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Abstract Atmospheric photooxidation of isoprene forms isoprene epoxydiols (IEPOX) and
hydroxymethel-methyl-α-lactone (HMML) via hydroperoxyl radical (HO2) channel and NO/NO2 channel,
respectively. Reactive uptake of these epoxides onto particles produces isoprene secondary organic aerosols
(iSOA). Currently, there is little information regarding these two epoxides during iSOA formation in polluted
regions. In this study, iSOA tracers from IEPOX and HMML were measured from summer to fall in the
heavily polluted Pearl River Delta (PRD) region. The total concentration of the iSOA tracers ranged from 5.77
to 466 ng m�3. Isoprene SOA tracers correlated well with sulfate (p < 0.01), indicating that the abundant
sulfate in the PRD plays an important role in iSOA formation. A kinetic model of IEPOX loss showed that 58%
of IEPOX could undergo ring-opening reactions under the polluted PRD conditions in summer. This leads to
high levels of IEPOX-derived SOA tracers in the PRD. High temperature in the PRD (>22 °C) suppresses the
production of HMML, likely as a result of fast decomposition of HMML’s precursor under high temperatures.
Thus, the HMML-derived tracers had lower levels than the IEPOX-derived SOA tracers during the whole
campaign. The ratios of the IEPOX-derived tracers to the HMML-derived SOA tracers in summer were ~3 times
higher than those in fall. This seasonal trend may be explained by the relative high isoprene/NOx ratio,
temperature, and fast heterogeneous reaction of IEPOX in summer. Our study shows that in highly polluted
regions like PRD, reduction in SO2 emission can significantly reduce iSOA formation.

1. Introduction

As a large fraction of organic aerosol (OA), secondary OA (SOA) influences the global climate and has adverse
effects on regional air quality and human health. SOA is produced via the oxidation of anthropogenic and
biogenic hydrocarbons with ozone (O3), hydroxyl radical (OH), and nitrate radical (NO3) and followed by
nucleation or mass transfer to preexisting particles (Kroll & Seinfeld, 2008; Seinfeld & Pankow, 2003). On a glo-
bal scale, isoprene (2-methyl-1,3-butadiene, C5H8) emissions are estimated to be 500–750 Tg yr�1 and com-
prise approximately half of the annual global nonmethane hydrocarbon emissions from all natural and
anthropogenic sources (Guenther et al., 2006). Isoprene is highly reactive and readily reacts with atmospheric
oxidants to form SOA with a yield of 1–28.6% (Kroll et al., 2005, 2006; Ng et al., 2008; Surratt et al., 2010)
depending on reaction conditions. The global SOA production from isoprene is estimated to be
19.2 TgC yr�1, accounting for ~70% of the total SOA (Heald et al., 2008). Therefore, isoprene plays a key role
in the formation of SOA, although recent field, laboratory, and modeling studies have raised many questions
regarding the oxidation products and their roles in the SOA formation mechanisms from isoprene (Carlton
et al., 2009; Claeys, Graham, et al., 2004; Paulot, Crounse, Kjaergaard, Kürten, et al., 2009; Surratt et al., 2010;
Whalley et al., 2014). Nevertheless, SOA yields measured from these previous chamber experiments may
not be a reasonable way to parameterize SOA from the multiphase chemistry of isoprene and its oxidation
products. Recent studies by Zhang et al. (2018) and Gaston et al. (2014) show that consideration of an organic
shell/inorganic aqueous core of an aerosol may be needed to accurately simulate isoprene SOA (iSOA)
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formation. This is starting to become explicitly included in atmospheric models (Pye et al., 2013; Marais et al.,
2016; McNeill, 2015).

Isoprene epoxides play key roles in iSOA formation. Through the HO2 channel, isoprene reacts with the OH
and HO2 radicals to form hydroxy hydroperoxides (ISOPOOH) and then IEPOX in the gas phase (Paulot,
Crounse, Kjaergaard, Kürten, et al., 2009). The reactive uptake of IEPOX by acidic particles produces the
IEPOX-derived species, including 3-MeTHF-3,4-diols (cis and trans-3-methyltetrahydrofuran-3,4-diols), 2-
methyltetrols (2-MTO: 2-methylthreitol and 2-methylerythritol), C5-alkene triols (cis and trans-2-methyl-
1,3,4-trihydroxy-1-butene, 3-methyl-2,3,4-trihydroxy-1-butene), 2-methyltetrol sulfate ester (2-MTOOS), and
oligomers (Darer et al., 2011; Lin et al., 2012; Nguyen et al., 2014). Through the NO/NO2-channel, intermedi-
ates from isoprene oxidation react with nitrogen oxides (NO/NO2) to form peroxymethylacrylic nitric anhy-
dride (MPAN). Previous study showed that MPAN decomposition produces methacrylic acid epoxide in the
gas phase which can generate SOA via further reactions (Lin, Zhang, et al., 2013). A recent study by
Nguyen, Bates, et al. (2015) showed that methacrylic acid epoxide from MPAN is negligible while decomposi-
tion of MPAN yields ~75% of hydroxymethel-methyl-α-lactone (HMML) in the gas phase. The further uptake
of HMML by hydrated inorganic particles produces 2-methylglyceric acid (2-MGA), 2-methylglyceric acid sul-
fate ester (2-MGAOS), and oligomer species (Nguyen, Bates, et al., 2015). In the real atmosphere, the HO2-
channel and the NO/NO2-channel reactions coexist and are competing (Figure 1). Thus, it is essential to
understand the relative roles of these two pathways in iSOA production, particularly in the polluted regions
that have high emissions of anthropogenic pollutants and isoprene.

The influence of anthropogenic emissions on iSOA formation is complex and undefined. Emissions of NO
suppress IEPOX formation due to the inverse dependence of the IEPOX yield on NO concentrations
(Paulot, Crounse, Kjaergaard, Kürten, et al., 2009). The GEOS-Chem model predicted that in summer, IEPOX
levels over the eastern China (less than 0.1 ppbv) are much lower than those (approximately 0.5 ppbv) over
the southeastern United States (SEUS), largely due to the suppression of IEPOX formation from large quanti-
ties of anthropogenic emissions (e.g., NOx; Paulot, Crounse, Kjaergaard, Kürten, et al., 2009). However, the
major IEPOX-derived SOA tracers, 2-MTO, exhibits comparable levels to those observed in the SEUS (as high
as hundreds ng m�3) at some urban sites in the eastern China during summer (Ding et al., 2008; Ding et al.,
2014; Kleindienst et al., 2007; Kleindienst et al., 2010). There should be factors that enhance SOA yield from
IEPOX in polluted areas. Acid-catalyzed particle-phase reactions may accelerate iSOA production (Jang
et al., 2002; Surratt et al., 2007). High emissions of NOx and SO2 in polluted regions lead to highly acidic par-
ticles in the air. Chamber studies have demonstrated that aerosol acidity enhances the SOA yield of IEPOX
(Lin et al., 2012; Surratt et al., 2010). Laboratory experiments have also reported a significant enhancement
in the rates of IEPOX ring-opening reactions in acidic solutions (Eddingsaas et al., 2010; Minerath et al.,
2009). Moreover, recently, aerosol flow tube studies have demonstrated that acid-catalyzed reactive uptake
of IEPOX is competitive with other atmospheric loss processes (e.g., dry deposition of IEPOX and gas-phase

Figure 1. The reaction mechanism for the formation of the IEPOX- and HMML-derived tracers from isoprene photooxida-
tion for the HO2 and NO/NO2 channels, respectively.
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reactions with OH radicals; Gaston et al., 2014; Riedel et al., 2015; Zhang et al., 2018). However, in the real
atmosphere, the influence of aerosol acidity on IEPOX-derived SOA formation remains unclear. In the air of
the highly polluted Pearl River Delta (PRD) region, South China, the slope of the correlation between
2-MTO and aerosol acidity (Ding et al., 2011) was 2 orders of magnitude lower than that observed in a cham-
ber study (Surratt et al., 2007). At a forested site in California, 2-MTOOS exhibited no correlation with aerosol
acidity (Worton et al., 2013). In the SEUS, observational studies that investigated the roles of aerosol acidity
and sulfate loading at iSOA production found that IEPOX-derived SOA showed a weak correlation with aero-
sol acidity but exhibited strong correlation with aerosol sulfate (Budisulistiorini et al., 2013, 2015; Lin,
Knipping, et al., 2013; Xu et al., 2015, 2016). More recently, modeling and observational studies demonstrated
that aerosols in the SEUS are acidic enough to form IEPOX-derived SOA and isoprene oxidation products
selectively uptake only on sulfate-containing particles (Budisulistiorini et al., 2017; Liu et al., 2017). More field
studies in polluted regions are needed to provide insights into the influence of anthropogenic emissions on
iSOA formation.

Increasing NOx levels shift the isoprene oxidation from the HO2-channel to the NO/NO2-channel (Surratt
et al., 2010). Thus, high anthropogenic emissions in urban areas would favor the production of HMML and
its SOA. At three urban sites in California, the major HMML-derived SOA tracer, 2-MGA, was dominant over
2-MTO, due to the dominance of the NO/NO2-channel in iSOA formation (Lewandowski et al., 2013). In the
North Pacific Ocean and the Arctic, the majority of 2-MGA was observed (Ding et al., 2013; Fu et al., 2009;
Fu et al., 2011), perhaps due to the high NOx emission during the forest fires in the adjacent continent
(Ding et al., 2013). However, the prevalence of 2-MGA over 2-MTO was never observed in the highly polluted
PRD (Ding et al., 2011; Ding et al., 2012). Additionally, 2-MGAOS was almost undetectable in the PRD during
summer and fall in 2010 (He et al., 2014). Thus, we question why HMML-derived SOA products are not abun-
dant in the heavily polluted PRD.

The PRD is located in the subtropics and has an annual average temperature of 25 °C and an annual rela-
tive humidity of 70% (Wang et al., 2011). The vegetation in the PRD includes evergreens; thus, biogenic
emissions are high throughout the year (Wang et al., 2011). This region has experienced remarkable urba-
nization and industrialization during the past three decades and is one of the most developed regions in
China. With the rapid economic growth, large amounts of anthropogenic pollutants (e.g., NOx and SO2) are
emitted into the air (Chan & Yao, 2008). High concentrations of sulfate and nitrate make the particles very
acidic in the PRD, and the aerosol pH varied from �1.0 to 0.8 from 2007 to 2012 (Fu et al., 2015). The ele-
vated surface ozone concentration from 1997 to 2010 indicates that the oxidation capacity of the air has
increased in the PRD (Lee et al., 2014). All of these factors make the PRD an ideal place to study biogenic
SOA formation under the influence of human activities. In this study, iSOA tracers from the IEPOX and the
HMML pathways were analyzed to investigate the role of the two key epoxides in the iSOA formation in
this highly polluted region.

2. Experimental Section
2.1. Field Sampling

Field sampling was conducted at a regional background site, Wanqingsha (WQS, 22°420N, 113°320E,
Figure S1 in the supporting information), in the PRD. Details of the sampling site and the field campaigns
have been described elsewhere (Ding et al., 2012). A high volume sampler (Tisch Environmental Inc.,
Ohio) was set up on the rooftop of a seven-floor building in the campus of a middle school, to collect
fine particles (PM2.5) onto 8 × 10 inch prebaked (500°C for 24 hr) quartz filters at a flow rate of
1.1 m3 min�1. The filters were covered with aluminum foil and stored in zipped antistatic bags containing
silica gel at 4°C before and �20°C after collection. A previous study revealed that isoprene emission in the
PRD exhibited less variation from June to September and significantly declined in November and
December (Figure S2; Zheng et al., 2010). Our previous study on the SOA tracers has found that the
iSOA contributed 18% of the estimated SOC in the PRD, and the contribution could reach the highest
of 45% in summer (Ding et al., 2012). Thus, 24-hr sampling was conducted during summer (28 August
to 21 September) and fall (10 November to 9 December), in 2008. A total of 52 field samples were col-
lected with four field blanks. Chemical composition analyses for isoprene-derived SOA tracers and inor-
ganic ions were performed within 3 months after the campaign. 2-MTOOS and 2-MGAOS analysis were
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performed later in the year 2011. Due to the low storage temperature and dry condition of the filters, the
storage time could have limited influence in the organosulfates analysis.

2.2. Chemical Analysis

Seven iSOA tracers were analyzed using a gas chromatography/mass spectrometer detector (GC-MSD),
including 3-MeTHF-3,4-diols, 2-MTO, 2-MGA, and C5-alkene triols. The detailed description of the chemical
analysis has been provided previously (Ding et al., 2011; Ding et al., 2012). Briefly, the filters were extracted
by sonication with mixed solvents. Prior to the solvent extraction, levoglucosan-13C6 was spiked onto the
samples as the internal standard. The extracts of each sample were combined, filtered, and concentrated.
After silylation, the derivatives were analyzed by an Agilent 5975 GC-MSD in the scan mode using a 30-m
HP-5 MS capillary column. The GC temperature was initiated at 65°C (held for 2 min), increased to 290°C in
45 min, and then kept constant for 20 min. Due to the lack of standards, all of these iSOA tracers were quan-
tified using erythritol (Claeys, Graham, et al., 2004; Ding et al., 2012; Ding et al., 2008; Lin, Knipping, et al.,
2013). The detection limit and recovery of erythritol were 0.05 ng m�3 and 80 ± 9%, respectively. Using
the empirical approach developed by Stone et al. (2012), the uncertainties from surrogate quantification
(EQ) were 35%, 15%, 20%, and 85% for 3-MeTHF-3,4-diols, 2-MTO, 2-MGA, and C5-alkene triols, respectively
(Text S1 and Table S1 in the supporting information). Total ion chromatograms and extracted ion chromato-
grams for the detected compounds are shown in Figure S2. In addition, it is worth noting that recent studies
have argued that part of detected isoprene-derived SOA tracers like 2-MTO, 3-MeTHF-3,4-diols, and C5-alkene
triols are derived from thermal decomposition products of accretion products (like oligomers of IEPOX) or
other low volatility organics (Hu et al., 2015; Lopez-Hilfiker et al., 2016). To address this issue, we analyze
the composition of C5-alkene triol isomers. If thermal decomposition during GC-MSD analysis is a major source
of the detected C5-alkene triols, we expect the composition (ratios of the isomers) of the C5-alkene triols to be
similar in different samples. In fact, we found that the relative abundances of the three C5-alkene triol isomers
vary from sample to sample (Figure S3). This suggests that the GC-MSD measured C5-alkene triols are not
mainly derived from the thermal decomposition and that they do reflect the formation processes/pathways
under different conditions in the atmosphere.

The organosulfates from IEPOX and HMML were analyzed using liquid chromatography/mass spectrometer,
including 2-MTOOS and 2-MGAOS. The detailed description of the chemical analysis is elsewhere (He et al.,
2014). Briefly, a punch (Φ = 47 mm) of each filter was taken and extracted twice via sonication with methanol.
Before extraction, ketopinic acid was spiked onto the filters as the internal standard. The extracts were com-
bined, concentrated, centrifuged, and syringe filtered. The remaining liquid was then evaporated to near dry-
ness and redissolved in 500 μL of a 1:1 (vol/vol) solvent mixture of 0.1% acetic acid in water and 0.1% acetic
acid in methanol. The sample extracts were analyzed by an Agilent 6410 Triple Quadrupole liquid
chromatography/mass spectrometer equipped with an electrospray ionization (ESI) source operated in nega-
tive ion mode. A Waters Atlantic T3 column was employed to isolate the compounds. The eluents were water
with 0.1% acetic acid (eluent A) and methanol (eluent B) with a total flow rate of 0.2 mL min�1. The gradient
of the mobile phase was set as follows: started with 3% B and kept constant for 5 min, increased to 90% B in
25 min, kept constant for 10 min and then increased to 95% B in 2 min, kept constant for 6 min, finally
decreased to 3% B in 5 min, and finally held for constant for 12 min until the pump pressure balanced. The
ESI tandem MS was operated under a nebulizer pressure 0.8 bar and a dry gas flow of 10 L min�1. Due to
the lack of standards, camphor sulfonic acid was used to quantify the organosulfates (He et al., 2014;
Kristensen & Glasius, 2011; Worton et al., 2011). The detection limit and recovery were 0.02 ng m�3 and
94 ± 4%, respectively. Comparison study on synthesized standards reveals that camphor sulfonic acid is an
appropriate quantification surrogate when using [M–H]� as quantification ion (Wang et al., 2017). A solution
of camphor sulfonic acid was used to optimize the ionization and fragmentation parameters to gain a high
intensity of the [M–H]� for quantification. The final employed ionization voltage was 4 kV, and the fragmen-
tor was 120 V. The total ion chromatograms and extracted ion chromatograms for the detected compounds
are shown in Figure S2. As we can see from Figure S2, 2-MTOOS and 2-MGAOS coelute with sulfate. Due to
different sulfate levels in the samples, the ESI conditions for these two compounds might vary from sample
to sample, which could cause the quantification off for these tracers. To address this issue, ammonium sulfate
solution sparked filters (cut from one filter sample in this campaign) with different equivalent sulfate concen-
trations (24.6, 33.5, 39.5, 42.5, and 48.5 μg m�3) were analyzed. The quantified 2-MTOOS and 2-MGAOS

10.1029/2017JD028242Journal of Geophysical Research: Atmospheres

HE ET AL. 7002



concentrations are independent of the sulfate concentration, indicating a limited influence of sulfate in 2-
MTOOS and 2-MGAOS quantification. The use of camphor sulfonic acid as surrogate standards adds uncer-
tainty to the absolute concentrations of 2-MTOOS and 2-MGAOS since ESI response factors may be different
for different compounds (Worton et al., 2011). Nevertheless, these data in this study can still provide impor-
tant information on time-dependent variation in levels.

A punch (1.5 × 1.0 cm) of each filter was taken to measure organic carbon (OC) and elemental carbon using
the thermo-optical transmittance method (NIOSH, 1999) with an OC/EC Analyzer (Sunset Laboratory Inc.). An
additional punch (Φ = 25.4 mm) was taken and ultrasonically extracted with 18-MOhm milli-Q water to ana-
lyze sulfate (SO4

2�), nitrate (NO3
�), and ammonium (NH4

+) using an ion chromatography (Metrohm 883,
Switzerland; Fu et al., 2014).

2.3. Calculation of Aerosol Acidity

The thermodynamics model ISORROPIA-II (Nenes et al., 1998) was used to predict aerosol pH. Due to the lack
of gas phase chemicals (e.g., NH3, HNO3, and HCl) data, we calculated the aerosol pH by performing iterations
using the forwardmodel. That is, only aerosol phase data input was used for the first run of the forwardmodel
(Guo et al., 2015; Hennigan et al., 2015). Then added the output gas-phase concentrations from the first run to
the initial aerosol phase chemical concentrations to derive total (gas and aerosol) concentration which serves
as input for the second run. Subsequent iterations could lead to convergence of gas-phase concentrations.
Finally, with the input of total (convergent gas + aerosol) concentrations of aerosol precursors in the air, tem-
perature, and relative humidity, we calculated the aerosol pH and liquid water content (LWC). For example,
for the sample collected on 3 September (Figures S4a–S4c), the total ammonia concentration (gas phase
NH3 and aerosol phase NH4

+), LWC, and aerosol pH converged after 72 iterations. Additionally, themodel pre-
dicted aerosol phase NH4

+ and SO4
2� agree well with the measured results (Figures S4d and S4e), indicating

that the iterationmethod provides reliable pH estimation. Previous studies have demonstrated that the inclu-
sion of organic species in the calculation of aerosol LWC changes predicted values by less than 20%
(Aggarwal et al., 2007; Liu et al., 2012; Speer et al., 2003). Moreover, the concentrations of water-soluble
organic acids in Chinese megacities constituted only about 1–4% of the total ions (Huang et al., 2005; Yao
et al., 2004), indicating a negligible impact of organics on the LWC and the acidity estimated by the
ISORRPIA-II (Aggarwal et al., 2007; Liu et al., 2012; Speer et al., 2003). Thus, organics are ignored in LWC
and pH estimation.

3. Results and Discussion

The sum of all the iSOA tracers ranged from 5.77 to 466 ngm�3 with an average of 70.4 ± 111 ngm�3. Among
these tracers, 2-MTOs were the major compounds, with the average level of 48.0 ± 79.7 ng m�3, followed by
C5-alkene triols (13.9 ± 25.3 ng m�3), 2-MGA (6.00 ± 5.03 ng m�3), 2-MGAOS (1.27 ± 1.15 ng m�3), and 2-
MTOOS (1.08 ± 2.42 ng m�3). 3-MeTHF-3,4-diols were found only in trace amounts (0.31 ± 0.42 ng m�3).
All of the iSOA tracers exhibited higher levels in summer than in fall (Figure S5), probably due to greater emis-
sions of isoprene under the high temperature and intense light during summer in the PRD (Ding et al., 2012).
Table 1 summarizes the iSOA tracers in the air of PRD.

3.1. Tracers Formed From the IEPOX Pathway

The total IEPOX-derived tracers had an average concentration of 121 ± 144 ng m�3 in summer and
20.8 ± 17.0 ng m�3 in fall. 3-MeTHF-3,4-diols that are produced by the acid-catalyzed intermolecular rearran-
gement of IEPOX in the acidic particles (Lin et al., 2012) were first reported in the PRD. Their average levels
were 0.44 (nd �2.17) ng m�3 in summer and 0.19 (nd �0.64) ng m�3 in fall. The levels of 3-MeTHF-3,4-diols
in the PRD were approximately 1 order of magnitude lower than those in the SEUS (Figure 2a; Chan et al.,
2010; Lin, Knipping, et al., 2013; Lin et al., 2012). A previous modeling study predicted that IEPOX concentra-
tions in the PRD during summer were much lower than those in the SEUS (Paulot, Crounse, Kjaergaard,
Kürten, et al., 2009), likely due to the suppression of IEPOX production under high NOx levels in the PRD
(He et al., 2014). The hourly and daily NO2 levels at WQS, which were monitored by the PRD regional air qual-
ity monitoring network (http://www.gdep.gov.cn/hjjce/kqjc/201204/P020120423559911259055.pdf), were
as high as 144 and 82 ppbv, respectively, in 2008 (Figure S6). Thus, 3-MeTHF-3,4-diols were found only in trace
amounts in the PRD. The two isomers, cis- and trans-3-MeTHF-3,4-diol exhibited significant correlations with
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each other in both seasons (p< 0.01, Figure 2b). The slopes were comparable in summer (0.57) and fall (0.59),
indicating that the relative formation rates of these two isomers were stable in summer and fall. The direct
ring-opening reactions of IEPOX on acidic particles can form 2-MTO and 2-MTOOS by the nucleophilic
addition of water and sulfate, respectively (Lin et al., 2012; Lin, Zhang, et al., 2013; Surratt et al., 2010).

Because they share the same precursors, 2-MTO and 2-MTOOS
correlated well with each other (Figure 3a). The ratio of 2-MTOOS to 2-
MTO (2-MTOOS/2-MTO) was 0.028 ± 0.029 at WQS, indicating that the
nucleophilic addition of water to the IEPOX ring was much more
effective than that of sulfate at WQS.

All of the detected IEPOX-derived iSOA tracers exhibited positive correla-
tion with sulfate (Table S2, p < 0.01, R2 0.47–0.60). This suggests that sul-
fate has an important influence on IEPOX SOA formation at WQS, which
is consistent with the observations in the SEUS (Budisulistiorini et al.,
2015; Liu et al., 2017; Xu et al., 2015). Xu et al. (2015) pointed out that sul-
fate can control IEPOX-SOA formation by the concerted nucleophilic addi-
tion to the IEPOX ring and/or via the salting-in effect that influences the
solubility of IEPOX. Recent studies (Budisulistiorini et al., 2017; Riedel
et al., 2016; Xu et al., 2016; Zhang et al., 2018) have demonstrated that
the pseudo first-order heterogeneous reaction rate constant for IEPOX
reactive uptake linearly correlates with particle surface area. Higher sulfate
in the aerosol increases the number of active surface sites for reactive
uptake process. Since the sulfate levels were much higher in the PRD than
the SE US. (23.0 versus 1.7 μg m�3), such a direct influence of sulfate on
IEPOX SOA formation may be more pronounced in the PRD and promotes
iSOA formation.

Due to the suppression of IEPOX production by high NOx levels, the con-
centrations of all the tracers formed through IEPOX pathway were thought
to be lower in the PRD compared with the SEUS. Our observations demon-
strated that the rearrangement products of IEPOX, 3-MeTHF-3,4-diols were
indeed in low concentrations in the PRD (Figure 2a). However, the concen-
trations of the ring-opening products, 2-MTO (Figure S7), were comparable

Figure 2. (a) 3-MeTHF-3,4-diol concentrations at WQS (Wanqingsha site), JST
(Jefferson Street site in Atlanta, GA), YK (a rural site in Yorkville, GA; Chan
et al., 2010); BHM (a urban site in Birmingham, AL), CTR (a rural site
Centreville, AL), and LRK (a rural site in Look Rock, TN) . (b) Correlations
between 3-MeTHF-3,4-diol isomers in summer and fall at WQS.

Table 1
Summary of Tracers in the Air of PRD

Summer Fall

Mean Med Min Max Mean Med Min Max

SO4
2� (μg m�3) 23.0 21.7 8.40 46.8 15.9 15.1 7.97 29.8

NO3
� (μg m�3) 5.26 4.22 1.28 12.6 8.88 7.83 2.73 22.6

NH4
+ (μg m�3) 4.92 4.62 2.13 10.7 5.26 4.96 0.62 11.0

Temperature(°C) 29.0 29.2 25.8 31.3 22.6 22.1 17.6 27.6
RH (%) 66 65 54 81 47 47 23 73
LWC 24.5 24.0 10.9 44.3 11.8 11.1 1.17 25.0
pH 0.51 �0.02 �0.37 2.36 2.76 3.16 �0.44 4.73
IEPOX-derived SOA tracers (ng m�3)
2-MeTHF-3,4-diols 0.44 0.26 nd 2.17 0.19 0.13 nd 0.64
C5-alkene triols 26.9 8.13 0.48 113 4.29 3.08 0.40 15.1
2-Methyltetrols (2-MTO) 91.5 49.2 4.97 319 16.0 10.3 2.34 58.3
2-Methyltetrol sulfate ester (2-MTOOS) 2.20 0.53 nd 12.4 0.30 0.31 nd 0.77
Sum of IEPOX-derived tracers 121 58.2 5.89 435 20.8 13.7 3.12 72.2
HMML-derived SOA tracers (ng m�3)
2-Methylglyceric acid (2-MGA) 7.71 6.45 0.86 25.9 4.75 4.03 1.40 14.7
2-MGA sulfate ester (2-MGAOS) 1.40 0.92 nd 6.55 1.18 1.10 nd 2.86
Sum of HMML-derived tracers 9.05 7.55 0.95 30.6 5.93 5.36 2.47 16.3

Note. “nd” means below the detection limit; “Med” represents “median.”
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between the PRD and the SEUS (Budisulistiorini et al., 2015; Chan et al.,
2010; Ding et al., 2008, 2014; Kleindienst et al., 2007, 2010; Lin, Knipping,
et al., 2013; Rattanavaraha et al., 2016) and less polluted regions (Claeys,
Wang, et al., 2004; El Haddad et al., 2011; Ion et al., 2005; Kourtchev
et al., 2005; Lewandowski et al., 2013). Therefore, other factors must accel-
erate the ring-opening reactions of IEPOX in the PRD.

Gas phase IEPOX is removed via three main processes: (1) OH oxidation in
the gas phase (Bates et al., 2014), (2) ring-opening reactions in the particle-
phase (Eddingsaas et al., 2010; Nguyen et al., 2014; Surratt et al., 2006), and
(3) dry deposition. Using the kinetic Kintecus model (Benter et al., 1994),
Eddingsaas et al. (2010) evaluated the influence of aerosol pH and LWC
on the relative contributions of the three pathways that lead to the
IEPOX termination. Worton et al. (2013) applied the Kintecus model to esti-
mate the relative contributions of the three pathways for IEPOX in Sierra
Nevada Mountains. In this study, we employed the same model to esti-
mate the relative contribution of the three pathways to the IEPOX termina-
tion in the air of the PRD. As discussed above, the particle surface area
which relates to the aerosol sulfate played an important role in IEPOX’s
fate. Since the Kintecus model we used does not include the particle sur-
face area, the model predicted results only represent the upper limit.

Two measurements exist for the gas-phase IEPOX oxidation rate constant
(k) at 298 K: 1.52 ± 0.07 × 10�11 cm3molecule�1 s�1 (Bates et al., 2014) and
3.60 ± 0.76 × 10�11 cm3 molecule�1 s�1 (Jacobs et al., 2013). Paulot,
Crounse, Kjaergaard, Kürten, et al. (2009) estimated the relationship
between temperature (T) and the upper bound of the rate constant as k
(T) = 5.78 × 10�11 exp (�400/T). At T = 298 K, the rate constant is calculated
to be 1.51 × 10�11 cm3 molecule�1 s�1, which is consistent with the value
reported by Bates et al. (2014). Thus, the rate constant of
1.52 × 10�11 cm3 molecule�1 s�1 was used in our calculation. Several stu-
dies were performed to investigate the OH radical concentration in China.
Lu et al. (2013) detected that daily concentration maximum of OH radical

was in the range of (4–17) × 106 molecules cm�3 in Beijing. Nan et al. (2017) observed that the daytime
OH radical concentration in Shanghai under steady state was averaged at 1.0 × 107 molecules cm�3. The
average OH level in the PRD during daytime in summer was about 1.0 × 107 molecules cm�3

(Hofzumahaus et al., 2009). Thus, the gas phase IEPOX oxidation rate (kox-IEPOX) at 298 K could be
1.52 × 10�4 s�1 at daytime with OH radical concentration of 1.0 × 107 molecules cm�3.

Particle-phase ring-opening processes involve gas to particle partitioning followed by aqueous phase ring-
opening reactions. The subcooled vapor pressure of IEPOX is estimated to be 4.9 × 10�6 atm, suggesting that
the gas partitioning into the organic matter was negligible for IEPOX because of its high volatility (Worton
et al., 2013). The partitioning of IEPOX into the aqueous phase is governed by the Henry law constant
(kH

cp). Chan et al. (2010)estimated the kH
cp of IEPOX to be in the range of 1.9 × 106 to 9.6 × 108 M atm�1.

Estimated kH
cp from other studies (Eddingsaas et al., 2010; Gaston et al., 2014; Nguyen et al., 2014; Nguyen,

Crounse, et al., 2015; Pye et al., 2013) are all within the range. It should be noted that the atmospheric fate
of IEPOX is sensitive to the kH

cp values used in the model. As Figure S8 shows, the contribution of the particle
phase ring-opening reactions to the total loss of IEPOX (Frop-IEPOX) exhibited a huge difference by 2 orders of
magnitude between the upper and lower limits under the typical summer conditions in the PRD
(LWC = 24.5 μg m�3 and pH 0.51). The kH

cp was estimated to be 1.3 × 108 M atm�1 by Eddingsaas et al.
(2010). Gaston et al. (2014) found that the predicted IEPOX reaction probability agreed well with kH

cp of
1.7 × 108 M atm�1. Thus, 1.3 × 108 M atm�1 was used in this study. The ring-opening rate constants were
determined to be 0.036 M�1 s�1 for β-IEPOX, and up to 0.0079 M�1 s�1 for δ-IEPOX (Cole-Filipiak et al.,
2010). Because β-IEPOX accounts for ~70% of total IEPOX in the air (Paulot, Crounse, Kjaergaard, Kroll,
et al., 2009), the experimental value for β-IEPOX (0.036 M�1 s�1) was used in our simulation.

Figure 3. Correlations between (a) 2-MTOOS and 2-MTO and (b) 2-MGAOS
and 2-MGA. The correlations between sulfate and tracers are all significant
(p < 0.001).
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The dry deposition rate (kdd) is determined by the deposition velocity and
the boundary layer height. Nguyen, Crounse, et al. (2015) measured the
deposition velocity of IEPOX of 2.5 cm s�1. The boundary height of the
PRDwas ~500m in summer (Fan et al., 2011), suggesting kdd = 5 × 10�5 s�1

in the PRD.

Table S3 summarizes all the parameters for the IEPOX termination in this
study. The kinetic simulation was conducted for 72 hr to ensure the com-
plete loss of IEPOX. Figure S9 presents the influence of the aerosol pH and
LWC on Frop-IEPOX. The Frop-IEPOX increases with a decreasing pH and an ele-
vated LWC. During our campaign, the aerosol pH was estimated to be 0.51
in summer and 2.76 in the winter, and the LWC was on average of 24.5 and
11.8 μg m�3, respectively (Table 1). Thus, the Frop-IEPOX in the PRD were
57.5% and 10.9% in summer and fall, respectively (Figure 4), indicating
that ring-opening reactions are significant processes for iSOA formation
in the PRD. Using the measured uptake kinetics, Gaston et al. (2014) found
that the predicted lifetime of IEPOX is only a few hours when aerosol pH
was below zero. But IEPOX reactive uptake would not be competitive
when the pH shifts to >2. This is consistent with our projection that the

Frop-IEPOX would be lower than 10% at pH above 2 (Figure S9). The Frop-IEPOX values in the PRD are substan-
tially higher than those (0.02%) estimated in Sierra Nevada Mountains (Worton et al., 2013). Guo et al.
(2015) reported the median values of aerosol pH and LWC for SEUS during summer. The averaged values
for the pH and LWCwere 1.1 and 5.22 μgm�3, respectively. Under OH radical level of 2 × 106 molecules cm�3

in the SEUS (Guo et al., 2015; Xu et al., 2015), Frop-IEPOX can be estimated to be 30% in summer, assuming that
the other parameters for the SEUS are similar to those in the PRD. Compared with the SEUS, the PRD has
higher Frop-IEPOX, implying that IEPOX elimination through particle-phase ring-opening reactions plays a more
significant role in iSOA formation in the PRD than in the SEUS. As discussed earlier, the aerosol sulfate con-
centration in the PRD is much higher than that in the SEUS, which implies that the heterogeneous reactive
uptake process in the PRD is much faster than in the SEUS. Here we conclude that the enhanced heteroge-
neous reactions by high sulfate concentration, aerosol acidity, and LWC determine the IEPOX ring-opening
products levels in the heavily polluted PRD.

3.2. Tracers Formed From HMML Pathway

The direct ring-opening reactions of HMML on hydrated particles can form 2-MGA and 2-MGAOS by nucleo-
philic addition of water and sulfate, respectively (Lin, Zhang, et al., 2013; Surratt et al., 2010). Thus, 2-MGA and
2-MGAOS correlated well with each other (Figure 3b). Both 2-MGA and 2-MGAOS at WQS exhibited positive
correlations with sulfate (Figure 3b, p < 0.001, R2 0.31–0.49), suggesting that sulfate promotes HMML SOA
formation. Similar to IEPOX, sulfate also increases the solubility of HMML by salting-in effect, enhances the
ring-opening reactions by providing abundant nucleophilic reagents (Xu et al., 2015), and promotes the reac-
tive uptake process by providing more surface area (Budisulistiorini et al., 2017; Riedel et al., 2016; Xu et al.,
2016; Zhang et al., 2018). This direct influence of sulfate on HMML SOA formation is important in the PRD
due to high sulfate levels.

Due to the high NOx levels (Figure S2), the levels of HMML-derived tracers were thought to be high in the
heavily polluted PRD. However, the HMML-derived tracers were more than 1 order of magnitude lower than
the IEPOX-derived tracers in summer (121 ng m�3 versus 9.05 ng m�3 on average). Even in fall, when the NOx

levels increased and the isoprene emission decreased (Figure S2), the HMML-derived tracers were still lower
by a factor of 3.5 (20.8 ng m�3 versus 5.93 ng m�3 on average). This suggests that other factors in the PRD
control HMML SOA formation rather than NOx levels.

As observed by Worton et al. (2013), temperature is vital to the fate of MPAN, which is the precursor
of HMML. When the temperature exceeds 20 °C, thermal decomposition of MPAN to form peroxy-
methacryoyl radical is very fast compared to its reformation. At WQS, the temperature was 29.0 °C
in summer and 22.6 °C in fall (Table 1). Based on the rate constants provided by the MCM3.2
(http://mcm.leeds.ac.uk/MCMv3.2/roots.htt) and the average temperature obtained in this study, the

Figure 4. Relative contributions of OH oxidation (Fox), dry deposition (Fdd),
and particle-phase ring-opening reactions (Frop) for IEPOX loss at WQS.
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rate constants for thermal decomposition of MPAN were estimated to
be 6.31 × 10�4 s�1 in summer and 2.4 × 10�4 s�1 in fall. The rate
constant of MPAN thermal decomposition is several orders of magni-
tude higher than that of MPAN, which reacts with OH to form HMML
(1.65 × 10�11 s�1). Moreover, 2-MGA is a semivolatile compound with
a saturation concentration (C*) of ~100 μg m�3 estimated by the
group-contribution method developed by Donahue et al. (2011). The
averages of OC mass were 7.78 and 22.5 μgC m�3 in summer and
fall, respectively, resulting in calculated organic mass levels of
12.5 μg m�3 in summer and 36.0 μg m�3 in fall (OC × 1.6; Ding et al.,
2012). Under such conditions, the calculated particle-phase fractions
of 2-MGA in the air of PRD were less than 30% at 300 K, which limits
the accumulation of 2-MGA in the particles. In addition, as proposed
by Nguyen, Bates, et al. (2015), HMML would tend to react with
condensed-phase derivatives to form low-volatility polyesters instead
of 2-MGA. They also found that 2-MGA is semivolatile and its accom-
modation in aerosol water decreases with decreasing pH. Thus, the
highly acidified aerosol in the PRD would promote the evaporation

of 2-MGA from the particles. All of these factors resulted in low levels of aerosol phase HMML-derived
tracers observed in the heavily polluted PRD.

3.3. Ratios of Tracers From IEPOX Pathway and HMML Pathway

The IEPOX yield from isoprene via the HO2-channel is approximately 50% (Worton et al., 2013), whereas the
HMML yield from isoprene via the NO/NO2 channel is estimated to be 7.5% (Nguyen, Bates, et al., 2015). Our
analysis of the PRD samples suggests that SOA formation via particle-phase ring-opening reactions was a
major removal process for IEPOX, but not for HMML. Therefore, IEPOX-derived tracers dominate over the
HMML-derived tracers in the PRD (Figure 5). And the ratios of IEPOX-derived tracers to HMML-derived tracers
(I/H) were all higher than one at WQS (1.4–23.6 in summer and 1.2–9.9 in fall). The high abundance of the
IEPOX-derived tracers suggests that the HO2-channel can be the major formation pathway of iSOA even in
the polluted PRD.

The I/H ratios were higher in summer than in fall ~3 folders (11.0 versus 3.5 on average). The seasonal trend of
I/H ratio in the PRD can be explained by the relative high isoprene/NOx ratios, temperature, and the fast het-
erogeneous reaction of IEPOX during summer. In summertime, isoprene emissions are high due to high tem-
perature and intensive light (Zheng et al., 2010), but NOx levels are relatively low in the PRD (http://www.
gdep.gov.cn/hjjce/kqjc/201204/P020120423559911259055.pdf). Using the data in Figure S2, the ratio of
the isoprene emission to the NO2 level was calculated to be 1.35 kt/ppbv in August, but it sharply dropped
to 0.03 kt/ppbv in December. Although the calculated ratio is not the mass ratio of isoprene/NOx, it does
reflect the relative abundance of isoprene and NOx in the PRD. The relative high isoprene/NOx in summer
would prefer epoxides formation from the IEPOX pathway.

In Sierra Nevada Mountains, Worton et al. (2013) found that above 20 °C, IEPOX production increased and the
thermal decomposition of MPAN to peroxymethacryoyl radicals was very fast. Assuming similar behaviors of
IEPOX and HMML in the PRD, summertime formation of IEPOX at WQS was expected to be enhanced com-
pared with fall due to higher summertime temperatures (29.0 °C versus 22.6 °C on average). Based on the
temperature dependence of MPAN production provided by Worton et al. (2013), the fractions of MPAN reser-
voir (MPAN + MPA radical) forming HMML at WQS were ~10% and ~30% in summer and fall, respectively.
Thus, high temperatures in summer would favor the production of IEPOX over HMML in the PRD.

Moreover, sulfate can influence the aerosol surface area and further affects reactive uptake during iSOA for-
mation. As Figure S10 showed, sulfate correlated positively with IEPOX and HMML-derived SOA tracers. The
slopes of the iSOA tracers to sulfate concentration decreased more dramatically for IEPOX-derived SOA tra-
cers (8.7 versus 2.2) than that of HMML-derived SOA tracers (0.47 versus 0.25) from summer to fall. This indi-
cates the decrease in the sulfate concentration from summer to fall (Table 1) caused a more significant
decrease in IEPOX-derived SOA tracers. Additionally, the aerosol pH was higher and the LWC was lower in

Figure 5. Seasonal variation of IEPOX-tracers to HMML tracers (I/H).
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fall than those in summer. As a result, the ring-opening reactions of IEPOX played a dominant role in summer
(58%) while only had a minor role (11%) in fall in IEPOX removal. Instead, less acidified particles in fall favor
the HMML-derived SOA tracers (e.g., 2-MGA) partitioning into the particles (Nguyen, Bates, et al., 2015). All of
these lead to higher I/H ratios in summer.

4. Conclusions and Atmospheric Implications

In this study, tracers for isoprene-derived SOAwere analyzed in the samples collected during summer and fall
at a regional background site in the heavily polluted PRD region. The parameters controlling iSOA formation,
especially the HO/HO2 channel and NO/NO2 channel, were considered. We found that 3-MeTHF-3,4-diols
were only in trace amounts in the PRD. Interestingly, the levels of IEPOX ring-opening products (C5-alkene
triols and 2-methyltetrols) in the PRD were comparable to those in the SEUS, probably due to the enhanced
reactive uptake process due to high levels of aerosol sulfate and the significant IEPOX removal by ring-
opening processes. The HMML-derived tracers were present at lower concentrations as compared with
IEPOX-derived tracers, largely due to the high temperature in the PRD that suppresses the production of
HMML. This study demonstrates that even in highly polluted PRD, the HO2 channel for iSOA formation is still
the dominant pathway.

Recent studies demonstrated that iSOA can be also formed through nonepoxides pathways. Riva,
Budisulistiorini, Zhang, et al. (2016) showed that ozonolysis of isoprene in the presence of acidic aerosol
yields 2-MTO and unique organosulfates. Considering the dramatic difference in the reaction rate constants
of isoprene oxidation by OH radical (9.9 × 10�11 cm3 molecule�1 s�1) and by ozone
(1.3 × 10�17 cm3 molecule�1 s�1), and high OH radical concentrations in the PRD (Hofzumahaus et al.,
2009), isoprene should be mainly oxidized by OH radical instead of by ozone. This limits the production of
2-MTO from isoprene ozonolysis in the PRD. Chamber studies in isoprene photooxidation under the HO2-
dominated conditions (5–10 times higher than atmospherically relevant concentrations) in the absence of
heterogeneous IEPOX chemistry found that the iSOA yields could be as high as 15% (Liu et al., 2016) and pro-
posed that ISOPOOH-derived SOA through non-IEPOX routes might account for the high yields (Riva,
Budisulistiorini, Chen, et al., 2016). However, in the real atmosphere, the oxidation of ISOPOOH by OH radical
can produce IEPOX at yields greater than 75% (St. Clair et al., 2016). Considering the presence of highly acid-
ified particles in the PRD, the IEPOX pathway should play a major role in iSOA formation compared with the
non-IEPOX pathways.

In the PRD, the high aerosol-phase sulfate level plays an important role in iSOA formation. As Figure S10
shows, IEPOX-derived SOA tracers correlated positively with sulfate (R2 > 0.43, p < 0.001), with slopes of
8.7 and 2.2 in summer and fall, respectively. HMML-derived SOA tracers also correlated with sulfate with a
smaller slope (0.47) in fall than in summer (0.25). Such a sulfate dependence of iSOA tracers indicates that
a decrease of 1 μg m�3 of the sulfate concentration leads to detected IEPOX/HMML-derived SOA tracers
reduction by 8.7/0.47 ng m�3 in summer and 2.2/0.25 ng m�3 in the winter. Previous studies observed an
association between OC and sulfate based on a statistical analysis of the long-term SEARCH data
(Blanchard et al., 2016). The authors suggested that the future decrease in sulfate concentration by 1 μg m�3

would reduce OA concentration by 0.2 to 0.35 μg m�3 (assuming OA/OC = 1.4). Studies based on ground site
and airborne measurements through SEUS have demonstrated that decrease in sulfate concentration by
1 μg m�3 would reduce OA concentration by 0.23 to 0.42 μg m�3 (Xu et al., 2015; Xu et al., 2016).
Considering that the detected iSOA tracers only account for part of the iSOA, the effect of sulfate reduction
on iSOA maybe more pronounced and comparable with the finding in the SEUS. By applying the magnitude
of sulfate effect on iSOA tracers obtained from this study, reducing aerosol sulfate by 25% could cause IEPOX-
derived SOA tracers reduction by ~45% and HMML-derived SOA tracers decrease by ~20% in the PRD. This
effect is consistent with previous findings in the United States, that lowering SOx emissions by 25–48%would
lower IEPOX-derived SOA formation by 35 to 70% (Budisulistiorini et al., 2017; Marais et al., 2016; Pye et al.,
2013). This study suggests that reducing SO2 emissions in the PRD could lower both aerosol phase sulfate
and iSOA formation. These results highlight the importance of controlling anthropogenic pollutant emissions
(e.g., SO2) for reducing particle pollution in polluted regions. However, this estimation may serve as an upper
bound because the IEPOX concentration is expected to be higher, considering that ambient NOx levels may
be substantially lower in the future due to emission regulations (Gu et al., 2013). More recently, Zhang et al.
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(2018) found that the reactive uptake coefficient of IEPOX (γIEPOX) can be reduced by half when SOA coatings
are present prior to uptake. As OA keeps reducing in the future, the coating effect could be less important and
a larger γIEPOX will be expected. Thus, the formation of IEPOX-derived SOA could be enhanced then and could
potentially alter the role of sulfate in iSOA formation.
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