination of the HNO2
and HNO3 from the precursor ion was used for their identi-
fication. Figure 10 (left-hand panels) shows EICs associated
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Figure 4. Extracted-ion chromatograms showing monomeric compounds eluting before 25 min and dimers eluting between 26 and 33 min
for 1,3-butadiene/NOx photooxidation experiment ER666 as a function of RH. Dimer 1: oxalic acid-1,3,4-trihydroxy-1-butene ester; dimer
2: oxalic acid–erythrulose ester; dimer 3: glyceric acid–1,3,4-trihydroxy-1-butene ester; dimer 4: hydroxymaleic acid–glycerol. Compounds
detected as silylated derivatives. For clarity, not all identified compounds are included in Fig. 3.

with SOA samples collected from ER444 and/or ER666 ex-
periments and highlights the selected newly identified OSs
also present in ambient aerosol. Figure 10 (right-hand pan-
els) shows high-resolution product ion mass spectra associ-
ated with peaks of OSs shown in the corresponding left-hand
panels. Figure 11 shows proposed fragmentation patterns as-
sociated with the mass spectra shown in Fig. 10. As an ex-
ample, and for illustration purposes, the top row of Fig. 10
shows the high-resolution product ion mass spectrum of GA-
OS with characteristic fragment ions at m/z 185 [MC – 1],
105 [MC – 80], 97 [MC – 88], and 75 [MC – 111]. The frag-

ment ions detected at m/z 97 and 105 are consistent with
the diagnostic ion HSO−4 and the loss of SO3 from the de-
protonated GA-OS ion, respectively (Fig. 11, top). For the
remaining OSs shown in Fig. 10, high-resolution product
ion mass spectra associated with 2Fur-OS (two peaks), MA-
OS, and TrA-OS are presented in Fig. 11. Additional newly
identified OSs, including nitroxy- and nitrosoxy-OSs, de-
tected solely in smog chamber experiments, are presented in
the Supplement, along with proposed fragmentation schemes
(Figs. S7–S12). Table 5 shows SOA organic products bearing
sulfate and nitrate groups detected from 13BD/NOx photoox-
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Table 4. Selected SOA reaction products identified from 13BD/NOx photooxidation under acidified and non-acidified conditions using GC-
MS. Additional products are reported in Jaoui et al. (2014). Although dimers were detected under non-acidified conditions, they were more
pronounced in the presence of acidified seed aerosol. Retention times (min) are those associated with ER666-GF7. MW: molecular weight
of the underivatized compound; MWBSTFA: molecular weight of the silylated derivatized compound. Unknown products are those where a
formula has been obtained but the structure was not provided. Some organic acids were also identified using LC-MS.

Chemical formula m/z BSTFA MW Tentative structure Nomenclature Detection
(Rt: min) derivative (MWBSTFA) (acidified/

(Methane-CI) (g mol−1) non-acidified)

C3H6O4 189, 307, 205, 106 Glyceric acid Both
(17.54) 147, 323 (322) (2,3-dihydroxypropanoic

acid)

C4H6O4 263, 247, 291, 118 D-threono-1,4-lactone Both
(18.84) 73, 289 (262) (3,4-dihydroxydihydro

furan-2(3H)-one)

C4H6O5 293, 321, 337, 120 Deoxythreonic Both
(19.09) 365, 73 (336) acid

C4H8O3 305, 231, 73, 104 1,3,4-Trihydroxy- Both
(19.30) 321, 349 (320) 1-butene

C4H4O5 231, 73, 203, 132 Hydroxyfumaric Both
(19.38/19.55) 73, 305 (348) acid

(two isomers)

C4H8O4 321, 247, 203, 120 Erythrose Both
(20.11) 337, 231 (336)

C4H8O4 247, 321, 337, 120 Tartronic acid Non-acidified
(20.12) 365, 377 (336)

C4H6O5 335, 233, 73, 134 Malic acid Both
(21.59) 307, 351 (350)

C4H10O4 395, 321, 205, 122 Threitol Both
(21.95) 305, 411 (410) (1,2,3,4-butanetetrol)

C4H10O4 395, 321, 205, 122 Erythritol Both
(22.15) 305, 411 (410) (1,2,3,4-butanetetrol)

C4H8O5 409, 217, 307, 136 D-threonic acid (two isomers) Both
(23.08) 73, 425 (424) (2,3,4-trihydroxybutanoic

acid)

C4H4O5 333, 259, 349, 132 Hydroxymaleic acid Both
(23.18) 321, 73 (348)

https://doi.org/10.5194/acp-25-1401-2025 Atmos. Chem. Phys., 25, 1401–1432, 2025



1414 M. Jaoui et al.: Atmospheric oxidation of 1,3-butadiene

Table 4. Continued.

Chemical formula m/z BSTFA MW Tentative structure Nomenclature Detection
(Rt: min) derivative (MWBSTFA) (acidified/

(methane-CI) (g mol−1) non-acidified)

C4H8O5 409, 217, 307, 136 Meso-threonic acid Both
(23.47) 73, 425 (424) (2R,3R)-2,3,4-

trihydroxybutanoic
acid (two isomers)

C4H4O6 349, 275, 73, 148 Dihydroxymaleic Both
(23.67/23.79) 185, 365 (364) acid

(two isomers)

C4H6O6 423, 305, 277, 150 Tartaric acid Both
(24.11) 321, 73 (438) (2,3-dihydroxysuccinic

acid)

C4H6O6 423, 393, 259, 150 Tartaric acid Both
(25.41) 191, 73 (438) isomer

(2,3-dihydroxysuccinic
acid)

Oligomers

C7H6O10 303, 377, 421, 176 Oxalic acid–1,3,4 Both
(27.54) 433, 465 (392) -trihydroxy-1-butene

ester

C6H8O7 229, 319, 303, 192 Malic acid–glycolic Both
(28.12/28.39) 257, 73 (408) acid ester

(two isomers)

C6H10O7 307, 467, 511, 194 Glyceric acid dimer Non-acidified
(30.34/30.66) 365, 189 (482) ester (two isomers)

C6H8O7 229, 319, 303, 192 Oxalic acid–erythrulose Both
(28.82/29.02) 257, 73 (408) ester (two isomers)

C7H12O8 207, 73, 569, 224 Glyceric acid–threonic Both
(32.22, 33.03) 479, 405 (584) acid ester (two isomers)

C7H12O8 555, 207, 555, 210 Glyceric acid–tetrol Both
(31.38, 31.67, 570, 73 (570) ester (4 isomers)
31.88, 32.88)

C6H12O6 289, 363, 199, 180 Glyceric acid–glycerol Both
(25.93, 26.35) 407, 73 (468) ester (two isomers)

C7H12O6 317, 391, 435, 192 Glyceric acid–1,3,4- Both
(29.33, 29.46, 29.51, 447, 155 (480) trihydroxy-1-
29.57, 29.60, 29.67, butene ester
29.84, 29.87, 30.56, (10 isomers)
30.61)
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Table 4. Continued.

Chemical formula m/z BSTFA MW Tentative structure Nomenclature Detection
(Rt: min) derivative (MWBSTFA) (acidified/

(methane-CI) (g mol−1) non-acidified)

Oligomers

C7H10O7/ 405, 479, 389, 206 Hydroxymaleic acid–glycerol Both
C8H14O6 301, 73 (494) ester/deoxythreonic acid–
(30.84, 31.23, 31.30, 1,3,4-trihydroxy-
31.41, 31.49, 31.65, 1-butene ester (7 isomers)
31.73)

C6H8O8/ 481, 407, 496, 208 Oxalic acid–threonic acid Both
C7H12O7 241, 363 (496) ester/Malic acid–glycerol
(30.37, 30.72) (two isomers)

Unknown reaction products

U-1 171, 243, 229 (466) – – Acidified
U-2 259, 377, 333 (332) – – Both
U-3 319, 229, 257 (494) – – Acidified
U-4 257, 153, 185 (332) – – Acidified
U-5 257, 153, 185 – – – Both
U-6 243, 271, 333 – – – Both
U-7 243, 271, 333 – – – Both

Figure 5. Extracted-ion chromatograms of (a) tartaric acid (TA: MW 150), (b) threonic acid (TrA: MW 136), (c) tartronic acid (TrtA:
MW 120), and (d) malic acid (MA: MW 134) from smog chamber experiments and reference compounds.
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Figure 6. ESI(-) product ion mass spectra of tartaric acid (MW 150) eluting at RT= 0.81 min, registered for the ER666 non-acidified seed
aerosol sample (a) and the standard compound (b) along with a proposed fragmentation pathway (c).

Figure 7. ESI(-) product ion mass spectra of threonic acid (MW 136) eluting at RT= 0.87 min, registered for a sample from the non-
acidified ER666 experiments (a) and for the reference compound obtained by alkaline hydrolysis of D-threonolactone (b) along with a
proposed fragmentation pathway (c).
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Figure 8. ESI(-) product ion mass spectra of tartronic acid (MW 120) eluting at RT= 0.82 min, registered for a sample from the non-acidified
ER666 experiments (a) and the reference standard compound (b) along with a proposed fragmentation pathway (c).

Figure 9. ESI(-) product ion mass spectra of malic acid (MW 134) eluting at RT= 0.82 min, registered for the ER666 non-acidified seed
aerosol sample (a) and the standard compound (b) along with a proposed fragmentation pathway (c).

idation under acidified and non-acidified conditions using
UHPLC-ESI-MS/MS. It contains a proposed structure for
products identified, chemical formula, nomenclature, molec-
ular weights of the compound, and the main ions m/z, as
well as if the product is detected under acidified and/or non-

acidified conditions. Organosulfates were detected mainly
under acidified conditions; however, some of them were
also detected under non-acidified conditions at low intensity,
which may have originated from aerosol heterogenous reac-
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tions involving ammonium sulfate present in the seed aerosol
(Duporté et al., 2020).

3.2 Quantitative/semi-quantitative analysis

3.2.1 Effect of relative humidity on SOA products

GCM-S analysis

The concentrations of selected reaction products reported
in Table 4 were measured. The quantitative analysis was
conducted using D-threitol as a surrogate standard and cis-
ketopinic acid (KPA) as an internal standard, except for malic
acid and tartaric acid because authentic standards were not
commercially available. Although calibration curves were
obtained for several surrogates (Tables S1, S2; Fig. S1), D-
threitol was used because its mass spectrum shares several
fragment ions with the majority of reaction products identi-
fied with GC-MS (Table 4). Although quantitative informa-
tion is very important for source apportionment and health
effect purposes, due to the non-availability of commercial au-
thentic standards in this study, our main objective was to gain
insight into the identification and distribution of 13BD SOA
products and their relative contribution as a function of RH
and seed aerosol acidity. Therefore, the quantitative/semi-
quantitative analysis either with GC-MS or LC-MS should
be regarded as such. Figures 12 and 13 display a semi-
quantitative analysis of selected reaction products identified
under acidified (ER444) and non-acidified (ER666) condi-
tions across the RH used in this study (Table 4). Figure 12
shows estimated concentrations of 14 monomers (top), 4
dimers (middle), and 7 unknowns (bottom) identified in
ER444 as a function of RH. The total SOC mass concen-
tration during the ER444 experiment ranged from 60.3 at
RH= 10 % to 31.1 µgm−3 at RH= 62 %. The concentra-
tions of individual products were as follows: (1) monomers
ranged between below detection limit to about 1064 ng m−3,
(2) dimers ranged between 16 and 497 ng m−3, and (3) un-
knowns ranged between 18 and 555 ng m−3. These values are
typical of the range of values often seen for individual com-
pounds detected in SOA chamber samples from the oxidation
of other hydrocarbons. The concentration of the majority of
products decreased with increasing RH with a few excep-
tions. The major contributors to 13BD SOA across all RH
levels were glyceric acid reaching up to 1064 ng m−3 at 31 %
RH, followed by glyceric acid–1,3,4-trihydroxy-1-butene es-
ter dimer (second major component detected) reaching an
estimated value of 497 ng m−3 at 31 % RH. The three ma-
jor monomers observed after glyceric acid were threitol (all
isomers), threonic acid (all isomers), and 1,3,4-trihydroxy-
1-butene (Fig. 12, top). All dimers and unknowns (U1–U7)
were detected at a relatively high concentration (Fig. 12,
middle and bottom). Similarly to aerosol production and
monomers, they were found to be highly sensitive to the ini-
tial conditions, particularly RH.

Figure 13 shows the estimated concentrations of 14
monomer (top), 4 dimer (middle), and 4 unknown (bottom)
products identified in ER666 as a function of RH using
BSTFA derivatization. The total SOC mass concentration
during the ER666 experiment ranged from 45.1 µgm−3 at
RH= 11 % to 24.7 µgm−3 at RH= 60 %, values lower than
those measured under acidified seed aerosol. The concentra-
tions of individual products were as follows: (1) monomers
ranged between below detection limit to about 207 ng m−3;
(2) dimers ranged between 10 and 178 ng m−3, except for
glyceric acid–1,3,4-trihydroxy-1-butene ester, which was ob-
served at very high concentrations between 142 (RH= 60 %)
and 798 (RH= 11 %) ng m−3; and (3) unknowns ranged be-
tween 18 and 555 ng m−3. Note that only U3, U6, and U7
were observed under non-acidified conditions (Fig. 13, bot-
tom) and at relatively low concentrations compared to those
under acidified conditions. Again, these values are typical of
the range of values often seen for individual compounds de-
tected in SOA chamber samples from the oxidation of other
hydrocarbons. The concentration of the majority of products
decreased with the increase in RH. Threonic acid isomers and
threitol isomers, followed by glyceric acid, were among the
most abundant species observed under non-acidified condi-
tions, respectively. For example, the concentrations of meso-
threonic acid ranged between 82 ng m−3 at 60 % RH and
207 ng m−3 at 11 % RH, and they increased with decreasing
RH. The formation of individual compounds as under acidi-
fied conditions was found to be highly sensitive to the initial
conditions, particularly RH.

LC-MS analysis

The concentrations of organosulfates shown in Table 5 were
measured using LC-MS analysis, except for C4H7O10SN
(m/z 261). The concentrations were obtained using sodium
1-pentyl sulfate (SP-OS) as a surrogate because authen-
tic standards of 13BD OS are not commercially avail-
able. The recovery, limit of detection (LOD), and limit of
quantification (LOQ) are reported for SP-OS in Table S4.
Figure S4 displays calibration curves used for quantita-
tive analysis associated with SP-OS. Figure 14 displays
the concentrations measured using SP-OS as a surrogate
for these OSs under acidified (top) and non-acidified (bot-
tom) conditions as a function of RH. High concentrations
across all RH levels were measured for 1,2,3,4-butaneterol-
NOS (m/z 246) and at relatively moderate concentrations
for 1,2,3,4-butanetetrol-OS (m/z 201), glyceric acid OS
(m/z 185), and 2-butanone,1,4-dihydroxy OS (m/z 183).
The highest values were observed under the acidified seed
experiment (ER444) at low RH and decreased with increas-
ing RH, exceeding 3000 ng m−3 at 30 % RH (Fig. 14). Sim-
ilar mechanistic pathways can lead to the formation of these
OSs through acid-catalyzed multiphase chemistry of BE-
POX (e.g., for 1,2,3,4-butaneterol-OS, m/z 201; 1,2,3,4-
butanetetrol-NOS, m/z 246) and AAE (e.g., for glyceric
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Figure 10. Extracted-ion chromatograms of selected organosulfates and their corresponding high-resolution product ion mass spectra,
MW 186 (glyceric acid organosulfate: GA-OS), MW 198 (2(3H)-furanone, dihydro-3,4-dihydroxy-organosulfate: 2Fur-OS_1 and 2Fur-
OS_2; two isomers), MW 214 (malic acid organosulfate: MA-OS), and MW 216 (threonic acid organosulfate: TrA-OS), obtained from smog
chamber experiment ER444 and ambient samples (see Sect. 3.3 for field sample analysis).
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Figure 11. Proposed fragmentation pathways of organosulfates identified in Fig. 10: MW 186 (glyceric acid organosulfate: GA-OS),
MW 198 (2(3H)-furanone, dihydro-3,4-dihydroxy-organosulfate: 2Fur-OS_1 and 2Fur-OS_2; two isomers), MW 214 (malic acid organosul-
fate: MA-OS), and MW 216 (threonic acid organosulfate: TrA-OS).

acid OS, m/z 185), the same as those proposed for iso-
prene (Nestorowicz et al., 2018). In general, the increase
in RH in the chamber resulted in decreased concentra-
tions of OSs, although some OSs observed were not RH-
dependent (e.g., malic acid OS: m/z 213; glyceric acid OS:
m/z 185). These results are consistent with previously re-
ported data for isoprene SOA components (Nestorowicz et
al., 2018). 2-Butanone, 1,4-dihydroxy-OS (m/z 183); (3H)-
furanone, dihydro-3,4-dihydroxy-OS (m/z 197); 2-butanone,
1,3,4-trihydroxy-OS (m/z 199); and 1,2,3,4-butanetetrol
nitrosoxy-organosulfate (m/z 230) and are found to be con-
siderably abundant under acidified conditions. Glyceric acid
OS was found to be RH-dependent under acidified condi-
tions only, results consistent with methyl-glyceric acid OS
reported in isoprene SOA (Nestorowicz et al., 2018). 1,2,3,4-
Butanetetrol-OS (m/z 201) was detected under both condi-
tions and RH-dependent, though with high abundance under
acidified conditions. Malic acid OS (m/z 213) and threonic
acid OS (m/z 215) were detected in trace amounts under

both conditions, acidified and non-acidified. Threonic acid
NOS (m/z 260) was also detected under both conditions
in trace amounts but at a level below LOD (not shown in
Fig. 14). The most abundant compound produced under acid-
ified and non-acidified conditions was 1,2,3,4-butanetetrol-
NOS (m/z 246). The estimated concentrations were 10-fold
higher than those obtained for other 13BD SOA compo-
nents. The amounts at the lowest RH reached ∼ 3200 and
∼ 450 ng m−3 under acidified and non-acidified seed condi-
tions, respectively. The estimated concentrations of detected
13BD SOA components established by LC-MS and GC-MS
techniques are presented in the Supplement (Tables S5–S8).

3.2.2 Effect of seed aerosol acidity on 13BD SOA
products

The TIC chromatograms shown in Fig. 15 can be compared
because (1) the sampling time, flow rate, and analytical pro-
cesses were the same for each experiment; (2) they were orig-
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Table 5. Selected SOA reaction products bearing sulfate and nitrate groups detected from 13BD/NOx photooxidation under acidified and
non-acidified conditions using UHPLC-ESI-MS/MS.

Chemical formula m/z main ions MW Tentative structure Nomenclature Detection
(g mol−1) (acidified and/or

non-acidified
conditions)

C4H8O6S 183, 153, 97 184 2-Butanone, Both
1,4-dihydroxy-organosulfate

C3H6O7S 185, 105, 97 186 Glyceric acid organosulfate Both

C4H6O7S 197, 179, 153, 198 2(3H)-furanone, Acidified
99, 97 dihydro-3,4-dihydroxy-

-organosulfate

C4H8O7S 199, 181, 169, 200 2-Butanone, Acidified
139, 97 1,3,4-trihydroxy-organosulfate

C4H10O7S 201, 97 202 1,2,3,4-Butanetetrol Both
-organosulfate

C4H10O7S 213, 133, 115, 214 Malic Both
71 acid organosulfate

C4H8O8S 215, 135, 117, 216 Threonic Both
97, 75 acid organosulfate

C4H9O8SN 230, 212, 194, 231 1,2,3,4-Butanetetrol- Acidified
183, 169, 165, nitrosoxy-organosulfate

138, 97

C4H9O9SN 246, 183, 170, 247 1,2,3,4-Butanetetrol- Both
152, 139, 97, nitroxy-organosulfate

96

C4H7O10SN 260, 183, 169, 261 Threonic acid–nitroxy Both
139, 97 -organosulfate

inated from two stages of experiments ER444 (blue: acid-
ified seed) and ER666 (red: non-acidified seed) conducted
under similar RH (50 %), though at slightly different tem-
peratures (Table 1); and (3) delta-13BD was the same for
each stage. Figure 15 displays parts of the TICs associated
with SOA originated from the photooxidation of 13BD at
similar relative humidity (∼ 50 %) under acidified (blue) and
non-acidified (red) seed aerosol for the portions between 17–
27 min (top) and 27–33 min (bottom). A detailed examina-
tion of mass spectra associated with each peak detected in
these chromatograms reveals significant changes in the com-
position of particles depending on the acidity of the original
seed aerosol. As shown in Table 4 (last column), the majority

of compounds were detected in both chromatograms, except
in the blank, although at variable abundance. The presence of
sulfuric acid in the seed aerosol (ER444) resulted in a rela-
tively substantial (1) increase in the intensity of the majority
of peaks detected after 27 min and (2) decrease in the inten-
sity of the majority of peaks detected below 27 min. Com-
pounds eluted before 27 min were more abundant under acid-
ified conditions (right y axis: red) than under non-acidified
conditions (left y axis: blue). This is consistent with the oc-
currence of chemical reactions probably in the particle phase
in the presence of acidified seed aerosol. The changes in seed
aerosol acidity content between ER444 and ER666 resulted
in significant decreases in product concentrations associated
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Figure 12. Estimated concentrations of selected SOA products as a function of RH obtained from the ER444 experiment using BSTFA
derivatization. D-threitol was used as an external surrogate standard for the semi-quantitative analysis for all products, except D-threitol,
tartaric acid, and malic acid, for which authentic standards were used. Cis-ketopinic acid was used as an internal standard for all reaction
products. See Table 3 and its description for additional information about the identity of these products.

with monomers, as shown in Figs. 12 and 13 (top panels:
e.g., threitols, threonic acid), and an increase in the intensity
and formation of dimers (Figs. 12, 13: middle panels) and
organosulfates (Fig. 14). It is likely that the production of
dimers and organosulfates is partially suppressed in the ab-
sence of acidified seed aerosol in the system. The presence of
acidified seed aerosol also resulted in a pronounced increase
in the concentration of unknown compounds (Figs. 12 and
13, bottom panels).

3.2.3 Relation of humidity and acidity of the particle
aqueous phase

The acidity of the particle aqueous phase was estimated using
E-AIM with input data given in the Supplement (Sect. S2).
The aqueous phase in the ER666 experiment (non-acidified
seed) was absent across the whole RH range; therefore
only the organic phase was present. In the ER444 experi-

ment (acidified seed), the particle aqueous phase was always
present. Table 6 shows the H+ activity coefficient, the activ-
ity (aH+), and the LWC associated with the particle aque-
ous phase across the whole RH range in ER444. The acidity
of the aqueous phase decreased and LWC increased with in-
creasing RH. The pH (aH+) of the aqueous phase increased
from−1.79 at 10 % RH to∼ 0.40 at 62 % RH. The contribu-
tion of organic acids to the formation of the particle aqueous
phase and its acidity was not considered. It could be only
marginal in acidified seed experiments, where the highest
possible amount of dissociable hydrogen ions from organic
acids was less than 3 % of the amount contributed by the sul-
furic acid used to prepare seed aerosol. In the non-acidified
seed experiments, organic acids could have a more profound
influence, so the results of our modeling should be taken
as a first approximation and verified as soon as the precise
stoichiometry of the acid formation and reliable dissociation
constants of those acids are available.
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Figure 13. Estimated concentrations of selected SOA products as a function of RH obtained from the ER666 experiment using BSTFA
derivatization. D-threitol was used as an external surrogate standard for the semi-quantitative analysis for all products, except D-threitol,
tartaric acid, and malic acid, for which authentic standards were used. Cis-ketopinic acid was used as an internal standard for all reaction
products. See Table 3 and its description for additional information about the identity of these products.

Table 6. Water contents, pH, and acidity of the particle aqueous phase in the ER444 smog chamber experiment.

RH T [H+]aq H+ activity H2O [H+] pH aH+ pH LWC
coefficient ([H+]) activity (aH+)

(%) (K) (mol m−3) (cm3 m−3) (mol dm−3) (m3 m−3)
(air) (air) (solution)

10 295.55 1.31800× 10−7 3.39800× 102 1.54541× 10−5 8.52848 −0.931 6.15× 101
−1.789 1.54541× 10−11

31 295.75 1.65180× 10−7 6.71600× 101 3.60989× 10−5 4.57576 −0.660 6.69 −0.825 3.60989× 10−11

50 295.35 1.89790× 10−7 1.42800× 101 4.88070× 10−5 3.88858 −0.590 1.13 −0.052 4.88070× 10−11

62 295.35 2.08810× 10−7 5.83300 5.96244× 10−5 3.50209 −0.544 3.99× 10−1 0.399 5.96244× 10−11

The SOC concentration and carbon yield (Table 1) in-
creased with decreasing RH under acidified and non-
acidified conditions. The carbon yield was higher under acid-
ified conditions than non-acidified conditions and increased
with increasing acidity of the aerosol aqueous phase. On the
contrary, the 13BD conversion efficiency was higher at non-

acidified conditions than acidified (Fig. 1b), indicating in-
creased non-reactive uptake of 13BD by non-acidified seeds
which contained no aqueous phase. Figure 16 shows the ef-
fect of seed aerosol acidity and RH on the SOC concentra-
tions associated with the ER444 and ER666 experiments.
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Figure 14. Estimated LC-MS concentrations (ng m−3) of OS and
NOS reaction products detected in SOA (Table 5) under acidified
(ER444: a) and non-acidified (ER666: b) conditions as a function
of RH. The chemical names associated with m/z are provided in
Table 5.

Figure 15. Parts of the total ion chromatograms associated with
SOA originated from the photooxidation of 13BD at similar relative
humidity (∼ 50 %) under acidified (blue) and non-acidified (red)
seed aerosol for portions between 17–27 min (a) and 27–33 min (b).

Figure 16. Effect of RH and seed aerosol acidity on SOC con-
centrations under acidified (ER444: red) and non-acidified (ER666:
blue) conditions.

The concentration of the majority of reaction products
(1) was higher under acidified seed aerosol conditions, where
the aerosol particles contained aqueous phase, than un-
der non-acidified seed conditions, where the aerosol par-
ticles did not contain any aqueous phase, across the RH
range used in this study; (2) increased with the acidity of
the aerosol aqueous phase in the experiments under acid-
ified seed conditions, with aqueous phase always present;
and (3) decreased with increasing RH under either acidi-
fied or non-acidified seed conditions (Figs. 12, 13, 14, 17,
and S13–S43). However, there were a few significant devi-
ations. (1) In non-acidified conditions, the concentrations of
meso-threonic, D-threonic, and dihydroxymaleic acids were
higher at all RH values (Figs. 17, S23, S25, S36); the con-
centrations of glyceric acid OS (m/z 185 [M-H]−), malic
acid OS (m/z 213 [M-H]−), and erythrose were higher at
RH= 40 %–61 % (Figs. 17, S14, S18, S26); and the con-
centration of glyceric acid–1,3,4-trihydroxy-1-butene ester
was higher at RH= 10 %–30 % (Figs. 17, S32). (2) In non-
acidified experiments, the concentration of 1,3,4-trihydroxy-
1-butene was minimal at RH= 50 % (Figs. 17, S34), and
that of malic acid OS (m/z 213 [M-H]−) was maximal at
RH= 40 % (Fig. S18). In acidified experiments, the con-
centrations of glyceric acid–1,3,4-trihydroxy-1-butene ester
and 1,3,4-trihydroxy-1-butene were maximal at RH= 30 %
(Figs. S32, S34), and the concentration of oxalic acid–
erythrulose ester was minimal at RH= 30 % (Fig. S31). The
yield trends observed in acidified seed experiments (ER444),
in which the aqueous particle phase was always present, in-
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dicate that acidity enhances the formation of most products
of 13BD oxidation in the aqueous phase. The concentration
trends observed in non-acidified seed experiments (ER666),
in which the particles contained no aqueous phase, may in-
dicate that the phase state and/or gaseous H2O limited the
access of reactants to particle surfaces and hindered the for-
mation of most products. A few exceptions to the major yield
trend may indicate more complex formation and partitioning
mechanisms involved, which cannot be explained based on
current work. In addition, the “acidified” and “non-acidified”
terms are associated with seed aerosol solutions, and funda-
mental differences in chemical mechanism may be respon-
sible for the reaction products formed in this study due to
the phase states in which the particles themselves exist, liq-
uid (ER444) or solid (ER666). The observed differences be-
tween the acidified (ER444) and non-acidified (ER666) seed
aerosol experiments may be due to the acidity of the seed
aerosol, the liquid water content, and/or the phase state of
the aerosol particles. Furthermore, more work is needed to
gain insight into mechanisms of reactant formation and par-
titioning to deliquescent particles and to particles lacking the
aqueous phase.

The preparation of non-acidified and acidified seed aerosol
by nebulizing aqueous solutions of NH4SO4 and NH4SO4+

H2SO4, respectively, has been used in chamber experiments
for many years (Czoschke et al., 2003; Deng et al., 2021;
Zhang et al., 2023). As stated above, the LWC and acidity of
the aerosol were estimated using E-AIM, which assumes the
vapor–particle partitioning equilibrium in the system. The
non-acidified seed aerosols were dry based on E-AIM. This
may be a major difference in the acidified and non-acidified
conditions and probably one of the main drivers of differ-
ences in the chemistry between the two systems. Note that
E-AIM is an equilibrium model, which has its own limita-
tions. Therefore, it is important to consider that, under our
experimental conditions, the system should be at chemical
equilibrium, which can be difficult to characterize. In our ex-
perimental system, we are going from liquid solution in the
nebulizer reservoir to ammonium sulfate particles in air of
nearly 100 % RH exiting the nebulizer to chamber dry air in
less than 1 min. Then the particles have a chance to equili-
brate in the chamber for a matter of hours. The equilibrium
time needed for acidified wet aerosols to adjust their LWC
to the chamber RH conditions is probably on the order of
minutes to tens of minutes (Saleh et al., 2013), so they are
probably close to their E-AIM-predicted LWCs in the cham-
ber. However, the time needed for the wet neutral aerosols
to completely dry out at room temperature may be on the
order of hours. It is probable that, under our experimental
conditions, the wet neutral aerosols do not reach the E-AIM-
predicted dryness on the timescale of the chamber residence
time. This may explain why the two systems are not as chem-
ically drastically different as expected.

3.3 Field measurements

We compared the results of chamber experiments conducted
under acidified (ER444) and non-acidified (ER666) condi-
tions with ambient PM2.5 samples collected at the Godów,
Zielonka, and Diabla Góra monitoring stations in Poland
(Sect. 2.2). The purpose of presenting the field results was
to show that some compounds observed in smog chamber
experiments also occur in the real ambient aerosol. Four
products, which did not contain sulfate groups, were de-
tected both in the chamber SOA and in ambient samples:
tartronic acid (MW 120), malic acid (MW 134), threonic
acid (MW 136), and tartaric acid (MW 150). The same an-
alytical LC-MS method was used for the chamber and field
samples. Figure 18 shows the extracted-ion chromatograms
associated with the ER444 and ER666 chamber experiments
and with the PM2.5 samples collected during 2014 and 2016
field studies (Sect. 2.2). Several species (e.g., glyceric acid,
malic acid, threitol, erythritol, and tartaric acid) were previ-
ously observed in ambient samples collected in several places
around the USA and were also associated with 13BD oxida-
tion (Jaoui et al., 2014). In this work, it now appears that
these compounds could be generated in the atmosphere from
the oxidation of 13BD in another part of the world (Poland).

Note that samples from chamber experiments conducted
in our laboratory involving the oxidation of biogenic (e.g.,
isoprene, monoterpenes, sesquiterpenes, 2-methyl-3-buten-
2-ol), aromatic (e.g., toluene, 1,3,5-trimethylbenzene, ben-
zene), and polycyclic aromatic hydrocarbons (PAHs) (e.g.,
naphthalene) did not contain the compounds identified in this
section, except malic acid and tartaric acid, using the same
experimental and analytical procedures. A second compari-
son of chamber SOA samples from the ER444 and ER666
experiments with ambient PM2.5 samples was conducted
using the LC-MS analysis focused on OSs. Extracted-ion
chromatograms in Fig. 10 show that several OSs occurred
in chamber SOA and ambient PM2.5, including glyceric
acid organosulfate; 2(3H)-furanone, dihydro-3,4-dihydroxy
organosulfate (two isomers); malic acid organosulfate; and
threonic acid organosulfate.

Interestingly, some organic compounds observed in the
gas phase in chamber experiments (Fig. 1, Table 3) were re-
ported to be ubiquitous in ambient air. High concentrations of
formaldehyde and, to a lesser extent, glyoxal, acrolein, PAN,
and APAN ,were observed from 13BD oxidation under both
acidified and non-acidified seed aerosol across the whole RH
range considered in this study. These compounds are ubiqui-
tous in urban ambient samples, so 13BD may be their pre-
cursor in areas with considerable 13BD emission. The pres-
ence of secondary formaldehyde and acrolein (S-HAPs) and
the effect of seed aerosol acidity and RH on their formation
highlight the importance of this study mainly for health effect
studies.
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Figure 17. Effect of RH and seed aerosol acidity on the concentration of threitol, glyceric acid OS (m/z 185 [M-H]−), meso-threonic acid,
glyceric acid–1,3,4-trihydroxy-1-butene ester, 1,3,4-trihydroxy-1-butene ester, and oxalic acid–erythrulose ester produced in non-acidified
(blue) and acidified (red) experiments.

4 Summary

While it is impossible to cover and analyze all reaction
products associated with 13BD oxidation, this study ad-
dresses many of the main products that form under various
acidified and non-acidified seed aerosol and relative hu-
midity conditions. We identified more than 50 oxygenated
organic compounds in the gas and particle phases obtained
from chamber oxidation of 13BD. Some reaction products
have been reported in the literature, but several others were

identified for the first time: glyceric acid-organosulfate,
2(3H)-furanone, dihydro-3,4-dihydroxy-organosulfate (two
isomers), threonic acid-organosulfate, 1,2,3,4-butanetetrol
nitrosoxy-organosulfate, 1,2,3,4-butanetetrol nitroxy-
organosulfate, malic acid-organosulfate, and threonic acid
nitroxy-organosulfate. The yield trends are observed in
acidified acid organosulfate, 2(3H)-furanone, dihydro-
3,4-dihydroxy-organosulfate (two isomers), threonic acid
organosulfate, 1,2,3,4-butanetetrol nitrosoxy-organosulfate,
1,2,3,4-butanetetrol nitroxy-organosulfate, malic acid
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Figure 18. Extracted-ion chromatograms recorded for samples from field studies (Zielonka, Godów, and Diabla Góra) and smog chamber
experiments (ER444 and ER666) of (a) tartaric acid (TA; MW 150), (b) threonic acid (TrA; MW 136), (c) tartronic acid (TrtA; MW 120),
and (d) malic acid (MA; MW 134).

organosulfate, and threonic acid nitroxy-organosulfate. The
quantitative analysis showed that glyceric acid; threitol;
erythritol; threonic acid; and several dimers, unknowns,
and organosulfates were the most abundant components
of 13BD SOA under acidified and non-acidified seed
conditions. Other components contributing to SOA mass
were diols, mono- and dicarboxylic acids, organosulfates,
dimers, and nitroxy- and nitrosoxy-organosulfates. Several
carboxylic acids, organosulfates, and nitroxy-organosulfates
identified in chamber samples were also detected in ambient
aerosol samples collected at various sites in Poland. Such
consistency reinforces the relevance of the chamber findings
even though some components were found only in chamber
experiments.

Comparison between experiments conducted with acidi-
fied and non-acidified seed aerosol at various RH levels re-
vealed that the acidity of seed aerosol (ER444), the aerosol
phase state (ER444 vs. ER666), and the RH (ER444 and
ER666) influenced the production of SOA and the number
and molecular structure of products formed in the gas and
particle phases. Total SOC decreased with increasing RH,
but the levels of individual components varied, though the
majority followed similar trends to the SOC. Ozone produc-
tion and conversion efficiency of 13BD depended on the RH,
the aerosol phase state, and the acidity of the seed aerosol

similarly to SOC. The concentrations of most compounds de-
creased as RH increased, but few products were most abun-
dant at intermediate RH around 30 % (e.g., malic acid, glyc-
eric acid OS). This is also true for gas-phase formaldehyde
and acrolein, whose yields increased significantly at higher
RH. However, at high humidity, the difference was relatively
small. For the range of RH considered, the acidified seed ex-
periments, in which the aerosol particles were deliquescent,
enhanced SOC production compared to non-acidified seed
experiments, in which the aerosol particles did not contain
aqueous phase. SOC production increased with the acidity of
the aqueous phase in the acidified seed experiment ER444.
Yields of the individual SOA components followed the same
pattern as SOC, while a few were more abundant in non-
acidified seed experiments (e.g., unknowns) or behaved in
an inconsistent manner. Although the terms “acidified” and
“non-acidified” are true for the solutions from which the
seeds were atomized, there are far more fundamental differ-
ences between the phase states in which species partition to
or from (aqueous/solid), which considerably affects their par-
titioning and formation mechanisms. Therefore, further re-
search is needed to elucidate the mechanisms of their forma-
tion and partitioning in the atmosphere, both for dry and del-
iquescent particles. Overall, the 13BD results are consistent
with those reported by Nestorowicz et al. (2018) for isoprene.
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The present study employed analytical methods suitable
for a wide range of 13BD reaction products in the particle
and gas phases at various RH levels and seed aerosol acidity.
It provided a solid identification of a wide variety of reaction
products, including HAPs, dimers ,and organosulfates, and
quantitative changes in their formation as a function of RH
and seed aerosol acidity. Certainly, this study includes some
uncertainties that need to be addressed in future work. Per-
haps the most significant improvement would be the use of
authentic standards to better quantify the contribution of indi-
vidual products to SOA at various RH levels and seed aerosol
acidity. This study shows that SOA and SOC consistently in-
creased with decreasing RH and were higher under acidified
than non-acidified seed conditions. Similar trends were ob-
served for the majority of reaction products reported in this
study. To assess that observation, the LWC and other thermo-
dynamic properties of the aerosol phase were estimated as a
function of RH using the thermodynamic model E-AIM. Or-
ganic acids could have more profound influence, especially
for the non-acidified seed experiment, so the results of our
modeling should be taken as a first approximation and veri-
fied as soon as the precise stoichiometry of the acid formation
and reliable dissociation constants of those acids are avail-
able.

13BD does not contribute more to atmospheric aerosol
than isoprene, which is emitted to the atmosphere in much
larger amounts and plays a significant role in atmospheric
SOA modeling. However, 13BD emissions are less under-
stood than isoprene, and current increases in wildfires and
acreages burned due to climate issues can increase 13BD
emissions and therefore the production of 13BD SOA, which
may have implications for air quality, health, and well-being.
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