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Abstract. Particulate matter (PM), of which a significant
fraction is comprised of secondary organic aerosols (SOA),
has received considerable attention due to its health im-
plications. In this study, the water-soluble oxidative po-
tential (OPYS) of SOA generated from the photooxida-
tion of biogenic and anthropogenic hydrocarbon precur-
sors (isoprene, «-pinene, B-caryophyllene, pentadecane, m-
xylene, and naphthalene) under different reaction conditions
(“RO2+HO,” vs. “RO2+ NO” dominant, dry vs. humid)
was characterized using dithiothreitol (DTT) consumption.
The measured intrinsic OPYVSPTT yalues ranged from 9 to
205 pmol min~! ug~! and were highly dependent on the spe-
cific hydrocarbon precursor, with naphthalene and isoprene
SOA generating the highest and lowest OPWS-PTT valyes,
respectively. Humidity and RO, fate affected OPWS-PTT jp
a hydrocarbon-specific manner, with naphthalene SOA ex-
hibiting the most pronounced effects, likely due to the for-
mation of nitroaromatics. Together, these results suggest that
precursor identity may be more influential than reaction con-
dition in determining SOA oxidative potential, demonstrat-
ing the importance of sources, such as incomplete combus-
tion, to aerosol toxicity. In the context of other PM sources,
all SOA systems, with the exception of naphthalene SOA,
were less DTT active than ambient sources related to incom-
plete combustion, including diesel and gasoline combustion
as well as biomass burning. Finally, naphthalene SOA was
as DTT active as biomass burning aerosol, which was found
to be the most DTT-active OA source in a previous ambient

study. These results highlight a need to consider SOA con-
tributions (particularly from anthropogenic hydrocarbons) to
health effects in the context of hydrocarbon emissions, SOA
yields, and other PM sources.

1 Introduction

Numerous epidemiological studies have found associations
between elevated particulate matter (PM) concentrations and
increased incidences of cardiopulmonary disease, including
increases in lung cancer, asthma, chronic obstructive pul-
monary disease, arrhythmia, and ischemic heart disease (Li et
al., 2008; Pope III and Dockery, 2006; Brunekreef and Hol-
gate, 2002; Dockery et al., 1993; Hoek et al., 2013; Anderson
etal.,2011; Pope et al., 2002). Furthermore, ambient PM pol-
lution ranked among the top 10 global risk factors in the 2010
Global Burden of Disease Study, with significant contribu-
tions from cardiopulmonary diseases and lower respiratory
infections (Lim et al., 2012). Recent epidemiological studies
have also found an association between particle oxidative po-
tential and various cardiopulmonary health endpoints (Bates
etal., 2015; Fang et al., 2016; Yang et al., 2016; Weichenthal
et al., 2016). Furthermore, results from toxicology studies
suggest that PM-induced oxidant production, including reac-
tive oxygen and nitrogen species (ROS/RNS), is a possible
mechanism by which PM exposure results in adverse health
effects (Liet al., 2003a; Tao et al., 2003; Castro and Freeman,
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2001; Gurgueira et al., 2002). These species can initiate in-
flammatory cascades, which may ultimately lead to oxidative
stress and cellular damage (Wiseman and Halliwell, 1996;
Hensley et al., 2000). Prolonged stimulation of inflammatory
cascades may also lead to chronic inflammation, for which
there is a well-established link between chronic inflammation
and cancer (Philip et al., 2004). Collectively, these findings
suggest a possible link between PM exposure and epidemi-
ologically associated health endpoints since PM can contain
ROS/RNS and generate ROS/RNS via redox reactions and
by inducing cellular pathways that produce ROS/RNS.

Chemical assays in which an antioxidant is used to simu-
late redox reactions that would occur in biological systems
have been developed to study the oxidative potential of PM
samples (Kumagai et al., 2002; Cho et al., 2005). In these
assays, redox-active species in PM samples catalyze electron
transfer from the antioxidant (dithiothreitol, DTT; ascorbic
acid, AA; etc.) to oxygen, and antioxidant decay provides a
measure of the concentration of redox-active species in the
sample (Fang et al., 2015b). These assays have been uti-
lized extensively to characterize ambient PM samples, and
source apportionment regressions have been applied to DTT
activity results to identify PM sources that may be detrimen-
tal to health (Bates et al., 2015; Fang et al., 2015a; Verma
et al., 2014, 2015a). Results from these regressions, as well
as inhalation and exposure studies, suggest that organic car-
bon constituents may play a significant role in PM-induced
health effects (Li et al., 2003b; Kleinman et al., 2005; Hamad
et al., 2015; Verma et al., 2015b). In particular, humic-like
substances (HULIS) and oxygenated polyaromatic hydrocar-
bons (PAHs) have been shown to contribute significantly to
the redox activity of water-soluble PM samples (Verma et
al., 2012, 2015a, b; Dou et al., 2015; Lin and Yu, 2011). Re-
cently, Tuet et al. (2016) also showed that there is a signifi-
cant correlation between intracellular ROS/RNS production
and organic species (water-soluble organic carbon and brown
carbon) for summer ambient samples, which suggests that
photochemically driven secondary organic aerosols (SOA)
may be important in PM-induced oxidative stress.

Many prior studies have focused on the health effects of
primary emissions, such as PM directly emitted from diesel
and gasoline engines (Bai et al., 2001; Kumagai et al., 2002;
McWhinney et al., 2013a; Turner et al., 2015). Conversely,
few studies have explored the potential health implications
of SOA, which are formed from the oxidation of volatile or-
ganic compounds (VOCs; McWhinney et al., 2013b; Rat-
tanavaraha et al., 2011; Kramer et al., 2016; Lund et al.,
2013; McDonald et al., 2010, 2012; Baltensperger et al.,
2008; Arashiro et al., 2016; Platt et al., 2014), even though
field studies have shown that SOA often dominate over pri-
mary aerosols even in urban environments (Zhang et al.,
2007; Jimenez et al., 2009; Ng et al., 2010). The few studies
that exist focus on SOA generated from a single class of hy-
drocarbon precursor or on SOA formed in a simulated urban
background (Kramer et al., 2016; McWhinney et al., 2013b;
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Rattanavaraha et al., 2011; Arashiro et al., 2016; McDon-
ald et al., 2012). While studies on oxidative potential have
shown that SOA is indeed redox active, the combined range
of oxidative potentials observed for individual SOA systems
is quite large and remains unexplored (McWhinney et al.,
2013b; Kramer et al., 2016). Furthermore, results from cel-
lular exposure studies are inconclusive, with some studies
finding significant response from SOA exposure and others
finding little to no response. The exposure dose also differed
from study to study, which may result in inconclusive re-
sults. This also highlights a need to consider dose-response
relationships as demonstrated recently in Tuet et al. (2016).
Comparisons between the observed cellular endpoints from
exposure to SOA formed from individual precursors are also
lacking (Baltensperger et al., 2008; Lund et al., 2013; Mc-
Donald et al., 2010, 2012; Arashiro et al., 2016). As such,
there is a lack of perspective in terms of different individual
SOA systems and their contributions to PM-induced health
effects, making it unclear whether certain responses are in-
deed toxic for a range of sources and subtypes of PM. How-
ever, as cellular assays and animal inhalation experiments are
more complex, a systematic study on the oxidative potential
of individual SOA systems may be warranted first.

In the present study, the water-soluble oxidative potential
of SOA generated from various precursors under different re-
action conditions was measured using the DTT assay (hence-
forth referred to as OPWS-PTT) While numerous cell-free
assays have been developed to measure oxidative potential,
the DTT assay is well-suited for the purposes of this study
due to its proven sensitivity to organic carbon constituents
and its correlation with organic carbon (Janssen et al., 2014;
Visentin et al., 2016). Furthermore, there are many previous
studies reporting the DTT activities of laboratory-generated
SOA and ambient samples for comparison purposes (Kramer
et al., 2016; Bates et al., 2015; McWhinney et al., 2013a, b;
Verma et al., 2015a; Xu et al., 2015a, b; Fang et al., 2015b;
Lu et al,, 2014). VOCs were chosen to represent the major
classes of compounds known to produce SOA upon oxidation
by atmospheric oxidants and to include precursors of both
anthropogenic and biogenic origins (Table S1 in the Supple-
ment). Biogenic precursors include isoprene, a-pinene, and
B-caryophyllene, while anthropogenic precursors include
pentadecane, m-xylene, and naphthalene. Isoprene was cho-
sen since it is the most abundant non-methane hydrocarbon,
with estimated global emissions around 500 Tg yr~! (Guen-
ther et al., 2006). a-pinene and B-caryophyllene were chosen
as representative, well-studied monoterpenes and sesquiter-
penes, respectively. Both classes of compounds contribute
significantly to ambient aerosol (Eddingsaas et al., 2012;
Hoffmann et al., 1997; Tasoglou and Pandis, 2015; Goldstein
and Galbally, 2007). a-pinene emissions (~ 50 Tgyr~') are
also on the same order of global anthropogenic emissions
(~110Tg yr_l; Guenther et al., 1993; Piccot et al., 1992).
Similarly, anthropogenic precursors were chosen to include a
long-chain alkane (pentadecane), a single-ring aromatic (-
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Table 1. Experimental conditions.

Experiment  Compound OH Relative  [HC]yp [SOA®

precursor  humidity (%)  (ppb) (ug m3)
12 isoprene H;0; <5% 97 5.73
24 a-pinene H,0, <5% 191 119
34 B-caryophyllene  HpO, <5% 36 221
42 pentadecane H;0; <5% 106 9.71
52 m-xylene H;0; <5% 450 89.3
62 naphthalene H>O, <5% 178 128
7 isoprene H,0, <5 %P 97 17.1
8 o-pinene H,O, 40 % 334 154
9 B-caryophyllene H,O» 42 % 63 230
10 pentadecane H,O, 45 % 106 23.5
11 m-xylene H;0; 45 % 450 13.9
12 naphthalene H,O, 44 % 431 132
13 isoprene HONO <5% 970 148
14 o-pinene HONO <5% 174 166
15 pB-caryophyllene HONO <5% 21 80.8
16 pentadecane HONO <5% 74 35.7
17 m-xylene HONO <5% 431 153
18 naphthalene HONO <5% 145 142

4 These experiments were repeated to establish reproducibility. b Acidic seed (8 mM MgSO,4 and

16 mM H,SOy4) was used instead of 8 mM (NHy),SOy4. © Average SOA concentration in the chamber during
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filter collection.

xylene), and a poly-aromatic (naphthalene). These classes of
compounds are emitted as products of incomplete combus-
tion (Robinson et al., 2007; Jia and Batterman, 2010; Bruns
et al., 2016) and have been shown to have considerable SOA
yields (e.g., Chan et al., 2009; Ng et al., 2007b; Lambe et al.,
2011). In addition to precursor identity, the effects of humid-
ity (dry vs. humid) and NO, (differing peroxy radical (RO,)
fates, RO>+ HO; vs. RO+ NO) on OPWS-DTIT were inves-
tigated because these conditions have been shown to affect
the chemical composition and mass loading of formed SOA
(Chhabra et al., 2010, 2011; Eddingsaas et al., 2012; Ng et
al., 2007a, b; Loza et al., 2014; Chan et al., 2009; Boyd et al.,
2015). Finally, intrinsic OPYSPTT was compared with bulk
aerosol composition, specifically elemental ratios, to investi-
gate whether there is a link between OPWSPTT and aerosol
composition.

2 Methods
2.1 Chamber experiments

SOA from the photooxidation of biogenic and anthropogenic
VOCs were generated in the Georgia Tech Environmental
Chamber (GTEC) facility. Details of the facility are de-
scribed elsewhere (Boyd et al., 2015). Briefly, the facility
consists of two 12m> Teflon chambers suspended inside
a 6.4m x 3.7m (21 ft x 12 ft) temperature-controlled enclo-
sure surrounded by black lights (Sylvania 24922) and natural
sunlight fluorescent lamps (Sylvania 24477). Multiple sam-
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pling ports from each chamber allow for gas- and aerosol-
phase measurements as well as introduction of reagents. Gas-
phase measurements include O3, NO;, and NO, concentra-
tions as measured by an O3 analyzer (Teledyne T400), a
cavity-attenuated phase shift (CAPS) NO; monitor (Aero-
dyne), and a chemiluminescence NO, monitor (Teledyne
200EU), respectively. Additionally, a gas chromatography-
flame ionization detector (GC-FID, Agilent 7890A) was used
to monitor hydrocarbon decay and estimate hydroxyl radi-
cal (OH) concentration. In terms of aerosol-phase measure-
ments, aerosol volume concentrations and distributions were
measured using a scanning mobility particle sizer (SMPS,
TSI), while bulk aerosol composition was determined us-
ing a high-resolution time-of-flight aerosol mass spectrom-
eter (HR-ToF-AMS, Aerodyne; henceforth referred to as the
AMS) (DeCarlo et al., 2006). AMS data were analyzed us-
ing the data analysis toolkits SQUIRREL (v. 1.57) and PIKA
(v. 1.16). Elemental ratios (O:C, H: C, and N : C) were ob-
tained using the method outlined by Canagaratna et al. (2015)
and were used to calculate the average carbon oxidation state
(0S,) (Kroll et al., 2011). Temperature and relative humid-
ity (RH) were monitored using a hydro-thermometer (Vaisala
HMP110).

Experimental conditions, given in Table 1, were designed
to probe the effects of humidity, RO, fate, and precursor hy-
drocarbon on OPWS-PTT  Al] experiments were performed at
~25°C under dry (RH< 5 %) or humid (RH ~ 45 %) condi-
tions. Prior to each experiment, the chambers were flushed
with pure air for ~ 24 h. For humid experiments, the cham-
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bers were also humidified by means of a bubbler filled with
deionized (DI) water during this time. Seed aerosol was then
injected by atomizing a 15 mM (NHy4),SO4 seed solution
(Sigma Aldrich) until the seed concentration was approxi-
mately 20 ug m—>. It is noted that for experiment 7 (isoprene
SOA under RO+ HO;,-dominant, “humid” conditions), ex-
perimental conditions deviated due to extremely low SOA
mass yields. For this experiment, an acidic seed solution
(8mM MgSO4 and 16 mM H>SO4) was used under dry con-
ditions to promote SOA formation via the IEPOX (isoprene
epoxydiols) uptake pathway, which has a higher SOA mass
yield compared to the IEPOX + OH pathway and contributes
significantly to ambient OA (Surratt et al., 2010; Lin et al.,
2012).

Once the seed concentration stabilized, hydrocarbon was
added by injecting a known volume of hydrocarbon solu-
tion (isoprene, 99 %; «-pinene, >99 %; B-caryophyllene,
>98.5 %; pentadecane, > 99 %; m-xylene, > 99 %; naphtha-
lene, 99 % (Sigma Aldrich)) into a glass bulb and passing
zero air at 5L min~! over the solution until fully evaporated
(~ 10min). For pentadecane and B-caryophyllene, the glass
bulb was gently heated to ensure full evaporation (Tasoglou
and Pandis, 2015). Naphthalene was injected by passing pure
air over the solid, as outlined in previous studies (Chan et al.,
2009). After hydrocarbon injection, OH precursor was added
to the chamber. Experiments were conducted under vari-
ous NO, conditions where different RO, reaction pathways
prevailed. For RO2+4 HO» experiments, hydrogen peroxide
(H>0,) was used as the OH precursor. HyO7 (50 % aqueous
solution, Sigma Aldrich) was injected using the method de-
scribed for hydrocarbon injection to achieve an H,O, con-
centration of 3 ppm, which yielded OH concentrations on
the order of 10° molec cm™3. For RO+ NO experiments, ni-
trous acid (HONO) was used as the OH precursor. HONO
was prepared by adding 10mL of 1 % wt aqueous NaNO,
(VWR International) dropwise into 20 mL of 10 % wt HySO4
(VWR International) in a glass bulb. Zero air was then passed
over the solution to introduce HONO into the chamber (Chan
et al., 2009; Kroll et al., 2005). Photolysis of HONO yielded
OH concentrations on the order of 10’ molec cm™3. NO and
NO, were also formed as byproducts of HONO synthesis.
Once all the H,O, evaporated (RO,+ HO; experiments) or
NO, concentrations stabilized (RO,+ NO experiments), the
UV lights were turned on to initiate photooxidation.

2.2 Aerosol collection and extraction

Aerosol samples were collected onto 47 mm Teflon' " filters
(0.45 um pore size, Pall Laboratory) for approximately 1.5h
at a flow rate of 28 Lmin~!. For each experiment, two fil-
ters (front filter and backing filter) were loaded in series to
account for possible sampling artifacts (Conny and Slater,
2002). Total mass collected was determined by integrating
the SMPS volume concentration as a function of time over
the filter collection period and using the total volume of air
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Figure 1. Typical reaction profile for a chamber experiment un-
der ROy 4+ NO-dominant conditions. NO and NO, concentrations
were monitored by CAPS NO, and chemiluminescence NO, mon-
itors, respectively. Hydrocarbon decay was monitored using GC-
FID, while initial hydrocarbon (naphthalene) concentrations were
determined using the chamber volume and mass of hydrocarbon in-
jected. Aerosol mass concentrations were determined using volume
concentrations obtained from SMPS and assuming an aerosol den-
sity of 1gcm73. While typical SOA density is about 1.4gcm73,
it varies with hydrocarbon precursor identity and reaction condi-
tions, and a density between ~ 1.0 and 1.6gcm_3 has been re-
ported in previous studies (Ng et al., 2006, 2007a, b; Chan et al.,
2009; Tasoglou and Pandis, 2015; Bahreini et al., 2005). The use
of adensityof 1 g em ™3 is to facilitate easier comparisons with past
and future studies. Results from future studies can be scaled accord-
ingly for comparison with the current work. Mass concentrations
have been corrected for particle wall loss (Nah et al., 2016).

collected. Volume concentrations were integrated using time-
dependent data. Background filters containing seed and an
OH precursor (H,O, or HONO) only at experimental con-
ditions were also collected to account for potential HyO, or
HONO uptake, which may influence oxidative potential. Col-
lected filter samples were placed in sterile petri dishes, sealed
with Parafilm M®, and stored at —20 °C until extraction and
analysis (Fang et al., 2015b). Prior to determining OPWSPTT,
collected particles were extracted in DI water by submerging
the filter and sonicating for 1 hr using an Ultrasonic Cleanser
(VWR International; Fang et al., 2015a). Sonication steps
were performed in 30 min intervals with water replacement
after each interval to reduce bath temperature. After sonica-
tion, extracts were filtered using 0.45 um PTFE (polytetraflu-
oroethylene) syringe filters (Fisherbrand' ") to remove insol-
uble material (Fang et al., 2015b). All filter samples were
extracted within 1-2 days of collection and analyzed imme-
diately following extraction.
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Figure 2. Intrinsic DTT activities for SOA generated from various
hydrocarbon precursors (ISO: isoprene, AP: a-pinene, BCAR: 8-
caryophyllene, PD: pentadecane, MX: m-xylene, and NAPH: naph-
thalene) under various conditions (red circles: dry, RO, + HO;; blue
squares: humid, RO+ HO»; and black triangles: dry, RO,+ NO).
Dry RO+ HO; experiments were repeated to ensure reproducibil-
ity in SOA generation and collection. Error bars represent a 15 %
coefficient of variation (Fang et al., 2015b).

2.3 Oxidative potential

The decay of DTT, a chemical species that reacts with redox-
active species in a sample via electron transfer reactions, was
used as a measure of oxidative potential (Cho et al., 2005;
Kumagai et al., 2002). The intrinsic OPVS-PTT of aerosol
samples, as well as method blanks and positive controls
(9,10-phenanthraquinone), was determined using a semiau-
tomated DTT system. Specifics of the high-throughput sys-
tem are detailed in Fang et al. (2015b) Briefly, the method
consisted of three main steps: (1) oxidation of DTT by redox-
active species in the sample, (2) reaction of residual DTT
with DTNB (5,5’-dithiobis(2-nitrobenzoic acid)) to form 2-
nitro-5-mercaptobenzoic acid (TNB), repeated at specific
time intervals, and (3) measurement of TNB to determine
DTT consumption. After each time interval and between
samples, the system was flushed with DI water.

3 Results and discussion
3.1 Laboratory-generated aerosol

Over the course of each experiment, gas and aerosol compo-
sition was continuously monitored. A typical time series for
NO, NO,, gas-phase hydrocarbon concentration, and aerosol
mass concentration is shown in Fig. 1 for naphthalene pho-
tooxidation under RO;+ NO-dominant reaction conditions.
Hydrocarbon decay was monitored using GC-FID, while ini-
tial gas-phase hydrocarbon concentrations were determined
using the chamber volume and mass of hydrocarbon in-
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Figure 3. Van Krevelen plot for various SOA systems. Data points
are colored by SOA system (red: isoprene, yellow: «-pinene, green:
B-caryophyllene, light blue: pentadecane, blue: m-xylene, and pur-
ple: naphthalene), shaped according to reaction conditions (circle:
dry, ROy +HO»; square: humid, RO>+ HO»; and triangle: dry,
RO»+ NO), and sized by intrinsic DTT activity. OA factors re-
solved from PMF analysis of ambient AMS data are shown as
black markers, also sized by intrinsic DTT activity. Hydrocarbon
precursors are shown as stars, colored by SOA system. Specifics
on site locations and factor resolution methods are described else-
where. COA: cooking OA, BBOA: biomass burning OA, Isoprene-
OA: isoprene-derived OA, MO-OOA: more-oxidized oxygenated
OA (Verma et al., 2015a; Xu et al., 2015a, b).

jected. Following irradiation, NO decreased due to reaction
with RO, from hydrocarbon oxidations. Nevertheless, ozone
formation was suppressed owing to the high NO concen-
tration throughout the experiment. Aerosol growth is ob-
served shortly after initiation of photooxidation (i.e., turn-
ing on the lights) due to the efficient photolysis of HONO,
which produced a high OH concentration on the order of
107 moleccm™3. Once HONO was completely consumed,
no further decay in the parent hydrocarbon and growth in
aerosol mass were observed.

For each experiment, aerosol chemical composition was
also monitored using the AMS. The average AMS mass spec-
tra (Fig. S1 in the Supplement) for all VOC systems were
consistent with those reported in previous studies (Chhabra
etal., 2010, 2011). For RO>+ NO-dominant experiments, the
NO™*: NO;‘ ratio has been used extensively in previous stud-
ies to differentiate between organic and inorganic nitrates
(Farmer et al., 2010; Fry et al., 2009; Boyd et al., 2015;
Xu et al., 2015b). The observed NO+ :N02+ ratio for all
RO+ NO-dominant experiments (4.2—6.1) was higher than
that observed for inorganic (ammonium) nitrates (~2.3),
which indicates that these peaks are likely from organic ni-
trates rather than inorganic nitrates. The observed range is
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also consistent with values measured in previous organic ni-
trate studies for similar VOC systems and ambient studies
(Bruns et al., 2010; Sato et al., 2010; Xu et al., 2015b). Ele-
mental ratios (O :C, H:C, and N : C) were also obtained for
each SOA system using the AMS. The aerosol systems in-
vestigated span a wide range of O: C ratios, as observed in
previous laboratory and field studies (Chhabra et al., 2011;
Lambe et al., 2011; Jimenez et al., 2009; Ng et al., 2010).

3.2 Effect of hydrocarbon precursor and reaction
condition on oxidative potential

To investigate whether different types of SOA differ in toxi-
city, the OPWVS-PTT 'a measure of the concentration of redox-
active species present in a sample, was measured for SOA
generated from six VOCs under three conditions (see Ta-
ble 1 for specifics). The blank-corrected OPWSPTT yalyes,
represented on a per mass (ug) basis, are shown in Fig. 2.
Uncertainties associated with OPWS-PTT determination were
approximated using a 15 % coefficient of variation, in accor-
dance with previous studies using the same semiautomated
system (Fang et al., 2015b). The OPWS-PTT values of all
backing filters and background filters were also measured
and found to be within the uncertainty for blank Teflon fil-
ters, which indicates that there were no observable sampling
artifacts, gaseous absorption onto Teflon filters, or H>O» or
HONO uptake onto seed particles.

Overall, it is clear that the hydrocarbon precursor identity
influenced OPWSPTT  with naphthalene having the highest
intrinsic DTT activity (Fig. 2). All other hydrocarbon pre-
cursors investigated produced SOA with relatively low intrin-
sic OPVSPTT (~ 9_45 pmol min~! ug~"'). For isoprene, the
SOA in this study was generated through different reaction
pathways, including isoprene photooxidation under different
RO, fates and IEPOX reactive uptake to acidic seed parti-
cles. Although these different conditions produced different
products and SOA compositions (Xu et al., 2014; Surratt et
al., 2010; Chan et al., 2010), the OPWS-DIT j¢ very similar.
It is important to note that the intrinsic OPVS-PTT values for
SOA generated under all conditions in this study are in agree-
ment with the isoprene-derived OA factor resolved from pos-
itive matrix factorization (PMF) analysis of ambient AMS
data (Fig. 4; Xu et al., 2015a, b; Verma et al., 2015a). The
isoprene-derived OA from ambient measurements is largely
attributed to IEPOX uptake, but it possibly contains some
contribution from other isoprene oxidation pathways (Xu et
al., 2015a, b). The similarity between laboratory-generated
and ambient isoprene SOA suggests that isoprene SOA may
have low OPWVSPTT regardless of reaction conditions. A pre-
vious laboratory chamber study by Kramer et al. (2016) also
measured the DTT activity of isoprene SOA produced via
different pathways, including SOA formed from direct pho-
tooxidation of isoprene. It was found that isoprene SOA
formed under “high-NO,” conditions was more DTT ac-
tive than that formed under “low-NO,.”” conditions. These re-
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sults are in contrast with those obtained in this study, where
the OPVS-PTT of isoprene SOA was similar regardless of
reaction condition. However, we caution that (1) the SOA
measured in Kramer et al. (2016) was formed under differ-
ent experimental conditions, and (2) they utilized a differ-
ent method for measuring DTT consumption (i.e., different
extraction solvent, different initial DTT concentration, dif-
ferent method for quantifying DTT activity); therefore, the
results from their study and ours may not be directly com-
parable. For instance, for isoprene photooxidation experi-
ments, the low-NO, conditions in Kramer et al. (2016) cor-
responded to “S ppm isoprene and 200 ppb NO”, where the
reaction regime was largely defined by the VOC /NO, ra-
tio. It has been shown previously that SOA formed under the
same VOC / NO, conditions can be drastically different and
the use of this metric might not necessarily reflect the ac-
tual peroxy radical fate (Ng et al., 2007b; Kroll and Seinfeld,
2008; Wennberg, 2013). In our study, the low-NO, exper-
imental condition is defined by the fate of peroxy radicals
directly, i.e., no NO, added, but with the presence of H,O;
to enhance the RO+ HO; reaction pathway, which is domi-
nant in ambient environments when NO,, levels are low.

a-pinene, B-caryophyllene, and pentadecane produced
low OPWS-PTT 4cross all conditions explored in this study
(Fig. 2). Specifically, the SOA formed under different reac-
tion conditions do not appear to have significantly different
OPWSDIT ayep though different NO, conditions have been
shown to affect SOA loading and composition due to com-
peting RO, chemistry (Chan et al., 2009; Eddingsaas et al.,
2012; Lozaet al., 2014; Ng et al., 2007a). For instance, under
conditions that favor RO+ NO, organic nitrates are formed,
whereas under conditions that favor RO,+ HO», organic per-
oxides are the predominant products. In this study, the for-
mation of organic nitrates is evident in the RO>+ NO experi-
ments with the relatively higher NO™ : NO;r ratio in the AMS
mass spectra. It is possible that neither the organic peroxides
or organic nitrates formed from the oxidation of these precur-
sors are highly redox active, such that the overall OPWS-PTT
is similar even though the products differ. Further studies are
required to establish this.

Similarly, the OPWS-PTT of SOA formed from m-xylene
under conditions that favor different RO, fates were not sig-
nificantly different. Since OPWS-PTT is intended as a mea-
sure of redox activity, the reaction products’ ability to par-
ticipate in electron transfer may explain this lack of dif-
ference (e.g., lack of conjugated systems and associated pi
bonds with unbound electrons). Under both RO,+ HO, and
RO+ NO pathways, a large number of m-xylene oxida-
tion products do not retain the aromatic ring (Vivanco and
Santiago, 2010; Jenkin et al., 2003). Therefore, these prod-
ucts may have similar OPWS-PTT a5 reaction products of a-
pinene, B-caryophyllene, and pentadecane, which also do not
contain an aromatic ring. Under humid conditions, aerosols
formed from the oxidation of m-xylene were more DTT ac-
tive than those formed under dry conditions. The AMS mass
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Figure 4. Intrinsic DTT activities for chamber SOA, various PM subtypes resolved from ambient data, and diesel exhaust particles. It
should be noted that the DTT activity for isoprene SOA in Kramer et al. (2016) was determined using a different DTT method and may
not be directly comparable. All other studies shown used the method outlined in Cho et al. (2005). DTT activities obtained in this study are
shaped by reaction condition (circle: dry, RO+ HO;; square: humid, RO+ HO»; triangle: dry, RO>+ NO). Specifics on site locations and
factor resolution methods are described elsewhere. DTT activities for Beijing and Atlanta are averages obtained across multiple seasons.
Isoprene-OA: isoprene-derived OA, MO-OOA: more-oxidized oxygenated OA, BBOA: biomass burning OA, COA: cooking OA, LDGV:
light-duty gasoline vehicles, HDDV: heavy-duty diesel vehicles, BURN: biomass burning, DEP: diesel exhaust particles (Kramer et al., 2016;
McWhinney et al., 2013b; Verma et al., 2015a; Bates et al., 2015; McWhinney et al., 2013a; Xu et al., 2015a, b; Lu et al., 2014; Fang et al.,
2015b).

spectra for aerosol formed under humid conditions also dif- For naphthalene, the OPYSPTT measured for SOA gener-
fers notably for several characteristic fragments (Fig. S2), ated under dry, RO>+ HO;,-dominant conditions is in agree-
which may explain the difference observed in OPWSPTT, ment with that measured by McWhinney et al. (2013b)

More specifically, m/z 44, which serves as an indication of (Fig. 4), which generated naphthalene SOA under similar
oxidation (O : C ratio) (Ng et al., 2010), is very different for chamber conditions using the same OH radical precursor.
this experiment (dry signal: 0.098 vs. humid signal: 0.15). These values should be directly comparable since the same
It is possible that the degree of oxidation may be an impor- standard method described by Cho et al. (2005) was used
tant factor for SOA formed from the same hydrocarbon, and to obtain the oxidative potentials in both McWhinney et
systematic chamber studies investigating changes in O : C for al. (2013b) and this study. The OPWSPTT of naphthalene

SOA formed from a single hydrocarbon precursor would be aerosol also appears to be strongly influenced by humidity
valuable. Previous studies involving the effect of humidity on and RO, fate (Fig. 2), with higher toxicities observed for
SOA composition also yield mixed results, with some finding aerosol formed under both humid and RO;+ NO-dominant

significant changes in SOA composition and yields (Nguyen conditions. The effect of RO, fate may be explained by
et al., 2011; Wong et al., 2015; Healy et al., 2009; Stirnweis the different products known to form from RO,+ HO; and
et al., 2016) and others reporting little difference (Boyd et RO+ NO reaction pathways. Many of the same products, in-
al., 2015; Edney et al., 2000; Cocker et al., 2001). Humidity cluding naphthoquinones and all of the ring-opening deriva-

effects are therefore highly hydrocarbon-dependent. Further tives of 2-formylcinnamaldehyde, are formed under both re-
study into the specific oxidation mechanisms and products in action conditions (Kautzman et al., 2010). Naphthoquinones
the photooxidation of aromatic hydrocarbon under dry and are also known to be DTT active and have been shown to
humid conditions may be warranted to understand the differ- account for approximately 21 % of the DTT activity ob-
ence in DTT activity. served for naphthalene SOA (Charrier and Anastasio, 2012;

McWhinney et al., 2013b). In addition to these products, ni-

www.atmos-chem-phys.net/17/839/2017/ Atmos. Chem. Phys., 17, 839-853, 2017



846

troaromatics including nitronaphthols and nitronaphthalenes
are formed under RO,+ NO conditions (Kautzman et al.,
2010). The nitrite group next to the aromatic ring in these
products may further promote electron transfer between ni-
troaromatics and DTT, resulting in more DTT consumption
and a higher OPVS-PTT This effect was not observed for
m-xylene SOA due to the formation of predominantly ring-
opening products (Vivanco and Santiago, 2010; Jenkin et al.,
2003). The presence of an aromatic ring in SOA products
may therefore be important for determining oxidative poten-
tials, and polyaromatic precursors may yield products of sub-
stantial toxicity. This is further supported by the observation
that the AMS mass spectra for highly DTT-active naphtha-
lene SOA contain peaks at m/z 77 and m/z 91, which are in-
dicative of aromatic phenyl and benzyl ions (Chhabra et al.,
2010; McLafferty and Turecek, 1993). Additionally, peaks
indicative of aromatic compounds greater than m /z 120 were
observed with similar mass spectral features as those re-
ported for aerosol generated from naphthalene oxidation by
OH radicals in previous studies (Riva et al., 2015). Aromatic
species are also exclusive to HULIS (Sannigrahi et al., 2006),
and ambient data have shown that HULIS are a significant
aerosol component contributing to OPWVSPTT (Verma et al.,
2012, 2015b; Dou et al., 2015; Lin and Yu, 2011).

Bulk aerosol elemental ratios (O : C, H: C, and N : C) were
also determined for each SOA system since different types
of aerosol are known to span a wide range of O : C (Chhabra
et al., 2011; Lambe et al., 2011). All elemental ratios were
stable during the filter collection period and could thus be
represented by a single value. To visualize these differences
in oxidation, the van Krevelen diagram was utilized (Fig. 3)
because changes in the slope of data points within the van
Krevelen space can provide information on SOA functional-
ization (Heald et al., 2010; Van Krevelen, 1950; Ng et al.,
2011). Starting from the precursor hydrocarbon, a slope of
0 indicates addition of alcohol groups, a slope of —1 indi-
cates addition of carbonyl and alcohol groups on separate
carbons or addition of carboxylic acids, and a slope of —2
indicates addition of ketones or aldehydes. Previous studies
show that both laboratory-generated and ambient OA occupy
a narrow van Krevelen space with a slope of ~—1 to —0.5
(Heald et al., 2010; Ng et al., 2011). Ambient data included
in Fig. 3 are for different organic aerosol subtypes resolved
from PMF analysis of AMS data collected in the southeast-
ern US (Verma et al., 2015a; Xu et al., 2015a, b).

The laboratory-generated aerosols span the range of H: C
and O:C observed in the ambient. As seen in Fig. 3 (data
points sized by intrinsic OPWS-PTT) while different re-
action conditions produced aerosol of differing composi-
tion (i.e., different O: C and H: C), the intrinsic OPWS-PTT
does not appear to be affected by these differences. On the
other hand, the hydrocarbon precursor identity influences
OPWS-PTT gybstantially. It has been shown that ambient OA
from different sources can become increasingly oxidized (in-
creasing O : C ratio) with atmospheric aging (Jimenez et al.,
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2009; Ng et al., 2011). Based on the results shown in Fig. 3,
it appears that a higher O:C ratio did not correspond to
a higher OPVSPTT This is true for both the laboratory-
generated SOA in this study and the different OA subtypes
resolved from ambient data (Verma et al., 2015a; Xu et al.,
2015a, b). Nevertheless, the O: C ratios for individual sys-
tems (i.e., SOA formed from the same hydrocarbon pre-
cursor) may affect the intrinsic OPWSDTT 1pdeed, for sev-
eral SOA systems (B-caryophyllene, pentadecane, and m-
xylene), SOA with higher O: C ratios also had a higher in-
trinsic OPWSPTT (Figs. 2, 3). For SOA systems formed un-
der RO;+ NO-dominant conditions, N : C ratios were also
determined to investigate if there is a link between N : C and
intrinsic DTT activity (Fig. S3). Again, with the exception of
naphthalene SOA, the intrinsic OPYS-PTT does not appear to
be affected by N : C ratio even though the systems explored
span a wide range of N : C. This is consistent with the results
observed in the van Krevelen diagram and further empha-
sizes the importance of hydrocarbon identity in determining
oxidative potentials.

3.3 Comparison to other types of PM

In order to evaluate how the oxidative potential of individ-
ual SOA systems compares to other sources and subtypes of
PM, the intrinsic OPWS-DTT yalues from this study are com-
pared to values reported in the literature (Fig. 4). Compar-
atively, SOA formed from the photooxidation of isoprene,
a-pinene, B-caryophyllene, pentadecane, and m-xylene were
not very DTT active and produced low intrinsic OPWS-PTT,
The OPVS-PTT values of these aerosol systems were also
within the range of various OA subtypes resolved from am-
bient data. The method for determining intrinsic OPWS-DTT
for various OA subtypes is provided in the Supplement. As
noted earlier, the OPVS-PTT for isoprene SOA generated in
this study is similar to the isoprene-derived OA factor from
ambient data. The other ambient OA factors include a highly
oxidized MO-OOA (more-oxidized oxygenated OA) factor
resolved from PMF analysis of ambient OA data, as well as
an oxidized organic aerosol factor containing contributions
from biogenic SOA (other OC) resolved using the chemical
mass balance (CMB) method with ensemble-averaged source
impact profiles (Bates et al., 2015; Xu et al., 2015a, b; Verma
et al., 2014). While sources of MO-OOA have not been iden-
tified, studies have shown that the aerosol mass spectra for
various sources of OA approach those of MO-OOA as it
ages (Ng et al., 2010), and it has been speculated that MO-
OOA may contain aerosol from multiple aged sources (Xu
et al., 2015b). Furthermore, MO-OOA has been shown to
have widespread contributions across urban and rural sites,
as well as different seasons (Xu et al., 2015a, b). Conversely,
naphthalene SOA was highly DTT active with an OpPWS-DTT
on the order of biomass burning OA (BBOA (Verma et al.,
2015a), BURN (Bates et al., 2015)). The BBOA and BURN
factors were resolved using different source apportionment
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methods and as such, the range for comparison is large. Here,
we focus on BBOA since Verma et al. (2015a) previously
showed that BBOA had the highest intrinsic DTT activity
among all OA subtypes resolved from PMF analysis of am-
bient AMS data collected in the southeastern US (see Fig. 4
for comparison). Because naphthalene aerosols formed un-
der RO24 NO-dominant conditions may be even more redox
active than BBOA and anthropogenic emissions are more
abundant in urban environments with higher NO,, this sys-
tem warrants further systematic studies. It should however be
noted that comparisons of intrinsic DTT activities between
SOA from a pure VOC and an ambient source are difficult.
BBOA is a source that contains many compounds, some of
which may not be redox active. Thus, although it may contain
highly DTT-active components with high intrinsic activities,
the overall intrinsic activity will be much lower. As a result, a
direct comparison with pure naphthalene SOA on a per mass
basis is tenuous. However, naphthalene SOA formed under
urban conditions (RO2+ NO) also produces nitroaromatics,
which may induce DNA breaks and other mutagenic effects
(Baird et al., 2005; Helmig et al., 1992). As such, aerosols
formed from photooxidation of PAHs may be a particularly
important OA source in terms of PM health effects.

Other common sources of PM are those related to traffic.
Previous studies have determined that products of incomplete
combustion include quinones capable of participating in re-
dox reactions, including the oxidation of DTT (Kumagai et
al., 2002; McWhinney et al., 2013a). The SOA systems in-
vestigated, including isoprene, «-pinene, S-caryophyllene,
pentadecane, and m-xylene produced SOA that were less
DTT active than diesel exhaust particles (DEPs) collected
from light-duty diesel vehicle (LDDV) engines operated un-
der various conditions (McWhinney et al., 2013a) and re-
solved for heavy-duty diesel vehicles (HDDVs) from ambi-
ent data (Bates et al., 2015). It should be noted that the DTT
activity reported for DEPs includes both water-soluble and
water-insoluble fractions (total DTT activity), whereas the
DTT activity measured for SOA is water-soluble. However,
there should be very little contribution from water-insoluble
species to SOA (McWhinney et al., 2013a). Conversely, the
intrinsic OPYVS-PTT of naphthalene SOA was on par with that
of light-duty gasoline vehicles (LDGVs) and higher than that
of HDDVs and DEPs (Verma et al., 2014; Bates et al., 2015).
Since naphthalene may also be emitted from gasoline and
diesel combustion (Jia and Batterman, 2010), traffic-related
controls may be extremely important to control these highly
DTT-active sources. Furthermore, since SOA often domi-
nate over POA (primary organic aerosols) even in urban cen-
ters (Zhang et al., 2007; Ng et al., 2011), even SOA that is
only slightly DTT active may contribute significantly to PM-
induced health effects.
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3.4 Implications

The water-soluble oxidative potential, as measured by DTT
consumption, was determined for SOA generated from six
different hydrocarbon precursors under three conditions of
varying humidity and RO, fate. Results from this study
demonstrate that hydrocarbon precursor identity influenced
intrinsic SOA oxidative potential substantially. The biogenic
and anthropogenic precursors investigated yielded SOA with
OPWS-DTT yalyes ranging from 9 to 205 pmol min~! ug~!,
with isoprene SOA and naphthalene SOA having the low-
est and highest intrinsic OPVSPTT  respectively. In general,
OPWS-PTT yalues for biogenic SOA were lower than those
for anthropogenic SOA. Therefore, to evaluate overall ox-
idative potentials of ambient SOA, hydrocarbon precursor
emissions and their corresponding SOA formation poten-
tial must be considered. Moreover, it may be possible to
roughly estimate regional oxidative potentials using individ-
ual intrinsic OPWS-PTT of different types of SOA in con-
junction with VOC emissions and SOA loadings in mod-
els. For instance, DTT activities of aerosols collected in
Beijing, China (77-111 pmolmin~! pug~!; Lu et al., 2014),
where anthropogenic emissions dominate, more closely re-
semble the OPWVSPTT of naphthalene SOA. Conversely, am-
bient aerosols collected in the southeastern US have DTT
activities (25-36 pmol min~! ug~!; Fang et al., 2015b) that
more closely resemble those of biogenic SOA. It may there-
fore be informative to investigate whether concentration ad-
dition can be applied to DTT consumption by exploring well-
characterized PM mixtures.

Chamber reaction conditions, including relative humidity
and specific RO, fate, influenced SOA elemental composi-
tion substantially and affected OPVSPTT in a hydrocarbon-
specific manner, although hydrocarbon identity was by far
the most influential in determining OPVS-PTT  For several
VOCs (isoprene, a-pinene, f-caryophyllene, and pentade-
cane), the reaction conditions had a negligible effect on
OPWS-PTT 'wwhich suggests that the organic peroxides and or-
ganic nitrates formed from the oxidation of these precursors
may have similarly low redox activity. An investigation into
the redox activity of individual known photooxidation prod-
ucts, including organic peroxides and organic nitrates, may
elucidate further information on the lack of reaction con-
dition effect. Similarly, nitroaromatics may explain the dif-
ference observed between naphthalene aerosol formed under
different RO, reaction pathways since the nitrite group may
promote electron transfer and result in a higher OPWS-PTT,
This effect was not observed for m-xylene SOA due to the
formation of predominantly ring-opening products. The loss
of the aromatic ring may also explain the differences in in-
trinsic OPVS-PTT | For instance, naphthalene SOA, which
contains many aromatic ring-retaining products, is as re-
dox active as BBOA, one of the most DTT-active aerosol
subtypes found in ambient studies. Conversely, m-xylene
SOA with predominantly aromatic ring-breaking products
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is much less redox active and the measured OPWSDIT g

lower than that of traffic-related sources and several OA sub-
types (BBOA and cooking OA, COA). This further supports
earlier findings (Verma et al., 2015b) that the polyaromatic
ring structure may be an important consideration for un-
derstanding SOA redox activity, which may have implica-
tions for cellular redox imbalance (Tuet et al., 2016). Fur-
thermore, nitroaromatics and polyaromatics may also have
significant health effects beyond redox imbalance, includ-
ing various mutagenic effects (Baird et al., 2005; Helmig
et al., 1992). As such, hydrocarbon precursors forming aro-
matic ring-retaining products may be the most important to
consider in PM-induced health effects in terms of oxidative
potential. This is consistent with many studies using DTT
to show oxidative potential associated with sources related
to incomplete combustion (Bates et al., 2015; Verma et al.,
2014; McWhinney et al., 2013b) and the identification of
HULIS (Verma et al., 2015b; Dou et al., 2015; Lin and Yu,
2011), and more specifically, quinones as key components
contributing to oxidative potential (Verma et al., 2014). Fi-
nally, redox-active metals are also emitted by traffic through
mechanical processes, such as brake and tire wear (Charrier
and Anastasio, 2012; Fang et al., 2015a). These species were
not considered in the chamber experiments explored in this
study. Inclusion of redox-active metals in future SOA experi-
ments may be valuable to further understand the roles of SOA
and metal species in overall redox activity.

Abbreviations

PM: particulate matter, SOA: secondary organic aerosol,
ROS/RNS: reactive oxygen and nitrogen species, DTT:
dithiothreitol, OPWS: oxidative potential of water-soluble
species.

4 Data availability

Data are available upon request to the corresponding author
(ng@chbe.gatech.edu).

The Supplement related to this article is available online
at doi:10.5194/acp-17-839-2017-supplement.
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