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� High SOA yields from 2-ring PAH photooxidation were found.
� Fractal-like and solid SOA was observed for the methylnaphthalene isomers during high NOx photooxidation.
� A m/z 104 peak was observed as a marker of phthalic acid from PAH photoxidation by HR-ToF-AMS analysis.
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a b s t r a c t

The SOA yield and chemical characteristics of SOA formation from naphthalene and two methyl
substituted naphthalenes, 1-methylnaphthalene and 2-methylnaphthalene, were studied for high NOx,
low NOx, and ultra-low NOx conditions. The SOA yields are high compared to previous studies for all
three PAHs precursors: 1-methylnaphthalene > 2-methylnaphthalene ~ naphthalene for all atmospheric
conditions studied. The SOA yields range from 0.03 to 0.60 for naphthalene, 0.21e1.52 for 1-
methylnaphthalene, and 0.34e0.55 for 2-methylnaphthalene under high NOx with HONO (initial
PAH:NO ratio ¼ 0.03e0.17) conditions. The SOA yield ranges from 0.04 to 0.31 for naphthalene, 0.14e0.72
for 1-methylnaphthalene, and 0.06e0.49 for 2-methylnaphthalene under low NOx (initial PAH:NO
ratio ¼ 0.54e2.20) conditions. SOA yields were substantially greater than 1.0 under H2O2 (ultra low NOx)
and low NOx þ H2O2 conditions for all three PAH precursors. The system reactivity influenced by OH
radicals, NOx levels, initial PAH/NO ratios, NO2/NO ratios, and all impacted the SOA formation from the
PAH precursors. Fractal-like SOA is observed for the methylnaphthalene isomers during high NOx

photooxidation experiments, implying that researchers studying SOA formation from this precursor
must carefully account for particle shape or effective density. A m/z 104 (C7H4Oþ,104.026) peak,
consistent with SOA products phthalic acid from earlier studies, was observed as a potential marker of
PAH oxidation during HR-ToF-AMS analysis.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The formation of secondary organic aerosol (SOA) originates
from a variety of chemical processes including gas-phase oxidation
reactions of organic species, reactions in the particle (condensed)
phase and continuing chemistry over multiple generations of
oxidation products (Kroll and Seinfeld, 2008). SOA negatively im-
pacts visibility and can affect global radiative forcing through both
, Riverside, Department of
CA, USA.
r).
direct and indirect effects (Kanakidou et al., 2005; Schulz et al.,
2006). Additionally, epidemiological evidence shows a significant
risk between fine particles and lung cancer, respiratory illness, and
cardiovascular disease (Lewtas, 2007).

Polycyclic aromatic hydrocarbons (PAHs) are an important
source of semivolatile gas-phase anthropogenic emissions. Sources
of PAH include incomplete combustion emissions from vehicles
(Shah et al., 2005), biomass burning (Conde et al., 2005; Hedberg
et al., 2002), cooking (McDonald et al., 2003), evaporation of pe-
troleum products (Jia and Batterman, 2010), gasoline and diesel
fuels (Aislabie et al., 1999). Naphthalene and methylnaphthalenes
are the most abundant PAH precursor and may be a major unac-
counted for source of secondary organic aerosol (SOA) as their
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contribution to ambient secondary particulate matter is not clearly
understood The California Air Resources Board (CARB) 2010 Cali-
fornia Toxic Inventory (CARB, 2013) estimates the total emissions of
naphthalene to be ~910.7 tons year�1 in California. Average
Southern California Air Basin naphthalene concentrations range
from 91 to 445 ng m�3 (Eiguren-Fernandez et al., 2004; Lu et al.,
2005) with Reisen and Arey reporting much higher naphthalene
concentrations in Los Angeles due to heavy traffic emissions than in
Riverside (Reisen and Arey, 2005). Pye and Pouliot, 2012 estimated
that long-chain alkanes and PAHs accounted for 20e30% of SOA
derived from anthropogenic hydrocarbons by Community Multi-
scale Air Quality (CMAQ) model. Further, Lu et al. simulated the
distribution of naphthalene emissions over Southern California
using the SMOG airshed model and estimated 10e50 kg day-
�1grid�1 (5-km by 5-km grid cells) in populated urban areas (Lu
et al., 2005). However, current SOA model predictions are based
on SOA yields from indoor environmental chamber experiments
and emission inventory. It is needed to further examine PAH
oxidation under different oxidant condition and integrate SOA
yields data into current SOA model.

Recent studies have focused on investigating gas-phase chem-
istry mechanism and particle-phase organic aerosol formation
from PAH oxidation. Gas-phase chemistrymechanism and products
from OH-initiated reaction of naphthalene and alkylnaphthalene
atmospheric oxidationwas proposed by Kautzman et al. (2010) and
Wang et al. (2007). Kautzman et al. (2010) proposed naphthalene
and alkylnaphthalene oxidation mechanisms for high NOx with 2-
formylcinnaldehyde (30e60% yield) as the major product
(Nishino et al., 2012; 2009; Sasaki et al., 1997). Formation of
nitronaphthalenes (0.6%), naphthols (10%) and other ring-opening
and ring-remaining products were observed from OH radical re-
action in the presence of NOx (Sasaki et al., 1997). Additionally, 4-
nitro-1-naphthol, hydroxyl phthalic acid and hydroxyl nitro-
benzoic acid have also been observed in both urban organic aero-
sols and laboratory SOA from PAH-NOx photooxidation (Kautzman
et al., 2010). Further, methylnaphthalenes emitted from primary
sources can react with OH radicals and NOx to produce methylni-
tronaphthalenes and dicarbonyl derivates, which have been re-
ported as carcinogens and associated with mutagenicity and toxic
effects in metabolism reactions (Grosovsky et al., 1999; Lin et al.,
2009).

SOA yields from PAHs oxidation has been reported by previous
studies (Chan et al., 2009; Kautzman et al., 2010; Kleindienst et al.,
2012). Chan et al. reported SOA yields for high-NOx conditions be-
tween 0.19 and 0.3 for naphthalene, 0.19 and 0.39 for 1-
methylnaphthalene, and 0.26 and 0.45 for 2-methlynaphthalene.
Under low-NOX conditions, SOA yields were observed to be 0.73,
0.68, and 0.58 for naphthalene, 1-methylnaphthalene, 2-
methylnaphthalene, respectively (Chan et al., 2009). However,
lower PAH SOA yields ranging from 0.02 to 0.22 were observed by
Shakya and Griffin (2010) for aerosol mass concentrations less than
10 mg m�3 Kleindienst et al. (2012) recently reported that naph-
thalene SOA yields ranging 0.11e0.27 under higher NOx conditions,
which is much lower than reported by Kautzman et al. (2010).
Further, particle-phase phthalic acid has been reported as a major
naphthalene photooxidation product for both NOx conditions, and
has been suggested as a potential tracer of ambient naphthalene
SOA (Kautzman et al., 2010) due to large observable quantities (e.g.,
~14 ng m�3 in Birmingham, Al).

The key question in this study is that what the main factors are
driving PAH precursor to form SOA. Previous studies from PAH
precursor still lack comprehensive understanding characteristics of
PAH SOA formation. Overall, this study aims to (i) investigate the
roles of NOx levels and OH radicals on SOA formation from 2 ring-
PAH photooxidation; (ii) characterize chemical and physical
properties (e.g., volatility, density of particles and chemical
composition characteristics) of SOA formation derived from PAHs.

2. Experimental methodology

2.1. Experimental setup

All experiments were performed in the UCR/CE-CERT environ-
mental chamber described in detail elsewhere (Carter et al., 2005).
The facility includes a 6 m � 6 m � 12 m thermally insulated
enclosure continuously flushed with purified air (Aadco 737 series
(Cleves, Ohio) air purification system). Inside the enclosure, there
are two 90 m3 2 mil (54 mm) FEP Teflon®

film reactors along with
four banks of 115 W 4-ft Sylvania 350BL blacklights, NO2 photolysis
rate (also called k1) is 0.408 min�1. The blacklight emission spec-
trum of the irradiation system is particularly between 300 nm and
420 nm with peak wavelength of 350 nm, the region where H2O2
has an adequate photolysis rate (Carter et al., 1995). The elevation of
the top frames of the reactors are controlled by elevators that
slowly move down during the experiments to maintain a positive
differential pressure of >0.01 in H2O thereby reducing likelihood of
dilution due to sampling, leaks, and permeation. Prior to inject solid
naphthalene (>99%, Sigma Aldrich) and 2-methylnaphthalene
(>97%, solid, Sigma-Aldrich) into the oven, naphthalene and 2-
methylnaphthalene were prepared by heating up known amount
weight and then adhered to glass-wool. Known amount of naph-
thalene, 1-methylnaphthalene (>95%, liquid, Sigma-Aldrich), 2-
methylnaphthalene, and 50% wt hydrogen peroxide (H2O2) solu-
tionwere injected into a glass manifold tube in a 55 �C ~ 60 �C oven,
and subsequently flushed into the chamber with purified air for
15 min at 10 L min�1 for H2O2 and 30 min for PAH, respectively. NO
was prepared by filling a calibrated glass bulb with a known pres-
sure of pure NO and then subsequently flushed into the chamber
with pure N2. Nitrous acid (HONO) was injected as the OH pre-
cursor for high NOx (NO > 350 ppb initially) condition experiments.
HONO was prepared by adding 10 ml of 1w% NaNO2 dropwise into
20 ml of 10w% H2SO4 aqueous solution (Kautzman et al., 2010). A
dry air stream was then passed through the bulb, sending HONO
into the chamber. When the NO2 reached about 100 ppb, the in-
jection of HONO was stopped and then the additional NO was
added to reach target concentration. H2O2 concentration was
calculated based on injection volume, %wt of H2O2, and chamber
volume without accounting for injection and chamber losses.
Ammonium sulfate seed aerosol was generated as needed by at-
omization of a ~0.005 M aqueous ammonium sulfate solution.

2.2. Instrumentation

Gas phase: Perfluorohexane (n-C6F14) was used as an inert
chemical tracer. The perfluorohexane and PAH concentrations were
monitored using Agilent 6890 (Palo Alto, CA) gas chromatography
(GC) equipped with flame ionization detectors (FID) (equipped
with: 30 m � 0.53 mm GS-Alumina column as front detector used
for the analysis of light hydrocarbons and perfluorohexane and
30m� 0.53mmDB-5 column as back detector used for the analysis
of aromatics). The GC column was temperature programmed
from�50� (hold 2.0min) to 40 �C at a rate of 50 �C perminute (hold
1.0 min) then up to 200 �C at a rate of 30 �C per minute with a
13 min hold at the upper limit. A second Agilent 6890 GC equipped
with a thermal desorption system (CDS analytical, ACEM9305,
Sorbent Tube MX062171 packed with Tenax-TA/Carbopack/
Carbosieve S111) was used for the analysis of low-volatility com-
pounds. The tubes were thermally desorbed at 290 �C. The column
used was a 30 m Restek® Rtx-35 Amine (0.53 mm ID, 1.00 mm). NO
and NOy-NO were measured by a TECO NOx analyzer while O3 was
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measured by a Dasibi Environmental Corp. Model 1003-AH O3
analyzer. It is noted that NO2 was indirectly measured by the dif-
ference of NOy and NO. The interferences of HONO, nitric acid
(HNO3), organic nitrates (RONO2) and peroxyacetyl nitrates (PANs)
in NOy species measurement were not excluded.

Particle phase: Particle size distributions between 27 and
686 nm and number concentrations were measured with an
Scanning Mobility Particle Sizer (SMPS) built in-house described by
Cocker et al., 2001. Aerosol particle density was measured with an
Aerosol Particle Mass analyzer (APM, Kanomax model 3600) and a
SMPS in series. A detailed description of the APM-SMPS system and
data algorithms are described elsewhere (Malloy et al., 2009; Nakao
et al., 2011). Particle volatility was measured with a volatility tan-
dem differential mobility analyzer (VTDMA) (Nakao et al., 2012;
2011; Qi et al., 2010a, b; Rader and McMurry, 1986), in which
monodisperse particles ofmobility diameter Dmi are selected by the
first differential mobility analyzer (DMA) followed by transport
through a Dekati thermodenuder (TD, residence time: ~16 s, at
100 �C or at 150 �C). Then, the particle size after the thermo-
dernuder (Dmf) is measured by fitting a log-normal size distribution
curve acquired by the second DMA. Volume remaining fraction
(VRF) is calculated by VRF ¼ (Dmf/Dmi)3 where Dmf is the particle
mobility diameter after the TD and Dmi is the initial particle size
selected. The electrostatic FHNW (Fachhochschule Nordwestsch-
weiz) Transmission Electron Microscopy (TEM) sampler was used
to collect particles during select experiments. The particulates were
subsequently analyzed by TEM (FEI-PHILIPS CM300) at the UCR
Central Facility for Advanced Microscopy and Microanalysis
(CFAMM).

Particle chemical composition was analyzed with a high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS) operating in “W-mode” (Aiken et al., 2008; 2007; DeCarlo
et al., 2006). Details of the HR-ToF-AMS and software analysis are
described in DeCarlo et al., 2006. The HR-ToF-AMS data was
analyzed by HR-ToF-AMS analysis toolkit 1.51H and PIKA module
for SQUIRREL version 1.10H.

3. Results and discussion

3.1. SOA yields from naphthalene, 1-methylnaphthalene and 2-
methylnaphthalene

SOA formation from naphthalene, 1-methylnaphthalene and 2-
methylnaphthalene was measured for different gas-phase reac-
tivity conditions in the UCR CE-CERT environmental chamber. SOA
yields (Y) for individual ROGs were determined as the total aerosol
formed divided by mass of PAH consumed. Yield was then plotted
versus final organic aerosol mass and fit to the following equation
(Odum et al., 1996):

Y ¼ M0

X
i

 
ai Kom;i

1þ Kom;iM0

!
(1)

To obtain the best fit two product (i ¼ 2) model where ai and
Kom,i are the mass-based stoichiometric coefficient and absorption
equilibrium partitioning coefficient of product i, respectively.

An instantaneous aerosol yield (IAY) (Jiang, 2003) was used to
compare with reported SOA yield. The IAY can be defined as the
aerosol yield at a specific M0, which is the slope of a tangent line at
the point (DROG, M0) on an experimental M0 versus DROG curve
(Jiang, 2003). In this study, the IAY for each point is at the irradia-
tion time corresponding to the measured ROG data point.

IAY ¼ d M0

dDROG
(2)
All experiments were irradiated (NO2 photolysis
rate(k1) ¼ 0.408 min�1) under dry conditions (RH< 0.1%). Table 1
lists the experimental conditions and SOA yields for photooxida-
tion experiments conducted for each of the three PAH precursors.
The initial PAH concentration in these experiments ranged from
15 ppb to 68 ppb while initial NOx was >350 ppb for high NOx
experiments and <100 ppb for low NOx conditions, and≪1 ppb for
H2O2 experiments.

3.1.1. High NOx condition
SOA yield ranged from 0.03 to 0.60 (naphthalene), 0.21e1.52 (1-

methylnaphthalene), and 0.34e0.55 (2-methylnaphthalene) under
high NOx (initial PAHs/NO ¼ 0.03e0.17) conditions (Table 1). HONO
was injected into high NOx experiments to serve as an OH radical
source to help increase the reactivity of the experiment. However,
the HONO production method also produced additional NO and
NO2 which were injected into the chamber. Since NO2 concentra-
tion was not directly measured by a chemiluminescence NOx
analyzer, possible interference from HONO would lead to higher
NO2. The OH radical produced fromHONO and NO2/NO ratio affects
aerosol formation from a given PAH precursor (Fig. S1). The lowest
SOA yield was observed in the 1732A naphthalene-high NOx
experiment (little HONO injection), an indication of lower OH
radicals and NO, and higher NO of 624 ppb, leading to less aerosol
formation.

To further investigate the effect of NO2/NO ratios on PAH SOA
formation under high NOx conditions, the relationship between
IAYs and NO2/NO ratios are shown in Fig. S2. If the initial NO2/NO
ratios �0.54, the IAYs increase as NO2/NO ratios increase. If the
initial NO2/NO ratios �0.60, the NO2/NO ratios vary as the IAYs
increase. As the NO2/NO ratios increase to a threshold, subse-
quently they decrease as instantaneous yields increase (e.g., 1623A,
1628A, 1590A), indicating the reaction of NO þ RO2 completely
forms RO þ NO2 during the course of experiments. In the presence
of NOx, the effect arises from the chain termination in the RO2 and
NOx cycles via organic nitrates (RONO2) production: RO2 þNO /

RONO2. RO2 radicals may also react with NO2 to form peroxynitates
(ROONO2): RO2 þNO2 /ROONO2. The other possible chain primary
termination reaction in PAH oxidation reaction could occur at nitric
acid (HNO3) production in high NOx region: OH þ NO2 / HNO3.

The OH radical initiates reactions of alkylnaphthalene/naph-
thalene mainly by addition to the ring to form an OH-
alkylnaphthalene or OH-naphthalene adduct which subsequently
reacts with NO2 or O2 (Atkinson and Arey, 2007). 1-
Methylnaphthalene and 2-methylnaphthalene can also undergo
additional reactions with OH, namely H-atom abstraction from the
methyl group. In this study, SOA yield under high-NOx conditions is
non-linearly related to the HONO, NO, and NO2 concentrations
(Fig. S1 and Fig. S2), implying that aerosol formation is expected
through NO2 reaction with OH-naphthalene or OH-
alkylnaphthalene adducts leading to nitro-containing and other
low volatility products. Previous studies have identified ring-
opened products from OH-initiated naphthalene or alkylnaph-
thalene reactions including 2-formylcinnamaldehyde (30e60%),
phthaldialdehyde and phthalic anhydride (Atkinson and Arey,
2007; Nishino et al., 2012; 2009). These products can continue to
oxidize and form secondary-generation products that could further
to partition into the condensed phase.

3.1.2. Low NOx condition
In the low NOx (initial PAH/NO ¼ 0.54e2.20) experiments, SOA

yield is 0.04e0.31, 0.14e0.72, and 0.06e0.49 for naphthalene, 1-
methylnaphthalene, and 2-methylnaphthalene, respectively. The
photooxidation routes to form SOA are expected to be dominated
by RO2þHO2 and RO2þNO reaction pathways (Kroll and Seinfeld,



Table 1
Initial experimental conditions and SOA yields for all experiments.

High-NOx (with HONO) HC0 DHC NOa NO2
a NOb NO2

b DM0 SOA yieldc Density

Run ID Compound ppb mg/m3 ppb ppb ppb ppb mg/m3 g/cm3

1586A naphthalene 45.3 168 73 94 510 188 94.8 0.60 1.48d

1588A naphthalene 29.1 126 N.D. 104 610 166 59.4 0.47 1.48d

1590A naphthalene 25.9 116 20 142 420 338 47.1 0.41 1.47
1732A naphthalene 29.6 105 25 38 624 152 3.0 0.03 1.51
1737A naphthalene 22.6 80 50 88 576 207 20.3 0.25 1.40
1623A 1-methylnaphthalene 67.7 362 44 177 396 440 375.2 1.04 0.92 (1.47 / 0.71)
1628A 1-methylnaphthalene 40.0 203 26 103 397 372 173.7 0.78 1.07 (1.49 / 0.83)
1652A 1-methylnaphthalene 14.2 52 68 50 476 284 10.4 0.21 1.25e

1659A 1-methylnaphthalene 26.8 111 63 81 445 341 74.1 0.65 1.25 (1.54 / 1.06)
1770A 1-methylnaphthalene 47.0 253 294 202 400 216 383.2 1.52 1.23 (1.48 / 1.12)
1632A 2-methylnaphthalene 30.6 148 28 77 380 321 51.1 0.35 1.32
1635A 2-methylnaphthalene 41.2 211 47 83 403 348 89.7 0.43 1.26
1768A 2-methylnaphthalene 47.7 182 145 104 530 168 61.1 0.34 1.35
1775A 2-methylnaphthalene 43.7 163 148 117 515 145 89.1 0.55 1.32
Low NOx condition HC0 DHC NOa ASg seed (mm3/cm3) DM0 Y Density
1592A naphthalene 28.0 135 22 5.7 0.04 1.48
1660A naphthalene þ AS 17.1 86 14 17.3 15.5 0.18 1.58
1661A naphthalene 14.7 76 13 21.1 0.28 1.47
1668A naphthalene þ AS 15.9 77 21 41.9 9.7 0.13 1.61
1718A naphthalene 27.1 140 19 30.8 0.22 1.48
1828A naphthalene 34.7 173 10 50.1 0.29 1.48d

1992A naphthalene þ AS 27.0 125 18 15.4 34.5 0.28 1.58
1992B naphthalene 28.7 142 18 27.1 0.19 1.48
2040A naphthalene þ AS 14.6 69 10 3.4 22.7 0.33 1.48
2040B naphthalene 16.9 84 11 26.2 0.31 1.48 d

1616A 1-methylnaphthalene 34.8 114 63 18.7 0.14 1.41
1616B 1-methylnaphthalene 35.0 185 29 34.8 0.19 1.4f

1742A 1-methylnaphthalene 45.3 218 71 44.1 0.20 1.44
1664A 1-methylnaphthalene 25.9 148 13 107.0 0.72 1.40
1666A 2-methylnaphthalene 20.0 115 12 56.3 0.49 1.37
1744A 2-methylnaphthalene 26.4 152 49 8.5 0.06 1.40
1745A 2-methylnaphthalene 29.1 157 13 43.4 0.28 1.33
H2O2/H2O2 þ low NOx conditions NOa H2O2 (ppm) DM0 Y Density
1584A naphthalene 24.6 114 e 2 68.5 0.62 1.48d

1585A naphthalene 48.0 313 e 2 201.0 0.96 1.48d

1754A naphthalene 20.8 100 e 1 87.4 0.58 1.48d

1776A naphthalene 46.5 207 e 1 190.3 0.95 1.49
1596A 1-methylnaphthalene 35.6 201 e 1 234.5 1.19 1.4f

1598A 1-methylnaphthalene 24.8 139 e 1 164.9 1.19 1.4f

1600A 1-methylnaphthalene 50.7 274 e 1 483.2 1.81 1.37
1608A 2-methylnaphthalene 28.6 162 e 1 128.7 0.81 1.39
1772A 2-methylnaphthalene 40.9 232 e 1 202.8 0.87 1.37
1613A naphthalene 34.8 181 59 1 208.3 1.15 1.43
1650A 1-methylnaphthalene 36.6 209 38 1 403.4 1.93 1.26 (1.49 / 1.05)
1643A 2-methylnaphthalene 34.0 195 55 1 246.5 1.26 1.30

a: initial NO and NO2 concentration when injecting HONO; b: initial NO and NO2 concentration after injecting additional NO andmixing reactors before turning blacklights on;
c: SOA yield is calculated at the end of each experiment. Each experiment irradiates for 6e8 h d: assume average density of naphthalene SOA is 1.48 g/cm3.e: assume average
density of 1-methylnaphthalene high NOx SOA is 1.25 g/cm3; f: assume density of 1-methylnaphthalene H2O2þ low NOx SOA is 1.4 g/cm3; g: AS: ammonium sulfate.
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2008). The SOA yield from the PAH precursors under low-NOx
conditions (NO < 100 ppb and initial PAH/NO ratio ¼ 0.54e2.20) is
mostly lower than that observed for high NOx (NO > 400 ppb and
initial PAH/NO ratio ¼ 0.03e0.17) (3.1.1; see also Fig. S1 and Fig. S3)
in this study. Fig. S3 shows that the initial PAH/NO ratio signifi-
cantly influences the SOA growth, which was observed as the initial
PAH/NO ratio increases the aerosol formation increases. For
instance, the initial naphthalene/NO ratio is 3.41 for 1828A and 1.26
for 1592A, the aerosol mass produced for 1828A is much higher
than 1592A as shown in Fig. S3 (a). The SOAyield increased as initial
NO level (<100 ppb) decreased which can be attributable to
increasing RO2 and HO2 radical concentrations leading to reactions
forming products with lower volatilities, similar to observed NOx

effects on SOA formation from aromatic hydrocarbon (Li et al.,
2015). Organic aerosol does not grow in the early hours of the
experiment (e.g., run 1661A) with only slight aerosol formation
observed after 3e5 h, suggesting NOx might slowly react with in-
termediate radicals forming organic nitrate products.
3.1.3. Effect of seed aerosol
Ammonium sulfate seed aerosol was introduced to four naph-

thalene low NOx condition photooxidation experiments with par-
ticulate mass of organic aerosol determined by:

PM mass ¼ PMðNH4Þ2SO4
massþ PMOrg massþ PMNO3

mass

(3)

PMOrgþNO3
massðtÞ ¼ ðPM volume corrected � r ðtÞÞ �

�
1

� fðNH4Þ2SO4
ðtÞ
�

(4)

where f ðNH4Þ2SO4
is the fraction of particulate matter that is

ammonium sulfate acquired by HR-ToF-AMS and obtained from eq
(3). Aerosol density as a function of time (r ðtÞ) was directly ob-
tained by the APM-SMPS. Thus, total organic and nitrate aerosol



Fig. 1. Two-product model curve for SOA yield from naphthalene, 1-
methylnaphthalene and 2-methylnaphthalene photooxidation. Curve is fit with the
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mass formed (PMOrgþNO3
mass ðtÞ) can be calculated by equation

(4). Nitrates also describe the functional group organic nitrates
(RONO2). The aerosol formation in the four seeded experiments
agrees well with the non-seeded experiments indicating little loss
of semi-volatiles to the chamber walls in contrast to Kautzman
et al., 2010. This may be due to the large volume of the environ-
mental chamber and the absorption of semi-volatiles to organic
matters adsorbed on the inner surface of chamber (Loza et al.,
2010). The inner surface of this chamber would be cleaner than
that of the chamber used by Kautzman et al., 2010.

3.1.4. H2O2/H2O2þlow NOx condition
SOA yields in the presence of H2O2 increase greatly for naph-

thalene, 1-methylnaphthalene and 2-methylnaphthalene, with
some mass-yields exceeding 1.0. High SOA yields occurred in H2O2
(only) irradiation condition (1e2 ppm) due to high OH radical
concentrations produced by the blacklights (NO2 photolysis rate is
0.408min�1). SOAyield from 1-methylnaphthalene photooxidation
is the highest followed by naphthalene and 2-methylnaphthalene.
Even higher yields are observed for the low NOx þ H2O2 conditions
due to even higher OH radical concentrations with SOA which are
highest for 1-methylnaphthalene (1.93), followed by 2-
methylnaphthalene (1.26), and naphthalene (1.15). The yields ob-
tained from the H2O2 experiments suggest the RO2þHO2 chemistry
produces a substantial amount of low-volatility hydroperoxides
and acids. NO quickly drops to sub-ppb levels during the first hour
of irradiation (e.g., run: 1613A), allowing RO2 and HO2 to rapidly
build and SOA formation to commence (this is compared with ~5 h
for low NOx experiments when NO depletes and SOA formation
accelerates). Additionally, Fig. S1(d) shows a linear relationship
between instantaneous aerosol yield (IAY) and M0 concentration.
The PAHs were consumed (>99%) after 3 h irradiation under low
NOx þ H2O2 conditions (Fig. S3 (d)) due to the high OH radical level
concentrations. The SOA growth curve (DM0 vs. hydrocarbon
reacted DHC) indicates that SOA continued to grow after hydro-
carbon reacted completely (Fig. S3 (d) 1613A) suggesting parti-
tioning of some multigenerational oxidation products.

3.1.5. Overall comparison
SOAyields aremuch higher in this work than the studies of Chan

et al. (2009), Kleindienst et al. (2012), and Shakya and Griffin (2010)
Table 2
Comparison of SOA yield from PAHs photooxidation.

PAHs Condition SOA yield (Chan et al., 2009)a SOA yield (Klein

naphthalene high NOx 0.19e0.30 0.28c

naphthalene low NOx þ H2O2 0.73 e

naphthalene low NOx e e

naphthalene H2O2 e 0.18e0.36
1- methylnaphthalene high NOx

0.03e0.22 0.21e1.52
1- methylnaphthalene low NOx þ H2O
e 1.93
1- methylnaphthalene H2O2

e 1.19e1.81
1- methylnaphthalene low NOx

e 0.14e0.72
2- methylnaphthalene high NOx

0.04e0.13 0.34e0.55
2- methylnaphthalene low NOx þ H2O
e 1.26
2- methylnaphthalene H2O2

e 0.81e0.87
2- methylnaphthalene low NOx

e 0.06e0.49

a: aerosol mass loadings (DM0): 10e40 mg/m3; b: aerosol mass loadings (DM0): 39e130 mg
(DM0): 4e18 mg/m3.
as shown in Table 2. The differences between this study and other
studies are attributed to differing chamber conditions such as light
intensity, chamber size and wall-effects, NOx levels, hydroxyl
radical concentrations, and organic mass loading. The organic mass
loading ranges from 3 to 483 mg m�3 in this study, whereas at
organic mass loading <50 mg m�3, the SOA yields are comparable to
previous studies. Fig. S1 shows that the instantaneous aerosol yield
(IAY) trends as: H2O2 þ low NOx > H2O2 without NOx > high NOx
(with HONO) > low NOx conditions. The IAY increases with OH
radical increasing as well as with increasing reaction rate with OH
(kOH). The system reactivity influenced by H2O2, NOx levels, initial
PAH/NO ratios, NO2/NO ratios, and all impacted the SOA formation
from the PAH precursors. Applying the two-product model (eq (1))
to all naphthalene, 1-methylnaphthalene and 2-
methylnaphthalene photooxidation experiments (Fig. 1) shows
one SOA yield fit curve for the three precursors at higher organic
dienst et al., 2012)b SOA yield (Shakya and Griffin, 2010)d SOA yield (this study)

0.08e0.16 0.03e0.60
e 1.15
e 0.04e0.33
e 0.58e0.96
0.19e0.39 0.20

2 0.68 0.41

e e

e e

0.26e0.45 0.15

2 0.58 0.64

e e

e e

/m3; c: 0.14 ppm CH3ONO, 300 ppb NO for DM0 100 mg/cm3; d: aerosol mass loadings

values 0.9880, 0.0014, 2.2153, and 0.0030 for a1, Kom,1, a2, and Kom,2, respectively.
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mass loading range, which indicates the high potential SOA yields
among these PAHs. Since the chemical properties such as solid/
liquid phase, vapor pressure, and chemical reaction mechanism
differ for these three compounds, it was observed that 1-
methylnaphthalene presents the highest PAHs precursor that
forms the highest SOA yield under similar condition. Overall, the
potential PAH SOA precursor yields an order of 1-
methylnaphthalene > 2-methylnaphthalene z naphthalene.

3.2. Density of SOA evolution

The SOA density measured by the APM-SMPS is displayed as a
function of time (Fig. 2). The initial SOA densities were ~1.58 g cm�3

for all experiments, decreasing to ~1.3e1.4 g cm�3 and remaining
constant during the remainder of the experiment under most
conditions, in agreement with a previous aromatic SOA study
(Nakao et al., 2013). However, the SOA density decreased continu-
ously for 1-methylnaphthalene photooxidation and 2-
merthylnaphthalene under high NOx conditions (Run ID: 1659A,
1628A, 1623A, 1632A, and 1635A). For these experiments, densities
were observed to drop lower than 1 g cm�3, suggesting that the
particles are fractal-like (e.g., run 1623A density dropped to
0.7 g cm�3). A power function relationship between effective
density and size (equation (5)) is used as (Nakao et al., 2011; Park
et al., 2003):

reff ¼ CdDf�3
m (5)

where reff is the effective density of particles, C is a constant, dm is
themobility diameter of particles, andDf is the fractal dimension.Df

is 1 for fractal pattern describing straight chain, Df is 2 for
describing surface sheet, and Df is 3 for describing spherical parti-
cle. For example, the fractal dimension (Df) in experiment 1623A
ranges from 3 to 2.31 over the course of experiment (Figure S4(a)).
For these experiments, particle number concentrations of ~105

particles cm�3 are observed (Figure S4(b)) yielding a time constant
for coagulation in the order of a few hours (Seinfeld and Pandis,
2006). If the SOA is solid, then it is possible that coagulating par-
ticles could form such fractal particles for these conditions and
timescales with decreasing particle density. Particle density
decreased as their mobility diameter increased from 40 nm to
Fig. 2. Time series of the densities of SOA from naphthalene, 1-methylnaphthalene and
2-methlnaphthalene photooxidation under different conditions.
235 nm (Figure S4(a)). Further evidence of fractal 1-
methylnaphthalene SOA was observed by injecting m-xylene into
the chamber at the end of an experiment. The 1-
methylnaphthalene SOA density rapidly increased from
1.15 g cm�3 to 1.51 g cm�3 as liquid m-xylene SOA coated the 1-
methylnaphthalene SOA filling the fractal voids (Fig. S5). Finally, a
TEM samplewas collected during the 1st hour of particle formation,
at 5e6 h, and at 6e7 h irradiation time. Fig. 2 shows the TEM im-
ages collected of SOA formed from 1-methylnaphthalene under
high NOx photooxidation, confirming the formation of fractal SOA
particles coagulated after 5e6 h of photooxidation.

Traditional gas-particle partitioning model usually assume that
SOA particles are liquid (Hallquist et al., 2009), but this study pre-
sents SOA from 1-methylnaphthalene in environmental chamber
can be solid particles with high viscosity under high NOx condition.
This amorphous solid state may influence the partitioning of semi-
volatile compounds and inhibit the rate of heterogeneous chemical
reactions (Virtanen et al., 2010). Thus, this study challenges tradi-
tional views of physical particles phase of SOA formation and
demonstrates the importance of measuring density for individual
experiments to determine mass based aerosol yield.

3.3. SOA volatility evolution

The volatility trends of strongly decreasing volatility as the
experiment progressed were similar for naphthalene, 1-
methylnaphthalene and 2-methylnaphthlene photooxidations un-
der high NOx, H2O2 and low NOx þ H2O2 conditions. For example,
VRF increased from <25% to >85% (Fig. 3(a)) for naphthalene, 1-
methylnaphthalene, and 2-methylnaphthalene photooxidation for
high-NOx conditions, even for experiments when the fractal
agglomerate formed. This indicates that the vast majority of SOA
formed have low volatility even at 100 �C. Additional VTDMA ex-
periments with the thermal denuder temperature set to 150 �C
were performed to further explain the volatility of SOA from
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene
(Fig. 3(b)), while more SOA evaporated at higher temperature, the
SOA at the end of the experiment still has a very low volatility
(VRF > 60%). The volatility of the SOA was far lower than that
measured for monoaromatic compound, such as VRF increased
from 18% to 47% for m-xylene photooxidation (Qi et al., 2010a).
These results explained that the low volatility of 2-ring PAH
photooxidation products undergo condensation, whereas com-
pounds partition from the gas phase 2-ring PAH into the
condensed-phase, that produced extremely low volatility oxidation
products (e.g., ring-opening acids, nitronaphthalenes, nitro-
methylnaphthalenes) with different surface and bulk properties
that condensed-phase reaction can drive the equilibrium towards
particle phase and enhance SOA formation.

3.4. Chemical composition characteristics of SOA formation

The HR-ToF-AMSmeasures the ion fragments from impaction of
particles after vaporization on a heated surface (~600 �C) and
electron ionization (70 eV) (DeCarlo et al., 2006). Traces of specific
mass-to-charge ratios (m/z) are often used to characterize SOA
evolution. Numerous studies have used m/z 44 (mostly CO2

þ,
43.989) associated with carboxylic acids and m/z 43
(C2H3Oþ(43.018) or C3H7

þ(43.054)) associated with oxygenated
non-acids (such as aldehydes and ketones) as important indicators
of chemical composition and aging of chamber SOA and ambient
SOA (e.g., Ng et al., 2010; 2011). The m/z 44 is the key signature of
the oxygenated organic compounds formed from PAH SOA forma-
tion and the most abundant fragment observed in this study.
Typicalm/z distributions of naphthalene,1-methylnaphthalene and



Fig. 3. Volume remaining fraction (VRF) evolution of SOA during the courses of experiments under (a) high NOx, H2O2, low NOx and H2O2 conditions at thermodenuder temperature
of 100 �C, (b) high NOx conditions at 150 �C, (c) low NOx conditions at 150 �C.
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2-methylnaphthalene SOA averaged over the course of the reaction
for high-NOx conditions are shown in Fig. 4. The high m/z 44 signal
was paired with a high m/z 18 (H2Oþ) peak implying thermal
decomposition of the carboxylic acid group at the vaporizer (Alfarra
et al., 2004). Additional major fragment ions detected includedm/z
43 (C2H3Oþ, 43.018), m/z 50 (C4H2

þ, 50.156), m/z 51(C4H3
þ, 51.023),

the typical aromatics series C6H5CnH2n
þ (m/z 77 (C6H5

þ, 77.039),
91(C7H7

þ, 91.054), 105 (C8H9
þ,105.070)) (McLafferty and Turecek.,

1993), m/z 76 (C6H4
þ,76.031), m/z 115 (C9H7

þ,115.054), m/z 104
(C8H8

þ (104.062) and C7H4Oþ(104.026)), and m/z 105
(C7H5Oþ(105.033) and C8H9

þ(105.070) isomer). Interestingly, nitro-
organic compounds fragment ions were also observed at m/z 131
(C9H7Oþ(131.049) and C4H5NO4

þ(131.021)), m/z 133 (C4H7NO4
þ

(133.037)) andm/z 145 (C10H9Oþ(145.065) and C5H7NO4
þ(145.037)),

corresponding to the N-containing compounds like 2-nitrophenol
and 4-nitro-1-naphthol observed during OH-initiated naphtha-
lene/high NOx photooxidation in Kautzman et al. (2010) study. The
chemical structures of these fragments were proposed and sum-
marized in Table S1.

Three possible PAH photooxidation products are proposed in
this study based on am/z comparison to the NIST library WebBook-
trans-cinnamic acid, phthalic acid, and benzoic acid (Fig. S6). Them/
z 147 (C9H7O2

þ(147.044)) is the expected major ion fragment of
trans-cinnamic acid (C9H8O2, MW 148) with additional fragments
of m/z 148, m/z 103, m/z 77, m/z 51, all present in reasonable ratios
in the PAH SOA m/z spectrum. C7 (benzoic acid, etc) and C9 com-
pounds (trans-cinnamic acid) are secondary products formed
through the O2 addition to 2-formylcinnamaldyhyde to form RO2
radical that subsequently reacts with NO to form RO radical. It was
proposed that loss of CO2 followed by a hydride shift and oxidation
by O2 and HO2 would be a possible mechanism to form an acid
(Kautzman et al., 2010; Fig. S7, Scheme 1and 2). Additionally,
phthalic acid (C8H6O4, M.W. 166) is suggested by the major mass
spectrum peak atm/z 104 (C7H4Oþ) along with additional atm/z 76,
m/z 18, m/z 50, and m/z 148 (Figs. S6 and S8). The m/z 104 mass
spectra intensity from each high-NOx PAH experiment shows that
the fraction 104 (f104) is 1.82%, 1.14% and 1.28% for naphthalene, 1-
methylnaphthalene, and 2-methylnaphthalene, respectively
(Fig. S9). The mechanisms from the OH oxidation of phthaldialde-
hyde and further oxidized to form phthalic anhydride and phthalic
acid were previously proposed (Fig. S7, Scheme 2). Phthalic acid has
been identified as major PAH SOA product in previous OH radical-
initiated naphthalene reactions (Kautzman et al., 2010; Wang
et al., 2007). It is therefore suggested that the m/z 104 can be
used as a potential indicator of phthalic acid in HR-ToF-AMS mass
spectra distribution from PAH photooxidation. However, because
phthalic acid, phthalic anhydride, or phthalic ester can be formed
from variety of sources, the m/z 104 use as a marker remains
questionable in the ambient measurement.

The triangle plot (f44 vs. f43) of SOA formation from naphthalene,
1-methylnaphthalene and 2-methylanpthalene photooxidation for
different conditions is shown in Fig. S10. The naphthalene SOA lies
on the top section of the triangle area, 1-methylnaphthalene SOA
sits on the left edge and 2-methylnaphthalene SOA locates on the
right edge of the triangle which is known as ambient OOA (Ng et al.,
2010). It is suggested that PAHs SOA is highly oxidized since
f43 < 0.05 and the H:C is ~1. Interestingly, f43 of 2-
methylnaphthalene SOA was much higher than 1-methylnaph-
thalene and naphthalene, suggesting more aldehydes or ketones
(CH2CHOþ or CH3COþ) as well as saturated hydrocarbons (C3H7

þ)
(Alfarra et al., 2004) products are formed from 2-
methylnaphthalene than the other PAHs. It suggests that the
methyl group on 2-ring PAH impacts OH-initiated oxidation of
forming first-generation C11 dicarbonyl fragment products
(Fig. S11, Scheme 3). As determined by Wang et al. (2007), 48% of
the OH addition occurs at the C2 position for 1-methylnaphthalene,
and 53% of the OH addition occurs at C1 position for 2-
methylnaphthalene, both following the breakage of the C1 and C2
bond. Further oxidation of first-generation dicarbonyl fragment
product from oxidation of 2-methylnaphthalene was proposed as
Fig. S11, Scheme 4, suggesting more aldehyde group compounds
formed with high m/z 43 fragment.

Under high NOx conditions, the SOA f44 continuously increased
from 0.17 to 0.32 during naphthalene photooxidation, which is a
much larger increase than observed for 1-methylnaphthalene and
2-methylnaphthalene. The same f44 aging trend occurs for the three
PAHs precursors under high NOx, H2O2, and low NOx þ H2O2 con-
ditions experiments, indicating that the formation of highly
oxidized SOA. Chhabra et al. (2010) also reported that higher
organic acid concentrations under low-NOx conditions (H2O2 only)
from naphthalene oxidation also consistent with the AMS data that
characterizes higher f44 values and O/C ratios than those of high-



Fig. 4. HR-ToF-AMS mass spectra distribution of three representative high-NOx SOA experiments. (a) naphthalene high-NOx; (b) 1-methylnaphthalene high-NOx; (c) 2-
methylnaphthalene high-NOx. (see also Figs. S13eS15).
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NOx data, likely due to higher OH exposures.
SOA characteristics including oxygen-to-carbon ratio (O/C),

hydrogen-to-carbon ratio (H/C), and VRF are summarized in
Table S2. The average O/C ratios of naphthalene and methylnaph-
thalene SOA increased from 0.33 to 0.63 during the course of the
experiment. The H/C ratios for PAH SOA is around 0.9e1.0, which is
consistent with Chhabra et al. (2010) study. The average mean
oxidation state of carbon (OScÞ, calculated as OScz2 O=C � H=C
(Kroll et al., 2011), increases from �0.5 to 0.5 over the course of
experiment. Fig. S12 shows the Van Krevelen diagram from PAHs
photooxidation for each of the PAH precursors. The increasing OSc
is consistent with SOA aging during the course of experiment. The
naphthalene and methylnaphthalenes SOA was suggested to be
between low volatility oxygenated OA (LV-OOA) and SV-OOA
compared to ambient OOA in the triangle plot and Van Krevelen
diagram as Ng et al. The O/C ratios increasedwith irradiation time is
consistent with f44 formation, which further demonstrated that
oxidized organic aerosol aging property during PAHs
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photooxidation under both NOx conditions and absence of NOx
conditions. It also confirms that the aromaticity of 2-ring PAH al-
lows for multiple oxidation steps through ring opening and bicyclic
peroxy radical routes to form more carboxylic acids and
hydroperoxides.

4. Conclusions

The characteristics of naphthalene, 1-methylnaphthalene and 2-
methylnaphthalene SOA under high NOx, low NOx and the absence
of NOx conditions are reported. SOA yields from naphthalene and
methylnaphthalene are high with increasing yields of 1-
methylnaphthalene > naphthalene~ 2-methylnaphthalene,
differing from the results of earlier studies due to the differences in
chamber experimental conditions. The system reactivity influenced
by OH radicals, NOx levels, initial PAH/NO ratios, NO2/NO ratios, and
all impacted the SOA formation from the PAH precursors. It is noted
that 1-methylnaphthalene is the highest PAHs precursor that leads
to higher SOA potential formation. The CARB emission inventory for
toxic shows that naphthalene is the most abundant precursor
(910.7 tons/year) among PAHs followed by 2-methylnaphthalene
accounting for 81.1 tons/year. Given their high SOA yields, near
1.0, these PAHs can significantly contribute to the aerosol inventory
through secondary atmospheric reactions.

Further, it was determined that the phase state of 1-
methylnaphthalene and 2-methylnaphthalene/high NOx SOA is
solid allowing it to form fractal-like SOA when particle number is
high enough to promote coagulation. Formation of fractal SOA
particles requires careful evaluation of SOA density to accurately
represent SOA mass yields. The m/z 104 is identified as a possible
indicator of phthalic acid from naphthalene photooxidation by HR-
ToF-AMS measurement. Finally, the triangle plot, Van Krevelen
diagram, and OSc show significant evolution of the SOA during the
course of the experiment.
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