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Abstract. Oxygenated organic aerosol (OOA) observed in

remote areas is believed to comprise aged secondary organic

aerosol (SOA); however, the reaction processes relevant to

SOA chemical aging have hitherto been unclear. We recently

measured the mass spectra of SOA formed from the pho-

tooxidation of aromatic hydrocarbons using an Aerodyne

aerosol mass spectrometer (AMS) and reported that SOA

aging is slowed with increasing number of alkyl groups in

the precursor molecule. In this study, we selected benzene

and 1,3,5-trimethylbenzene (TMB) as precursors to analyze

SOA formed from the photooxidation of aromatic hydrocar-

bons in the presence of NOx using high-resolution time-of-

flight AMS (H-ToF-AMS) and liquid chromatography/time-

of-flight mass spectrometry (LC/TOF-MS). A van Kreve-

len diagram was studied using the O/C and H/C ratios ob-

tained by H-ToF-AMS for organics present in SOA. The re-

sults showed these organics to be rich in carboxylic acids

or hydroxycarbonyls and the O/C ratio of SOA formed by

the reaction of 1,3,5-TMB to be lower than that for benzene.

Analytical results from LC/TOF-MS showed the particulate

products formed by the reaction of 1,3,5-TMB to be richer in

ketocarboxylic acids than for benzene. These results indicate

that SOA aging proceeds mainly by formation of carboxylic

acids and that the rate of SOA aging in laboratory chambers

is limited by the oxidation of ketone groups. SOA formed

in laboratory chamber experiments is less oxidized than for

ambient OOA, not only because the experimental duration

is insufficient or the SOA mass loading in the chamber is

higher than that of the atmosphere. The laboratory chamber

experiments under dry conditions are not able to simulate

ketocarboxylic acid photochemical oxidation in the aqueous

phase. The fractions of organic peroxides to the total SOA

mass were determined by iodometric spectrophotometry to

be 12 ± 8 % (1,3,5-TMB) and <39 % (benzene). Further, it

was newly found that, unlike the reaction of benzene, only

very small amounts of nitrophenols are produced by the re-

action of 1,3,5-TMB.

1 Introduction

Atmospheric organic aerosol is believed to affect human

health, climate, and visibility (Kroll and Seinfeld, 2008; Hal-

lquist et al., 2009). Field observations using an Aerodyne

aerosol mass spectrometer (AMS) have revealed the organic

aerosol observed in remote areas to be rich in oxygenated or-

ganic aerosol (OOA) (Zhang et al., 2007; Takami et al., 2007;

Lun et al., 2009; Takegawa et al., 2009). Since secondary or-

ganic aerosol (SOA) formed in laboratory chamber experi-

ments is less oxidized than ambient OOA, ambient OOA is

assumed to be aged SOA (Bahreini et al., 2005; Alfarra et al.,

2006; Chhabra et al., 2010, 2011). To understand the forma-

tion process of atmospheric OOA, the aging process of SOA

is currently a focus of research interest in the field of atmo-

spheric chemistry (Kroll and Seinfeld, 2008; Qi et al., 2010;

Chen et al., 2011; Shiraiwa et al., 2011; Lambe et al., 2011;

Loza et al., 2012).
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Table 1. Experimental conditions and SOA yields.

Run Hydrocarbon [HC]0 [NOx]0 [CH3ONO]0 1HC SOA mass conc. SOA Yield

number (HC) (ppb) (ppb)a (ppb)b (µg m−3)c (µg m−3)d (%)e,f

Run 1 benzene 1834 102 2 1070 18 1.8 ± 0.2

Run 2 benzene 1466 889 1093 608 49 8.0 ± 1.4

Run 3 benzene 4163 999 1078 635 198 31.2 ± 10.7

Run 4 1,3,5-TMB 1002 200 2 2242 54 2.5 ± 0.1

Run 5 1,3,5-TMB 1455 974 50 4522 160 3.7 ± 0.2

Run 6 1,3,5-TMB 1515 1052 1036 5913 920 15.6 ± 1.0

a NO2/NO ratio was ∼0 (Runs 1 and 4, low mass loading experiments) or ∼3 (Runs 2, 3, 5, and 6, high mass loading experiments), b Used as OH

radical source, c Hydrocarbon reacted, d SOA mass concentrations were calculated using SMPS volume concentrations and a density of

1.4 g cm−3; no correction of SOA wall loss deposition was carried out, e SOA yield was determined dividing the mass concentration of aerosol

produced by the concentration of hydrocarbon reacted (errors are 2σ), f Using the rate of particle wall deposition loss (3 × 10−5 s−1, Sato, 2008),

the SOA yields listed are corrected to 2.2 % (Run 1), 8.3 % (Run 2), 32.0 % (Run 3), 2.9 % (Run 4), 4.1 % (Run 5), and 16.5 % (Run 6).

If the chemical composition changes as SOA ages, the

physical and chemical properties of aerosol particles such as

the volatility, hygroscopicity, toxicity, and the optical prop-

erties will also change (e.g., Jimenez et al., 2009; Kroll and

Seinfeld, 2008; Wang et al., 2012; Zhang et al., 2011). Con-

cerning its toxicity and optical properties, specific molecules

will strongly influence the overall property of OOA parti-

cles. For example, quinones and organic peroxides present

in SOA are known to induce oxidative stress (Baltensperger

et al., 2008; Wang et al., 2011); and nitrophenols, which are

also present in SOA, show optical absorption in the visible

region (Nakayama et al., 2010; Zhang et al., 2011). Under-

standing of SOA aging at the molecular level is necessary for

better understanding of the impact of OOA.

Aromatic hydrocarbons are typical SOA precursors emit-

ted into the atmosphere from anthropogenic emission sources

(Calvert et al., 2002; Henze et al., 2008; Lane et al., 2008).

The SOA yield (Izumi and Fukuyama, 1990; Odum et al,

1997; Hurley et al., 2001; Takekawa et al., 2003; Sato et al.,

2004; Song et al., 2005; Martin-Reviejo and Wirtz, 2005; Ng

et al., 2007), the SOA chemical composition (Forstner et al.,

1997; Jang and Kamens, 2001; Kalberer et al., 2004; Fisseha

et al., 2004; Hamilton et al., 2005; Irei et al., 2006, 2011; Sato

et al., 2007, 2010; Huang et al., 2007; Borrás and Tortajada-

Genaro; 2012), and the reaction mechanism relevant to SOA

formation (Stroud et al., 2004; Johnson et al., 2004, 2005;

Bloss et al., 2005; Hu et al, 2007; Kelly et al., 2010) have

been a focus of research into the atmospheric oxidation of

aromatic hydrocarbons.

We recently measured SOA formed from the photooxi-

dation of aromatic hydrocarbons using AMS and reported

that SOA aging is slowed by increasing the number of alkyl

groups in the precursor aromatic molecule (Sato et al., 2010).

Very recently, a triangle plot technique for analysis of organic

aerosol aging (Ng et al., 2010) and new numerical or graph-

ical analysis methods using the elemental analysis data ob-

tained by high-resolution time-of-flight AMS (H-ToF-AMS)

(Chhabra et al., 2010, 2011; Kroll et al., 2011; Ng et al.,

2011) have been developed.

In this study, we selected benzene and 1,3,5-

trimethylbenzene (TMB) as SOA precursors for analysis

of SOA formed in photooxidation chamber experiments in

the presence of NOx (NO and NO2) using H-ToF-AMS

and liquid chromatography/time-of-flight mass spectrometry

(LC/TOF-MS). New presentation methods of AMS data

employing the van Krevelen diagram or triangle plot were

used to obtain a better understanding of the relationship be-

tween the chemical structure of the reactant and SOA aging.

LC/TOF-MS analysis yielded molecular-level information.

The aims of this study were to elucidate the major reaction

processes relevant to SOA aging and to study possible

factors that limit the rate of SOA aging.

2 Experimental section

2.1 Experimental procedure

The details of the experimental procedure are explained else-

where (Sato et al., 2004, 2007, 2010). All experiments were

conducted using a 6-m3, evacuable, Teflon-coated stainless

steel chamber (Akimoto et al., 1979). Hydrocarbons, NOx,

methyl nitrite, and purified air were mixed in the chamber

(Table 1). Methyl nitrite was added as the OH radical source:

CH3ONO + hν → CH3O + NO

CH3O + O2 → CH2O + HO2

HO2 + NO → OH + NO2

Methyl nitrite was prepared by dropping 50 % w/w aqueous

sulfuric acid onto methanolic sodium nitrite and was used

after vacuum distillation to remove any methanol and NOx

impurities. No NOx impurity was detected by an FT-IR spec-

trometer with an optical length of 221.5 m (Thermo-Fisher

Nexus 670, 1 cm−1 resolution, NO detection limit = 7.9 ppb,

NO2 detection limit = 0.95 ppb) when 1 ppm methyl nitrite
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was introduced in the chamber. The temperature of the

gaseous mixture was maintained at 298 ± 1 K. The relative

humidity of the purified air was ∼0.003 %. No seed par-

ticles were added. The gaseous mixture was irradiated by

light from 19 Xe arc lamps (1 kW each) through Pyrex fil-

ters for 4–11 h. The rate constant of the NO2 photolysis was

0.29 min−1.

Hydrocarbon, methyl nitrite, NO, NO2, and O3 were mon-

itored using FT-IR spectrometer. The size distribution of par-

ticles was measured using a scanning mobility particle sizer

(SMPS, TSI, model 3934) to calculate the volume concen-

tration. The chemical composition of the particles was an-

alyzed using an AMS (Aerodyne Research, H-ToF-AMS)

driven in V mode (Drewnick et al., 2005). Particles collected

through an aerodynamic lens were heated at 873 K to evapo-

rate particulate compounds; vaporized compounds were then

ionized by electron ionization and analyzed using a ToF-MS

instrument with a mass resolution of ∼2700 at m/z 28. Data

obtained by H-ToF-AMS were numerically analyzed using

ToF-AMS Analysis Toolkit Program Version 1.48 combined

with ToF-AMS HR Analysis Program Version 1.07. Mea-

surements of FT-IR, SMPS, and H-ToF-AMS were carried

out every 10 min in Runs 1 and 4 or every 6 min in the other

runs.

Off-line SOA analytical samples were collected on a

Teflon membrane filter (Sumitomo Electric, Fluoropore,

47 mm diameter, pore size 1 µm). The sampling flow rate

was 16.7 l min−1. The sampling duration was ∼1 h per fil-

ter. One sample for iodometric spectrophotometry was col-

lected in each of Runs 1 and 4, or two samples (i.e., one for

iodometric spectrophotometry and the other for LC/TOF-MS

analysis) were collected in each of the other runs.

The time series of the OH concentration was estimated as-

suming that aromatic hydrocarbon decreased by the reaction

with OH radicals, where the rate constants used for calcu-

lations were taken from Atkinson (1986) and Aschmann et

al. (2006). In each experiment, the OH concentration reached

a maximum immediately after the start of irradiation and then

decreased with time, but the OH concentration maintained

>5 × 105 molecules cm−3 during irradiation. This indicates

that particles and vapors in the reaction chamber were con-

tinuously oxidized during irradiation in each experiment.

2.2 LC/TOF-MS analysis

Each filter sample was sonicated in 5 ml of methanol

for 30 min to extract the collected organic compounds.

The extract was concentrated to near dryness and then

dissolved in 1 ml of formic acid-methanol-water solution

(v/v/v = 1/2000/1999) for use as the analytical sample. Sam-

ple vials were stored in a freezer until analysis was per-

formed.

Off-line SOA samples were analyzed by LC/TOF-MS

(Agilent Technology, 6200 Series Accurate-Mass Time-

of-Flight LC/MS). The mobile phases used for LC were

0.05 % v/v formic acid aqueous solution and methanol. The

total flow rate of the mobile phases was 0.4 ml min−1. The

methanol concentration was maintained at 50 % v/v during

the flow injection analysis (in which no column is used). On

the other hand, for the column injection analysis, the chro-

matographic gradient started at 5 % v/v methanol and pro-

gressed linearly to 90 % v/v in 30 min. An octadecyl silica gel

column (GL Science, ODS-3V, 0.46 mm diameter × 150 mm

long, particle size 0.5 µm) was used to separate the analytes.

The temperature of the column was maintained at 298 K.

The analytes were ionized by electrospray ionization (ESI)

in negative polarity mode and were then analyzed using a

ToF-MS instrument with a mass accuracy of <3 ppm.

2.3 Iodometric spectrophotometry

The total amount of organic peroxide (ROOR and ROOH)

present in SOA was quantified following a method estab-

lished by Docherty et al. (2005). Each filter sample was

sonicated in 1.5 ml ethyl acetate for 10 min to extract any

organic peroxides. The extract was mixed with 2.25 ml of

formic acid-chloroform-water solution (v/v/v = 53/27/20). A

3-ml aliquot of the mixture solution was then placed in a 5-

ml glass vial and dry nitrogen was bubbled gently through to

remove any dissolved oxygen. The mixture solution was then

added with 48 mg of potassium iodide.

One hour after the addition of potassium iodide, the ab-

sorbance of the mixture solution was measured using an

ultraviolet-visible spectrophotometer (Shimadzu, BioSpec-

mini). The molar concentration of triiodide ions (formed

from the titration reaction of organic peroxides with excess

iodide ions) was determined from the absorbance at 470 nm.

The molar absorption coefficient of triiodide ion used for the

calculations was measured by titration with benzoyl peroxide

solution at a known concentration. The molar concentration

was converted to the mass concentration in a manner similar

to that described by Docherty et al. (2005).

3 SOA yield

The SOA yield was determined from the SOA volume con-

centration and the concentration of reacted hydrocarbon (Ta-

ble 1). Not all hydrocarbons were consumed in the reactions

taking place during photoirradiation (Supplement Fig. S1).

The concentration of reacted hydrocarbons was determined

from the difference between the initial concentration and the

concentration at a specific time and was then used in calcula-

tions of the SOA yield. The SOA yield was calculated when

the volume concentration reached a maximum. No correc-

tions to account for wall deposition loss of particles were per-

formed. The volume concentration was converted to the mass

concentration, assuming the density of SOA to be 1.4 g cm−3

(Alfarra et al., 2006; Martine-Reviejo and Wirtz, 2005).
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The SOA yield increased with increasing the SOA mass

loading, primarily because the gas/particle absorption of

semivolatile compounds (SVOCs) increases as a result

(Odum et al., 1997). The SOA mass loading increased with

increasing the initial hydrocarbon or methyl nitrite concen-

tration. Under high-concentration conditions, the yield of

SVOCs will increase, because the total concentration of per-

oxy radicals (RO2 and HO2) increases (Kroll and Seinfeld,

2008). The increase in the peroxy radical concentration will

also affect the increase in the SOA yield.

Martin-Reviejo and Wirtz (2005) reported the SOA yield

from benzene to be 11–14 % at an SOA mass concentration

of 56–94 µg m−3 (Fig. S2). The SOA yield reported by Ng

et al. (2007) is 28 % at a mass concentration of 35 µg m−3.

The SOA yield of Run 2 (8.0 % at 49 µg m−3) was lower

than the previous results in the region (35–56 µg m−3); this

is primarily because the initial NOx concentration of Run 2

(889 ppb) was much higher than those of the previous stud-

ies (50–169 ppb). The SOA yields from 1,3,5-TMB were re-

ported to be 3.1 % at 31 µg m−3 (Odum et al., 1997) and

3.6 % at 18 µg m−3 (Kleindienst et al., 1999). The mass load-

ings of the experiment by Odum et al. (1997) and Run 4 were

close to each other. The SOA yield measured by Odum et

al. (1997) (3.6 %) was slightly higher than the yield mea-

sured in Run 4 (2.5 %), although the NOx level of this previ-

ous study (385 ppb) was higher than that of Run 4 (200 ppb).

The yields obtained in the present study will be slightly un-

derestimated by influence from wall deposition loss of parti-

cles and semivolatile compounds. The present and previous

results showed the SOA yield from benzene to be higher than

that from 1,3,5-TMB.

4 The formation and aging of organics

4.1 Van Krevelen diagram

Particulate organics and nitrates were detected when SOA

was observed by H-ToF-AMS. The O/C ratio of organics in-

creased with time, whereas the H/C ratio decreased with time

(Fig. S1). Here, HR-AMS NO+ and NO+

2 ions were not in-

cluded in O/C and H/C calculations, since these ions were

treated as being formed from nitrates. In this study, benzene

or 1,3,5-TMB does not react away completely during irradi-

ation, which means that SOA formation and particle growth

are ongoing throughout the experiments; however, the in-

crease in the O/C ratio of particulate organics measured by

H-ToF-AMS shows SOA aging occurs continuously during

experiments.

A van Krevelen diagram was studied using the measured

O/C and H/C ratios (Fig. 1). The oxidation state of carbon

(OSc = 2 O/C − H/C, Kroll et al., 2011) evaluated for SOA

from benzene increased from −0.13 to 0.60 as SOA aged.

The oxidation state of SOA from 1,3,5-TMB was −1.22 to

−0.53. SOA from 1,3,5-TMB was less oxidized than with

Fig. 1. Van Krevelen diagram of SOA formed from the photooxi-

dation of aromatic hydrocarbons in the presence of NOx; data of

benzene and 1,3,5-trimethylbenzene shown with a run number are

present results; data of other hydrocarbons are taken from Sato et

al. (2010); data from ambient organic aerosol measurements appear

in a region surrounded by gray curves (Ng et al., 2011).

benzene. The maximum oxidation state of ambient OOA is

predicted to be 1.3 (Ng et al., 2011). This value was higher

than the maximum of the oxidation state of SOA from ben-

zene (0.60). The O/C ratios of start points are 0.62 (Run 1),

0.64 (Run 2), and 0.70 (Run 3) for experiments with ben-

zene and 0.25 (Run 4), 0.27 (Run 5), and 0.31 (Run 6) for

experiments with 1,3,5-TMB. It appears that increased NOx

and increased mass loading go with increasing the start point

O/C ratio. The O/C ratio of SOA from aromatic hydrocar-

bons was shown to be independent of the NOx level (Chhabra

et al., 2011). The present results indicate that the O/C ratio

of start point increases with increasing the mass loading.

In Fig. 1, the black dotted straight line with a slope of 0

represents the evolution of the H/C and O/C ratios if only al-

cohols or peroxides would be formed in the SOA; the black

dotted straight line with a slope of −0.5, the evolution of the

H/C and O/C ratios if only carboxylic acids would be pro-

duced in the SOA by fragmentation; that with a slope of −1,

the evolution of the H/C and O/C ratios if only carboxylic

acids or hydroxycarbonyls would be formed in the SOA; and

that with a slope of −2, the evolution of the H/C and O/C

ratios if only ketones or aldehydes would be formed in the

SOA (Ng et al., 2011). The present data were clustered near

the straight line with a slope of −1. As SOA ages, the data

points migrate along this straight line, suggesting that organ-

ics present in SOA are rich in carboxylic acids or hydroxy-

carbonyls, and the functionalization with a carboxylic group

or that with hydroxy + carbonyl groups on different carbons

Atmos. Chem. Phys., 12, 4667–4682, 2012 www.atmos-chem-phys.net/12/4667/2012/



K. Sato et al.: AMS and LC/MS analyses of high-NOx aromatic SOA 4671

proceeds during SOA aging. In the experiments with 1,3,5-

TMB under high mass loading conditions (Runs 5 and 6), the

data appeared in the region between the straight line with a

slope of −1 and that with a slope of −0.5, showing that in-

creased contributions from alcohols, peroxides, and/or car-

boxylic acids formed as a result of fragmentation. Such a

mass loading dependence is not seen for benzene data, in-

dicating that carboxylic acid or hydroxycarbonyl formation

is limited, not only due to an increase in mass loading, but

also due to the reactant chemical structure.

The van Krevelen diagram of SOA from various aromatic

hydrocarbons was studied using the data of Sato et al. (2010).

All the data were clustered close to the straight line with a

slope of –1 (Fig. 1). Chhabra et al. (2011) reported similar

results for SOA from toluene and m-xylene. These previous

results also suggest that SOA from aromatic hydrocarbons is

rich in carboxylic acids or hydroxycarbonyls.

The H/C ratio of SOA from benzene (1.35–1.42) was

lower than for 1,3,5-TMB (1.68–1.72); this is because the

H/C ratio of precursor benzene is lower than that of 1,3,5-

TMB. The H/C ratio of SOA was higher than that of its

precursor. However, the H/C ratios of dicarbonyl and di-

carboxylic acid formed by the ring-opening reaction of an

aromatic hydrocarbon are the same as that of the precur-

sor (e.g., muconaldehyde (C6H6O2), Calvert et al., 2002,

and muconic acid (C6H6O4), Borrás and Tortajada-Genaro,

2012, from benzene (C6H6)). In SOA particles, not only

ring-opened carboxylic acids but also ring-opened carbonyl

hydrates (e.g., muconaldehyde hydrate (C6H10O4)) or ring-

opened alcohols (e.g., 2,4-hexadiene-1,6-diol (C6H10O2),

Borrás and Tortajada-Genaro, 2012) will be present. Further,

the H/C ratio will also increase if the double bond of ring-

opened products is converted to a saturated structure (e.g.,

succinic anhydride from toluene, Forstner et al., 1997).

The O/C ratio of SOA from benzene (0.62–0.71) was

higher than that of 1,3,5-TMB (0.25–0.47). This is because

very few of the methyl groups of 1,3,5-TMB are oxidized.

In other words, the reactions relevant to SOA formation and

aging proceed through the reactions of the aromatic ring.

4.2 LC/TOF-MS analysis

The results of LC/TOF-MS analysis of SOA collected in the

experiment with benzene are shown in Table 2. To determine

the ion formula, the error between the predicted m/z and the

measured m/z was evaluated for probable candidates. The ion

formula was identified to be the candidate with the mini-

mum error. High-polarity products from aromatic hydrocar-

bons such as carboxylic acids and phenols are only detected

by LC/MS in negative polarity mode (Sato et al., 2007). The

chemical structure was estimated by assuming that measured

ions are deprotonated ring-opened carboxylic acids or depro-

tonated phenolic compounds.

The ions of m/z 138 and 154 were identified, using stan-

dard reagents, as 4-nitrophenol and 4-nitrocatechol. Other

Fig. 2. Van Krevelen diagram of organic molecules identified by

off-line LC/TOF-MS analysis of SOA from the photooxidation of

aromatic hydrocarbons in the presence of NOx.

ions were provisionally identified as the molecules shown in

Table 2. To our knowledge, C4H4O3, C6H6O5, C6H8O5, and

C6H4N2O6 were newly identified in this study. Nitrophenol

isomers, nitrocatechol isomers, C4H4O4, C6H6O3, C6H6O4,

and C6H5NO5 were also identified in a recent GC/MS analy-

sis (Borrás and Tortajada-Genaro, 2012). Ring-opened prod-

ucts have an aldehyde or carboxyl group at each end. Oxalic

acid is known to be present in SOA from benzene (Borrás

and Tortajada-Genaro, 2012). However, oxalic acid was not

detected due to its high detection limit.

The results of LC/TOF-MS analysis of SOA collected in

the experiment with 1,3,5-TMB are shown in Table 3. The

ion of m/z 87 was identified, using standard reagents, as pyru-

vic acid. All the other ions were provisionally identified as

the molecules shown in Table 3. The products other than

pyruvic acid are, to our knowledge, newly identified. Pyru-

vic acid was also identified by Fisseha et al. (2004). All the

identified products were ring-opened products. These prod-

ucts have a ketone or carboxyl group at each end. No nitro-

phenols were identified. Nitrophenols show absorption in the

visible region of <460 nm (Calvert et al., 2002). The color

of the sample filters of SOA from benzene was light yellow

(Fig. S1), whereas that of sample filters of SOA from 1,3,5-

TMB was white.

Figure 2 shows the van Krevelen diagram of products iden-

tified by LC/TOF-MS analysis. The arithmetic average point

of products from benzene and that of products from 1,3,5-

TMB appeared in a region between the straight line with a

slope of −1 and that with a slope of −2. The oxidation state

of the average point of benzene (0.82) is higher than that

www.atmos-chem-phys.net/12/4667/2012/ Atmos. Chem. Phys., 12, 4667–4682, 2012
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Table 2. LC/TOFMS measured particulate products from benzene oxidation (Run 3).

Measured ion (m/z) Retention time (min) Suggested ion formula Error (ppm) Proposed structurea Note

99.0080 2.2 C4H3O−

3
8.1 HOOC

CHO

 b

115.0022 2.0, 4.3 C4H3O−

4
12.9 12.9 HOOC

COOH

 c

125.0239 5.6, 7.5, 23.1 C6H5O−

3
4.9 HOOC

CHO

 d, c

138.0192 21.7, 22.3 C6H4NO−

3
3.5

HO NO2

 e, c

141.0186 2.0, 7.0, 8.8 C6H5O−

4
5.2 HOOC

COOH

  f, c

154.0145 18.7, 20.0, 22.8 C6H4NO−

4
0.4

HO

HO

NO2

 g, c

157.0138 1.9, 3.0, 4.1 C6H5O−

5
2.7

HOOC

COOH

O  b

159.0282 2.1 C6H7O−

5
10.7

 10.7 

HOOC

CHO

OH

OH

 b

170.0093 15.2, 17.8, 19.0 C6H4NO−

5
1.2

HO

HO

NO2

OH  c

183.0041 26.6, 27.5 C6H3N2O−

6
3.6

HO

NO2

O2N  b

191.0197 3.3 C6H7O−

7 0.0

HOOC

COOH

OH

OH

O

 b

198.9993 21.9 C6H3N2O−

6
1.7

HO

HO

NO2

O2N  b

a Structural and stereo isomers are likely; for simplicity only one isomer is shown, b newly identified, c found very recently by GC/MS analysis (Borrás et al., 2012),
d latest-eluting compound will have cyclic structure, e two peaks were identified to be 2-nitrophenol and 4-nitrophenol; the signal of 4-nitrophenol (21.7 min) was

stronger than the other, f no strong signal of trans,trans-muconic acid was found; detected peaks will be attributed to other structural isomers. The peak at 8.8 min was

the highest, g strongest peak was identified to be 4-nitrocatechol.

determined by H-ToF-AMS for benzene SOA (0.55), where

the H-ToF-AMS data were averaged during the filter sam-

pling period only. A similar result was obtained for 1,3,5-

TMB, indicating that products undetectable by the LC/TOF-

MS instrument have lower oxidation states than detectable

ones. On the other hand, the oxidation state of the prod-

ucts from benzene was higher than that of the products from

1,3,5-TMB. The results of LC/TOF-MS analysis also show a

tendency for products from benzene to be more highly oxi-

dized than those from 1,3,5-TMB.

Signals for oligomers were detected in the region m/z 250–

600 (benzene sample) and in the region m/z 250–1000 (1,3,5-

TMB sample) by flow injection analysis (Fig. S3). The dif-

ference in oligomer distribution is likely to result from the
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Table 3. LC/TOFMS measured particulate products from 1,3,5-TMB oxidation (Run 6).

Measured ion (m/z) Retention time (min) Suggested ion formula Error (ppm) Proposed structurea Note

87.0080 6.2 C3H3O−

3
9.0 HOOC O  b, c

127.0393 11.6, 12.1, 13.8 C6H7O−

3
6.0 HOOC O  d

161.0456 4.6, 6.1 C6H9O−

5
–0.1

HOOC O

OH

OH  d

169.0494 13.2, 14.7 C8H9O−

4
7.0 HOOC

COOH

  d

173.0444 8.0, 11.6 C7H9O−

5
6.3

HOOC COOH

O   d

183.0650 15.0, 17.3 C9H11O−

4
6.8

HOOC

O

O

  d

185.0444 8.2, 11.4 C8H9O−

5
6.0

HOOC

COOH

O  d

189.0405 7.3 C7H9O−

6
0.1

HOOC COOH

O

OH

 d

191.0562 3.1 C7H11O−

6
–0.3

HOOC COOH

OH

OH

 d

199.0597 14.7 C9H11O−

5
7.6

HOOC

O

O

O   d

201.0747 11.6, 12.1 C9H13O−

5
10.4

HOOC

OH

O

OH  d

203.0548 12.0, 12.9 C8H11O−

6
6.6

HOOC

COOH

OH

O OH

 d

215.0547 10.2, 15.9 C9H11O−

6
6.8

HOOC O

O

O OH

  d

217.0708 8.4 C9H13O−

6
4.4

HOOC

O

O

OH

OH

   d

231.0507 13.0, 16.9, 20.8 C9H11O−

7 1.4

HOOC

O

O

O

OH OH

 d

233.0652 8.7, 16.3, 17.0 C9H13O−

7 6.3

HOOC

OH

O

O

OH OH

 d

a Structural and stereo isomers are likely; for simplicity only one isomer is shown, b identified to be pyruvic acid, c found by ion chromatograph-mass spectrometry

by Fisseha et al. (2004), d newly identified.
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Fig. 3. Reaction schemes of (a) SOA formation from benzene photooxidation, (b) SOA formation from 1,3,5-trimethylbenzene photooxi-

dation, and (c) SOA aging. A probable pathway to form each depicted product is only shown for simplicity; caroboxylic acid can also be

produced by the heterogeneous decomposition of peroxyacyl nitrates (PANs) from the acyl peroxy radical + NO2 reaction (Surratt et al.,

2010); hydroxycarbonyl produced by functionalization can also be formed by the reaction of hydroxy peroxy radical with R′′O2; hydroxy

peroxy radical of the intermediate of fragmentation/functionalization can also react with HO2; and acylperoxy radical of the intermediate of

carbonyl oxidation can also react with NO or RO2.

differences in the SOA mass loading and the chemical struc-

ture of the precursor. The signal intensities of these oligomers

were lower than those of low-MW products by a factor of ap-

proximately 102. No oligomers were detected in the column

injection analysis. By using H-ToF-AMS, the signals in the

200–600 region were detected in both experiments with ben-

zene and 1,3,5-TMB (Fig. S4). These results strongly suggest

that oligomers are present in SOA particles. Since carbonyls

and alcohols are present in SOA particles formed from aro-

matic hydrocarbons, oligomers are formed from the particle

phase reactions such as carbonyl hydration, acetal condensa-

tion, carbonyl polymerization, and aldol condensation (Jang

and Kamens, 2001; Jang et al., 2002; Kalberer et al., 2004).

4.3 Reaction schemes for SOA formation and aging

To interpret the present results, a reaction mechanism rele-

vant to SOA formation and aging is now discussed (Fig. 3).

The major fraction of total SOA mass is believed to comprise

ring-opened products from aromatic hydrocarbons (Jang and

Kamens, 2001; Fisseha et al., 2004). As shown in Fig. 3a,

dialdehydes are produced as ring-opened products from

the reaction of benzene with OH radicals (Calvert et al.,

2002). These products, as well as second-generation prod-

ucts formed from subsequent oxidation, are absorbed onto

existing particles. Some second-generation products have

both carbonyl and hydroxy groups. In the particle phase,

oligomers are formed from carbonyl hydration, acetal con-

densation, carbonyl polymerization, and aldol condensation

(Jang and Kamens, 2001; Jang et al., 2002; Kalberer et al.,

2004). The photooxidation process of 1,3,5-TMB is basically

the same as for benzene (Fig. 3b). Ketoaldehydes are likely

to be produced as gas-phase oxidation products.

Nakao et al. (2011) and Borrás and Tortajada-

Genaro (2012) have recently reported that a substantial

amount of SOA is also formed through the oxidation of

phenolic products from aromatic hydrocarbons. As oxida-

tion products from phenols, ring-opened molecules such as

glyoxal + butenedial and hydroxylated compounds of these

are formed (Bloss et al., 2005). Ring-opened products from

phenolic compounds will also contribute to SOA formation.
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The present results indicate that SOA aging proceeds

through the oxidation of the internal double bond of ring-

opened products and carboxylic acid formation resulting

from the oxidation of the carbonyl group (Fig. 3c). Loza

et al. (2012) suggested that SOA aging in laboratory cham-

ber experiments proceeds through the gas-phase oxidation

of SVOCs, although oxidation on particle surfaces cannot

be excluded. The gas-phase oxidation of the internal double

bond results in fragmentation or functionalization. As a result

of fragmentation, a carbonyl pair is formed. These carbonyls

then undergo the following oxidation. The functionalization

of the internal carbons of ring-opened products produces hy-

droxycarbonyls or diols; these reactions affect the increase in

the O/C ratio (van Krevelen diagram), but will not affect the

increase in the m/z 44 signal (triangle plot).

Gas-phase carboxylic acid formation from carbonyls is

initiated by reactions with OH radicals. Generally, the re-

actions of ketones with OH radicals are slower than the re-

actions of aldehydes. For example, the lifetime of acetalde-

hyde is 20 h at an OH concentration of 106 molecules cm−3,

whereas that of acetone is 53 days (DeMore et al., 1997).

Ketoaldehydes are produced by the reaction of 1,3,5-TMB.

Since the oxidation of ketone groups is slow, formation of di-

carboxylic acids from ketoaldehyde products is much slower

than from dialdehyde products of benzene. Therefore, AMS

measurements of SOA from benzene give stronger m/z 44

signals than those of SOA from 1,3,5-TMB (Sato et al.,

2010). The ketone groups of the products from 1,3,5-TMB

resist oxidation. AMS measurements of SOA from 1,3,5-

TMB give stronger m/z 43 signals than those of SOA from

benzene.

If carbonyl products of benzene and 1,3,5-

trimethylbenzene oxidation must undergo subsequent

gas-phase oxidation to carboxylic acids to decrease their

vapor pressures and allow them to condense and form SOA,

then this oxidation to form carboxylic acids should be

classified as a SOA formation mechanism. Oxocarboxylic

acids react with alcoholic products in the particle phase to

form hemiacetal dimers. The reverse reactions of hemiacetal

formation can occur to form oxocarboxylic acids and alco-

holic products again. Particulate oxocarboxylic acids can

proceed to the vaporization followed by the oxidation in the

gas phase to form dicarboxylic acids, which can be absorbed

on particles again, or particulate oxocarboxylic acids can be

oxidized in the particle phase to form dicarboxylic acids.

This oxidation to form carboxylic acids results in an increase

in the O/C ratio of organics and should be classified as a

SOA aging mechanism.

The SOA yield from benzene was higher than that from

highly methylated 1,3,5-TMB. Sato et al. (2011) reported

that the SOA yield from a highly methylated conjugated

diene is much lower than that from non-methylated 1,3-

butadiene. This previous result mirrors the present results for

aromatic hydrocarbons. Oligoesters contribute to SOA for-

mation during the reactions of conjugated dienes (Surratt et

Fig. 4. Triangle plot of SOA formed from the photooxidation of

aromatic hydrocarbons in the presence of NOx; data of benzene and

1,3,5-TMB shown with a run number are present results; other data

of six aromatic hydrocarbons are taken from Sato et al. (2010); cross

symbol data (+) are obtained at the initial NOx concentrations of

∼100 ppb.

al., 2006). Ester-type oligomers will also be produced by the

reactions of carboxylic acids with alcohols in the particle

phase during the oxidation of aromatic hydrocarbons.

4.4 Triangle plot

The ion signals of m/z 43 and 44 originate chiefly from car-

bonyls and carboxylic acids, respectively (Ng et al., 2010,

2011). Strong ion signals appeared at m/z 43 and 44 in the

mass spectra measured by H-TOF-AMS for SOA. The ion

signal of m/z 44 was higher than m/z 43 when SOA from

benzene was measured, whereas the ion signal of m/z 43 was

higher than m/z 44 when SOA from 1,3,5-TMB was mea-

sured (Fig. S5). These results confirm the findings previously

reported by Sato et al. (2010).

The ratio of m/z 44 to total organic aerosol (f 44) was plot-

ted as a function of f 43 to study the triangle plot proposed

by Ng et al. (2010) (Fig. 4). According to Ng et al. (2010),

the data for ambient organic aerosol appear in the triangle re-

gion shown in the Figure. The f 44 value increases as aging

proceeds, and peaks at 0.3. The data obtained for SOA in this

study also migrated over time, toward the top of the triangle.

In the experiments with benzene, the value of f 44 was

0.16–0.17 (Run 1) and 0.07–0.13 (Runs 2 and 3). In the

experiments with 1,3,5-TMB, the value of f 44 was 0.06–

0.09 (Run 4) and 0.03–0.06 (Runs 5 and 6). The f 44 value

was constant or increased with decreasing the SOA mass

loading. This tendency parallels a previous result for SOA
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from α-pinene ozonolysis by Shilling et al. (2009). Particles

are rich in high-volatility SVOCs at high mass loading. The

present and previous results indicate that the f 44 values of

low-volatility SOVCs are higher than those of high-volatility

SVOCs. Low-volatility SVOCs found in SOA from alpha-

pinene ozonolysis are multifunctional species such as dicar-

boxylic acids (Shilling et al., 2009). Dicarboxylic acids were

also found to be present in SOA from the benzene photooxi-

dation. As described in the section of van Krevelen diagram,

the O/C ratio of start point increased with increasing the mass

loading; this trend is opposite to the relationship between the

f 44 value and the mass loading. These results suggest that

the O/C ratio of the organics present in high mass loading

SOA is determined by the amount of the oxygenated organ-

ics other than carboxylic acids.

Previous data measured by Sato et al. (2010) for SOA from

aromatic hydrocarbons are also plotted in Fig. 4. These data

were re-analyzed using a new fragment table. The intensi-

ties of m/z 18 and 28 organic fragments were modified in the

new table (Aiken et al., 2008); results of f 44 decreased <2 %

by this modification. Cross symbol data shown in Fig. 4 are

those obtained at the initial NOx concentrations of ∼100 ppb.

The mass loadings measured for the cross symbol data are 2–

32 µg m−3. The f 44 value of SOA from benzene was higher

than that of SOA from 1,3,5-TMB. Despite benzene being a

higher volatility precursor compared to the other aromatics

with additional methyl groups, the higher volatility precur-

sors generate the highly oxidized, presumably low volatil-

ity products. Similar results have been reported by Sato et

al. (2010) and Chhabra et al. (2011), and indicate that SOA

from benzene is rich in carboxylic acids. A trade-off rela-

tionship was evident between the decrease in the f 43 value

and the increase in the f 44 value, indicating that carboxylic

acids are formed from the oxidation of carbonyls. The trian-

gle plot may also be used in other reaction systems as a tool

to identify the carbonyl to acid oxidation route.

Not all data obtained in the present and previous studies

appeared in the triangular region shown in Fig. 4. However,

this is not unusual, since OOA observed in the ambient at-

mosphere is a mixture of oxidation products from various

organic compounds (Chhabra et al., 2010, 2011). The f 44

value of SOA from benzene, the highest among the plotted

data, was lower than the f 44 value at the top of the trian-

gle region. The present results support previous findings that

SOA formed from VOC oxidation in laboratory chambers

is less oxidized than that of ambient OOA (Bahreini et al.,

2005; Alfarra et al., 2006; Chhabra et al., 2010).

4.5 Iodometric spectrophotometry

Organic peroxides formed from the reactions of RO2 with

HO2 are believed to contribute to SOA formation (Johnson

et al., 2004, 2005; Sato et al., 2007; Ng et al., 2007; Kroll

and Seinfeld, 2008). Organic peroxides appear to contribute

to SOA aging, because they can function as initiators of

particle-phase radical reactions (Sato et al., 2007; Chen et

al., 2011), and function as oxidants of other compounds in

the aqueous phase (Wang et al., 2011). Organic peroxides

might also affect the f 44 value obtained by AMS. In this

study, the ratio of organic peroxides to total SOA mass was

determined by means of iodometric spectrophotometry.

The present analytical method was checked by quantifying

the organic peroxides present in SOA from the ozonolysis of

α-pinene. The ratio of organic peroxides to total SOA mass

was determined as 45 ± 16 % (n = 8, error 2σ ). This value

closely agrees with the value in the literature arrived at by

Docherty et al. (2005) (47 ± 24 %).

From experiments with 1,3,5-TMB, the ratio of organic

peroxides to total SOA mass was determined to be 12 ± 8 %

(n = 3, error 2σ). This value is close to a previous value re-

ported by Sato et al. (2007) for toluene SOA (16–18 %). Al-

though we also measured this value in the experiments with

benzene, the SOA sample obtained was not sufficiently large

to permit quantification. The ratio of organic peroxides to to-

tal SOA mass was estimated, from the value of the detection

limit (3σ), to be <39 %.

The organic peroxide to SOA ratios measured for the

photooxidation of aromatic hydrocarbons in this study were

lower than those measured for the ozonolysis of α-pinene.

If organic peroxides affect the f 44 value obtained by AMS,

the f 44 values of SOA from aromatic hydrocarbons would

be lower than those of SOA from α-pinene. However, the

f 44 values measured in this study (0.038–0.17) were close

to or higher than those for SOA from the α-pinene ozonoly-

sis (0.042, Bahreini et al., 2005). Although organic peroxides

from aromatic hydrocarbon are present in SOA, the effect of

these peroxides on the f 44 data will be limited.

5 Nitrate formation

LC/TOF-MS analysis revealed no nitrophenols in SOA from

1,3,5-TMB, although they were detected in SOA from ben-

zene. Nitrophenols appear to affect the optical properties of

aerosol particles (Nakayama et al., 2010; Zhang et al., 2011)

and the toxicity of aerosol particles (Furuta et al., 2004; Li et

al., 2006). In addition, nitrophenols will be used as markers

of ambient SOA from fossil fuels and biomass burning (Irei

et al., 2006, 2011; Iinuma et al., 2010). Formation of nitro-

phenols from aromatic hydrocarbons is further discussed in

this section.

5.1 HRNO3/HROrg ratio

Particulate nitrophenols are detected as nitrates by AMS

(Bahreini et al., 2005; Sato et al., 2010). The ratio of ni-

trates (HRNO3) to organics (HROrg), identified from high-

resolution mass spectra, was plotted as a function of time

(Fig. 5). The NO+/NO+

2 ratio observed was 3.8–5.8, higher

than that for inorganic nitrates, indicating that the nitrates
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Fig. 5. Time profiles of HRNO3/HROrg ratio measured during the

photooxidation of benzene and 1,3,5-trimethylbenzene in the pres-

ence of NOx. The background of HRNO3 is very small as shown

in Fig. S1a, so the start value of the HRNO3/HROrg ratio is not

influenced by any background signal.

observed are rich in organic nitrates or nitro organics.

Since the absolute concentration of HRNO3 determined for

organonitrates is incorrect (Farmer et al., 2010), only relative

comparisons are made here. The HRNO3/HROrg ratio de-

creased with time. This shows that nitrophenols and organic

nitrates decrease as a result of chemical reactions. The de-

cay rate of the HRNO3/HROrg ratio was also influenced by

the faster increase in HROrg than HRNO3 in the 0–60 min

region. The average decay rate, determined from data in the

region of >60 min, was 0.059 h−1. If we ignore reactions in

the aqueous phase, a major sink of nitrophenols and organic

nitrates is photolysis in the gas phase (Calvert et al., 2002;

Finlayson-Pitts and Pitts, 2000). If gaseous nitrophenols de-

crease by the photolysis, particulate nitrophenols are vapor-

ized to maintain the equilibrium of gas/particle partitioning.

The photolysis of gaseous nitrophenols result in a decrease

in the concentration of particulate nitrophenols.

The HRNO3/HROrg ratio measured in the experiment

with benzene (Run 2) was higher than that measured in the

other experiment (Run 1) in the region of >60 min; this is

because the initial NOx concentration in Run 2 (889 ppb)

is higher than that for Run 1 (102 ppb). Since nitrophe-

nols and organic nitrates are semivolatile compounds, the

HRNO3/HROrg ratio would also depend on the SOA mass

loading. However, the HRNO3/HROrg ratio measured in

Run 3 ([SOA] = 198 µg m−3) was close to or slightly be-

low that measured in Run 2 ([SOA] = 49 µg m−3). Under

the present experimental conditions, the HRNO3/HROrg ra-

tio was closely dependent on the initial NOx concentra-

tion. Very recently, we measured the HRNO3/HROrg ratio

of SOA from the toluene photooxidation as a function of ini-

tial NOx concentration and found that the HRNO3/HROrg

ratio increased with increasing the initial NOx level in the

range 100–600 ppb (Nakayama et al., 2012). This supports

the present conclusion.

The HRNO3/HROrg ratio also decreased in experiments

with 1,3,5-TMB. The HRNO3/HROrg ratio measured in the

region >60 min (0.03–0.06) was almost independent of the

initial NOx concentration or the SOA mass loading. The NOx

concentration and the SOA mass loading in the experiment

with benzene (Run 3) were close to those in the experiment

with 1,3,5-TMB (Run 5). In a comparison between these ex-

periments, the HRNO3/HROrg ratio measured in the experi-

ment with benzene was higher than that measured in the ex-

periment with 1,3,5-TMB.

5.2 Reaction schemes for nitrophenol formation

To be able to interpret the relationship between the struc-

ture of aromatic hydrocarbons and the yield of nitrophenols,

the reaction mechanisms relevant to formation of nitrophe-

nols from benzene and 1,3,5-TMB were investigated (Fig. 6).

These mechanisms are based on an already known reaction

mechanism (Forstner et al., 1997). Phenol is produced by

the reaction of benzene with OH radicals (Fig. 6a). Phe-

noxy radicals formed from the following oxidation process

of phenol have two other resonance structures: 2-oxo-3,5-

cyclohexadienyl and 4-oxo-2,5-cyclohexadienyl. The addi-

tion of NO2 to 2-oxo-3,5-cyclohexadienyl radicals followed

by isomerization results in the formation of 2-nitrophenol.

Similarly, 4-nitrophenol is formed from the reaction of 4-

oxo-2,5-cyclohexadienyl with NO2.

As shown in Fig. 6b, 2,4,6-trimethylphenol is formed from

the reaction of 1,3,5-TMB with OH radicals (Calvert et al.,

2002; Kleindienst et al., 1999). The resonance structures of

phenoxy-type radicals from this phenolic product are 1,3,5-

trimethyl-2-oxo-3,5-cyclohexadienyl and 1,3,5-trimethyl-4-

oxo-2,5-cyclohexadienyl. In both these structures, the carbon

atom at the radical’s center is bonded with a methyl group.

Even if NO2 is added to these radicals, these adducts are

likely to dissociate to reactants again since subsequent iso-

merization involving the methyl group migration cannot take

place.

Noda et al. (2009) recently reported a phenol forma-

tion pathway from alkylbenzene via dealkylation. Their re-

sults indicate that 3,5-dimethylphenol is also produced by

the reaction of 1,3,5-TMB with OH radicals. The oxida-

tion of this phenolic compound would appear to lead to the

formation of 3,5-dimethyl-2-nitrophenol and 2,5-dimethyl-

4-nitrophenol; however, no nitrophenols were detected in

SOA from 1,3,5-TMB. The present results suggest that the

yield of 3,5-dimethylphenol is lower than that of 2,4,6-

trimethylphenol, or that NO2 addition to the phenoxy from

3,5-dimethylphenol is blocked by steric hindrance.
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Fig. 6. Reaction schemes of (a) nitrophenol formation from the photooxidation of benzene and (b) corresponding routes from the photooxi-

dation of 1,3,5-trimethylbenzene.

6 Comparison between chamber and ambient

conditions

The present results show that laboratory SOA is less oxi-

dized than ambient OOA, and that the rate of SOA aging

in laboratory chambers is limited by the oxidation of ketone

groups. Ketocarboxylic acids are also detected in ambient

organic aerosol. The ratio of ketocarboxylic acids to dicar-

boxylic acids is known to decrease as an aerosol ages (Ho

et al., 2005, 2007; He et al., 2010). These field results show

that the oxidation of ketocarboxylic acids is competitive with

the deposition of particles (the lifetime due to deposition is

about 14 days). The rate of the oxidation of ketocarboxylic

acids in the ambient atmosphere cannot be fully explained by

oxidation in the gas phase.

Recently, Loza et al. (2012) carried out long-

photoirradiation (>12 h) laboratory chamber experiments to

investigate the photooxidation of m-xylene. They reported

the rate of increase of the O/C ratio to be 0.0012 h−1 during

SOA aging. The time needed for the O/C ratio to increase

from the initial SOA value (0.6) to the ambient maximum

(1.2) is estimated to be 20 days. In their experiments, the

chamber was continuously irradiated, suggesting that it takes

a much longer time for the O/C ratio to increase to 1.2 under

ambient-like intermittent irradiation conditions.

As another oxidation process of ketocarboxylic acids, ox-

idation in the particle phase is also possible. However, dry

SOA particles are suggested to be in the amorphous solid

state (Virtanen et al., 2010) or in the semi-solid phase (Shi-

raiwa et al., 2011). If these claims are correct, particle-phase

reactions can only occur near the surface. The major fraction

of total SOA mass comprises the molecules present in the in-

ternal region of particles, which remain unoxidized. On the

other hand, under highly humid conditions, cloud processing

such as acid-catalyzed reactions in the aqueous phase (Böge

et al., 2006) and OH radical reactions in the aqueous phase

(Lim et al., 2005; Carlton et al., 2006, 2007; Myriokefali-

takis et al., 2011) can occur. Due to OH radical reactions

in the aqueous phase, ketocarboxylic acids such as pyruvic

acid can be oxidized to form dicarboxylic acids such as ox-

alic acid. SOA produced in laboratory chamber experiments

is less oxidized than for ambient OOA, not only because the

experimental duration is insufficient or the SOA mass load-

ing in the chamber is higher than that of the atmosphere: the

laboratory chamber experiments under dry conditions cannot

simulate the reactions of organics in the aqueous phase that

take place in cloud processing.

7 Conclusions

In this study, SOA formed from the photooxidation of ben-

zene and 1,3,5-TMB in the presence of NOx was measured

by SMPS, H-ToF-AMS, and LC/TOF-MS. The SOA yield

from benzene was higher than that from 1,3,5-TMB. A tri-

angle plot of SOA from aromatic hydrocarbons was studied

using the f 43 and f 44 data obtained by H-ToF-AMS mea-

surements made in the present and previous studies. The f 44

value of SOA from benzene was higher than that of SOA

from 1,3,5-TMB. The triangle plot also revealed a trade-off

relationship between decreased f 44 value and increased f 43

value. All f 44 values obtained for SOA from aromatic hy-

drocarbons were lower than those of highly oxidized ambient

OOA. The van Krevelen diagram plotted using AMS data for
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SOA from benzene and 1,3,5-TMB showed the organic com-

pounds present in SOA to be rich in carboxylic acids or hy-

droxycarbonyls. Ring-opened carboxylic acids and nitrophe-

nols were identified as products present in SOA by LC/TOF-

MS analysis of SOA from benzene. The ring-opened car-

boxylic acids from benzene had an aldehyde or carboxyl

group at each end. On the other hand, the ring-opened car-

boxylic acids from 1,3,5-TMB had a ketone and carboxyl

group at each end. The present results of the triangle plot, van

Krevelen diagram, and composition analysis at the molecu-

lar level together indicate that SOA aging proceeds chiefly

through carboxylic acid formation via the oxidation of car-

bonyls, and that the rate of SOA aging in laboratory chamber

experiments is limited by the rate of oxidation of ketones.

SOA produced in laboratory chamber experiments is less ox-

idized than with ambient OOA, not only because the experi-

mental duration is insufficient or the SOA mass loading in the

chamber is higher than that of the atmosphere, but because

the laboratory chamber experiments under dry conditions are

unable to simulate ketocarboxylic acid photochemical oxi-

dation in the aqueous phase. In the future, understanding of

aqueous-phase SOA chemistry is necessary.

The HRNO3/HROrg ratio (representing the relative mass

fraction of organonitrates or nitro organics) measured by H-

ToF-AMS for SOA from benzene was confirmed to be higher

than that measured for SOA from 1,3,5-TMB. The suppres-

sion of nitrophenol formation from 1,3,5-TMB is explained

by the already-known reaction mechanism in relation to ni-

trophenol formation.

Supplementary material related to this article is

available online at: http://www.atmos-chem-phys.net/12/

4667/2012/acp-12-4667-2012-supplement.pdf.
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