
Atmos. Chem. Phys., 10, 4809–4822, 2010
www.atmos-chem-phys.net/10/4809/2010/
doi:10.5194/acp-10-4809-2010
© Author(s) 2010. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Insights into secondary organic aerosol formed via aqueous-phase
reactions of phenolic compounds based on high resolution mass
spectrometry

Y. L. Sun1, Q. Zhang1, C. Anastasio2, and J. Sun3

1Department of Environmental Toxicology, University of California, Davis, CA 95616, USA
2Department of Land, Air and Water Resources, University of California, Davis, CA 95616, USA
3College of Architecture and Environment, Sichuan University, Chengdu, Sichuan 610065, China

Received: 23 January 2010 – Published in Atmos. Chem. Phys. Discuss.: 5 February 2010
Revised: 1 May 2010 – Accepted: 13 May 2010 – Published: 26 May 2010

Abstract. Recent work has shown that aqueous-phase re-
actions of phenolic compounds – phenol (C6H6O), guaia-
col (C7H8O2), and syringol (C8H10O3) – can form sec-
ondary organic aerosol (SOA) at high yields. Here we ex-
amine the chemical characteristics of this SOA and its for-
mation mechanisms using a High-Resolution Time-of-Flight
Aerosol Mass Spectrometer (HR-AMS), an Ion Chromatog-
raphy system (IC), and a Total Organic Carbon (TOC) an-
alyzer. The phenolic SOA are highly oxygenated with
oxygen-to-carbon (O/C) ratios in the range of 0.80–1.06 and
carbon oxidation states (= 2×O/C-H/C) between−0.14 and
+0.47. The organic mass-to-carbon (OM/OC) ratios de-
termined by the HR-AMS (= 2.21− 2.55) agree well with
values determined based on the SOA mass measured gravi-
metrically and the OC mass from the TOC analyzer. Both
the O/C and OM/OC ratios of the phenolic SOA are sim-
ilar to the values observed for ambient low-volatility oxy-
genated/secondary OA (LV-OOA). Oxalate is a minor, but
ubiquitous, component of the SOA formed from all three
phenolic precursors, accounting for 1.4−5.2% of the SOA
mass, with generally higher yields in experiments with H2O2
added as an OH source compared to without. The AMS spec-
tra show evidence for the formation of syringol and guaiacol
dimers and higher oligomers via C-C and C-O coupling of
phenoxyl radicals, which are formed through oxidation path-
ways such as abstraction of the phenolic hydrogen atom or
OH addition to the aromatic ring. This latter pathway leads
to hydroxylation of the aromatic ring, which is one mecha-
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nism that increases the degree of oxidation of the SOA prod-
ucts. Compared to direct photochemical reactions of the phe-
nols, OH-initiated reactions favor the formation of smaller
oxidation products but less dimers or higher oligomers. Two
unique and prominent ions in the syringol and guaiacol SOA
spectra,m/z 306 (C16H18O

+

6 ) and m/z 246 (C14H14O
+

4 ),
respectively, are observed in ambient aerosols significantly
influenced by wood combustion and fog processing. Our
results indicate that cloud and fog processing of phenolic
compounds, especially in areas with active biomass burning,
might represent an important pathway for the formation of
low-volatility and highly oxygenated organic species, which
would remain in the particle phase after fog/cloud evapora-
tion and affect the chemical and optical properties of atmo-
spheric particles.

1 Introduction

Organic aerosols (OA) account for a significant fraction of
fine particulate mass in the atmosphere (Saxena and Hilde-
mann, 1996; Kanakidou et al., 2005; Zhang et al., 2007)
and likely play important roles in affecting the radiative
balance of the Earth and air quality. However, there are
large uncertainties in evaluating the impacts of OA on atmo-
spheric chemistry, climate, and human health, due to many
unknowns regarding their sources, composition, properties,
and transformation mechanisms (Kanakidou et al., 2005; de
Gouw and Jimenez, 2009; Hallquist et al., 2009).

Field studies indicate that a substantial fraction of at-
mospheric OA is secondary (SOA) (e.g., Zhang et al.,
2007). While SOA is generally considered as a product from
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Table 1. Summary of the SOA products of phenolic precursors obtained from aqueous photochemical reactions under different experimental
conditions.

Sample Precursor Compound (Formula, MW, Solution SOA SOC Organic acids HR-AMS Measurements of Phenolic SOA
ID OM/OC, Carbon Oxidation Statea) Conditionsb massc (µgC) (% of SOA mass)

(µg)

H2O2 pH Formate Oxalate OM/OC O/C H/C SOA mass4 6m/ze
>100 Carbon Oxidation

(µg) Statea

A Phenol ✓ 5 62.9 23.1 0.31% 2.6% 2.55 1.06 1.65 58.9 2.5% +0.47
(C6H6O, 94, 1.31,−0.67)

B Guaiacol ✓ 5 83.6 32.4 0.24% 3.6% 2.37 0.92 1.69 76.8 6.7% +0.15
C (C7H8O2, 124, 1.48,−0.57) 5 40.6 20.8 0.29% 1.9% 2.25 0.83 1.70 46.8 6.7% −0.04

D Syringol ✓ 5 155 73.9 0.25% 5.2% 2.39 0.93 1.74 176 6.8% +0.12
E (C8H10O3, 154, 1.61,−0.50) ✓ 7 191 91.1 0.06% 1.4% 2.21 0.80 1.74 201 8.1% −0.14
F 5 168 83.2 0.10% 1.4% 2.21 0.80 1.67 184 6.9% −0.07

a Average degree of oxidation of the C atom (= 2×O/C-H/C). More positive values indicate a greater degree of oxidation.b Indicates whether the illumination solution contained
H2O2 (100 µM) as a photochemical source of OH and lists the initial pH of the solution, adjusted with H2SO4or NaHBO4. All solutions were illuminated with simulated sunlight.
There is no row for phenol (C6H6O) in the absence of H2O2 (i.e., light only) since no SOA was formed under this condition.c SOA mass measured gravimetrically.d SOA mass
reconstructed (=SOC×OM/OC).e % of total ion signal atm/z > 100 in the corresponding AMS spectrum.

gas-phase oxidation of volatile organic compounds (VOCs)
and subsequent gas-to-particle partitioning, recent studies
have shown that reactions in atmospheric aqueous phases
may represent an important pathway for SOA production
(Blando and Turpin, 2000; Kanakidou et al., 2005; Kroll and
Seinfeld, 2008; Hallquist et al., 2009). For instance, forma-
tion of low-volatility high-molecular weight (MW) products
has been observed during the aqueous-phase reactions of a
number of organic compounds detected in atmosphere, in-
cluding glycolaldehyde (Perri et al., 2009), glyoxal (Buxton
et al., 1997; Carlton et al., 2007; Tan et al., 2009), methyg-
lyoxal (Altieri et al., 2008), pyruvic acid (Altieri et al., 2006;
Carlton et al., 2006; Guzḿan et al., 2006), and methacrolein
(Liu et al., 2009).

Recent work has shown substantial formation of low-
volatility materials in water solutions of phenols and
methoxyphenols exposed to atmospherically relevant photo-
chemical conditions (Anastasio and Sun, 2010). In addition,
aqueous phenol reactions are also a source of light-absorbing
molecules, i.e., humic-like substances (HULIS) (Gelencsér
et al., 2003; Chang and Thompson, 2010). Phenols are com-
mon in ambient air and are especially abundant in areas of
wood burning (Leuenberger et al., 1985; Sagebiel and Seiber,
1993; L̈uttke et al., 1997) due to pyrolysis of lignin – a ma-
jor component of wood tissue (Hawthorne et al., 1992; Si-
moneit, 1999). Oxidation of aromatic compounds and the en-
trainment of terrestrial humic/fulvic substances can also con-
tribute phenols to the atmosphere (Graber and Rudich, 2006).
While the study by Anastasio and Sun (2010) clearly indi-
cates that in-cloud processing of phenols can be a source of
SOA, little is known about the products. Characterizing the
chemical composition of SOA is important to understanding
the reaction mechanisms and representing them in models.

In this work we describe the chemical characteristics of
the low-volatility, aqueous-phase reaction products of phenol
(C6H6O, MW=94), 2-methoxyphenol (guaiacol, C7H8O2,

MW=124), and 2,6-dimethoxyphenol (syringol, C8H10O3,
MW=154), which represent the three basic structures of
phenols emitted from wood combustion (Simoneit et al.,
1993). The reactions were initiated in water solutions ex-
posed to simulated sunlight illumination in the presence and
absence of H2O2 as an OH source (Anastasio and Sun, 2010).
Here we characterize the composition of the phenolic SOA,
and elucidate the mechanisms responsible for its formation,
based on analysis with an Aerodyne High-Resolution Time-
of-Flight Aerosol Mass Spectrometer (HR-AMS) in conjunc-
tion with measurements of total organic carbon (TOC) and
small organic acids.

2 Experimental

2.1 Phenolic SOA preparation

The SOA products of three phenolic model compounds –
phenol, guaiacol, and syringol – were prepared under two
conditions: (1) simulated sunlight and (2) simulated sunlight
with hydroxyl radical (OH). Details of the experiments are
given in Anastasio and Sun (2010) and are described here
only briefly. The initial solutions were composed of air-
saturated Milli-Q water containing 100 µM of a single phenol
and sulfuric acid or sodium borate to adjust the pH; in exper-
iments with OH we also added 100 µM H2O2 (Table 1). We
used 100 µM of initial phenol in order to be able to readily
measure the SOA products. While this concentration is much
higher than typical ambient levels of individual phenols (ap-
proximately 0.1−1 µM; Anastasio et al., 1997 and references
therein), it is not much higher than the upper range of to-
tal concentrations of methoxyphenols observed in winter fog
drops in northern California, where measured values range
up to approximately 30 µM (Sagebiel and Seiber, 1993).
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Solutions were illuminated in air-tight quartz cells at 20◦C
with simulated sunlight from a filtered 1000 W Xe lamp un-
til approximately half of the initial phenol was degraded (as
monitored by HPLC/UV-vis). At that point, 12.0 mL of the
illuminated solution was placed in an aluminum (Al) cup and
blown gently to dryness with N2 at room temperature. HPLC
analysis of the blown-down material shows there are negligi-
ble amounts of the initial phenols remaining. Dark control
experiments, carried out under same conditions except in the
dark, showed negligible loss of phenol and negligible forma-
tion of SOA.

2.2 High-resolution aerosol mass spectrometric analysis

An HR-AMS (Aerodyne Res. Inc.; DeCarlo et al., 2006)
was used to characterize the bulk composition of the pheno-
lic SOA products. The Aerosol Mass Spectrometers (AMS)
have been applied widely in lab experiments and field cam-
paigns for quantitative characterization of aerosol composi-
tion (Canagaratna et al., 2007). They are able to quantify the
total mass of organic substances in particles and provide an
ensemble mass spectrum that bears information of their av-
erage composition (Zhang et al., 2005a; Canagaratna et al.,
2007). The HR-AMS is an exceptionally useful instrument
for chemical resolution of particle components since it is able
to distinguish ions having the same nominal mass-to-charge
ratio (m/z) but different elemental compositions (DeCarlo et
al., 2006; Aiken et al., 2007, 2008).

Detailed procedures for liquid sample analysis with an
AMS can be found in Sun and Zhang (2010). Briefly,
the blown-down material in each Al cup was dissolved
in 10.0 mL distilled-deionized water (DDWater, resistance
>18 M�-cm) and then aerosolized using a constant output
atomizer (TSI, Model 3076). The resulting aerosols were
dried by a diffusion dryer and then sampled into the HR-
AMS. Mass spectra were acquired with the HR-AMS oper-
ated under the settings typically used for ambient studies,
e.g., at heater temperature of 600oC and electron ionizing
voltage of 70 eV. The HR-AMS alternated between two ion
optical modes that are referred to as “V” and “W” according
to the ion paths (DeCarlo et al., 2006). Them/z resolution
of V-mode (∼3000) is lower than that of W-mode (∼6000),
but the sensitivity of V-mode is almost 100 times higher (De-
Carlo et al., 2006; Sun et al., 2009). Between every two
sample runs, DDwater was aerosolized and analyzed as an
analytical blank. In order to better distinguish oligomer sig-
nals in the spectra, the SOA products of syringol were also
analyzed at a lower AMS vaporizer temperature of 200◦C.

2.3 Analysis of high resolution mass spectra (HRMS)

All data analysis was performed with Igor Pro 6.05 (Wave-
metrics, Lake Oswego, OR). The V- and W-mode spec-
tra of each sample were analyzed with the AMS data
analysis software (SQUIRREL v1.46 and PIKA v.1.05)

downloaded fromhttp://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware. Note that PIKA analysis
is usually limited to ions< 100 amu for ambient aerosols
due to the general trend of increasing number of possible
isobaric ions withm/z value. It thus requires higher resolu-
tion to unambiguously separate adjacent ions at largerm/z’s.
However, because the phenolic SOA products studied here
should consist of only C, H, and O and the number of ions at
each integerm/z is much reduced compared to ambient OA,
PIKA analysis was performed to all peaks with good signal-
to-noise (S/N), includingm/z’s>100.

Elemental analysis was performed to the W-mode data to
determine the average O/C and H/C ratios of the SOA prod-
ucts (Aiken et al., 2007; Aiken et al., 2008). Because our
experimental setup appears to dry aerosols effectively, ac-
cording to tests on water signals in the AMS mass spectra of
aerosol generated from highly soluble salts (e.g., NH4Cl and
CH3NH2·HCl) (Sun et al., 2010), we assume no contribu-
tions from physically-bonded particulate or gaseous water in
the raw mass spectra. The H2O+ signal of organics was thus
determined as the difference between the measured H2O+

signal and that produced by sulfates (Allan et al., 2004). The
H2O+ signal of organics showed a good correlation with the
measured CO+2 signal (r2

= 0.97; slope=0.8). We therefore
set H2O+

= 0.8 CO+

2 for the HRMS analysis and set OH+=
25% H2O+ and O+

= 4% H2O+ based on the fragmentation
pattern of water molecule (Allan et al., 2004).

The CO+ signal in the HRMS was also scaled to the CO+

2
signal since the large N+2 signal (from N2 in the air) may
interfere with the quantification of the adjacent CO+ peak
(Aiken et al., 2008; Sun et al., 2009). The average ratio of
CO+/CO+

2 was determined at∼0.8 based on the syringol
SOA spectra (Fig. S1http://www.atmos-chem-phys.net/10/
4809/2010/acp-10-4809-2010-supplement.pdf), which show
relatively well separated CO+ and N+

2 peaks with good S/N,
and thus, CO+ is set equal to 0.8×CO+

2 in this study.

2.4 Ion Chromatography (IC) and Total Organic
Carbon (TOC) analysis

Organic and inorganic anions (e.g., formate, acetate, ox-
alate, and SO2−

4 ) were analyzed with an anion IC system
(Metrohm AG, Switzerland) equipped with a Metrosep A
Supp 5–250 column. TOC concentrations were quantified
with a Sievers 900 TOC Analyzer (GE Analytical Instru-
ments). Recoveries of known additions in samples are gen-
erally within 95–110%. Relative standard errors for replicate
analyses are always within 3% and were usually less than
2%.
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3 Results and discussion

3.1 Background information on SOA yields and phenol
reaction kinetics

Aqueous photoreactions of all three of the phenols form low-
volatility products (i.e., SOA) with mass yields near unity
(Anastasio and Sun, 2010). The actual mass yields of SOA
under ambient atmospheric conditions are likely higher be-
cause semi-volatile species probably more extensively evap-
orate during our drying procedure (see Sect. 2.1) than in am-
bient particles. However, based on the SOA carbon yields,
we estimate that volatile and semi-volatile materials (e.g.,
CO, CO2, and small organic compounds) lost during reaction
and/or drying accounted for only∼20% of the reacted phe-
nol mass. Since almost no original phenolic compounds were
detected in the solids left in the Al cup after drying, we are
confident that the organic materials analyzed for this study
are indeed the low-volatility SOA products. Finally, using
this blow-down procedure shows that the phenolic SOA is
stable both in solution as well as under dry conditions.

As described in Anastasio and Sun (2010), the lifetimes of
phenols in atmospheric fog and cloud water drops with re-
spect to OH reaction are on the order of a few hours during
daytime; similarly, the illumination times required to pro-
duce the SOA products studied here in the presence of OH
were approximately an hour (syringol), a few hours (guaia-
col), and 20 h (phenol). While all three compounds have
similar reaction rate constants with OH (NDRL, 2002), the
exposure times for the three phenols vary because of large
differences in the rates of direct photoreactions: while phenol
has no direct photoreaction, this pathway is relatively rapid
for syringol, and is intermediate for guaiacol (Anastasio and
Sun, 2010). Because the lifetimes of gas-phase phenols with
respect to OH reaction are of the same order as the aqueous
phenols (i.e., hours) (Feigenbrugel et al., 2004), the relative
importance of the aqueous- and gas-phase reaction pathways
depends strongly on the gas-aqueous partitioning of the phe-
nols. Based on Henry’s law constants for the phenols (Sage-
biel et al., 1992; Sagebiel and Seiber, 1993; Guo and Brim-
blecombe, 2007), under typical cold cloud conditions (5◦C,
0.3 g-H2O m−3), approximately 3% (guaiacol), 4% (phenol),
and 15% (syringol) of these phenols will be in the aqueous
phase; however, field measurements have shown that aque-
ous concentrations of methoxyphenols are often a factor of
three or four higher than predicted from Henry’s law (Sage-
biel and Seiber, 1993).

3.2 Bulk chemical characteristics and elemental
composition of phenolic SOA

Figure 1 shows the HRMS of SOA products, in which each
peak is apportioned according to the contributions of six ion
categories – CxH+

y , HyO+

1 , CxHyO+

1 , CxHyO+

2 , CxHyO+

3 ,

and CxHyO+

4 (x ≥ 1; y ≥ 0). The mass spectra for all SOA

products are dominated by CxH+
y , CxHyO+

1 , and CxHyO+

2 ,
which together account for more than 80% of the total signal
(Fig. 1). All SOA spectra show largest peaks atm/z 44 (CO+

2
), 18 (H2O+), and 28 (CO+) and an overall pattern similar
to that of fulvic acid, which has been suggested as a model
representation for highly processed and oxidized OA (OOA)
and HULIS (Alfarra, 2004; Zhang et al., 2005a). The O/C
ratios of these SOA are in the range of 0.80–1.06 (Table 1),
which are close to the values observed for ambient low-
volatility, regional OOA/SOA (LV-OOA, or OOA-1) (Aiken
et al., 2008; Jimenez et al., 2009). Thus the aqueous-phase
photooxidation of phenolic compounds forms SOA species
similarly oxidized as ambient SOA.

The oxidation state of carbon (OSC) in an organic com-
pound containing only C, H, and O atoms can be determined
as 2×O/C–H/C based on the assumption that oxygen has
an oxidation state of−2 and hydrogen of+1 (Kroll et al.,
2009). Higher OSC indicates more oxidized molecule, e.g.,
the OSC of CO2 = +4 and that of CH4 = −4. The aver-
age OSC of phenolic SOA range between−0.14 and+0.47,
significantly higher than the values of their precursor com-
pounds (i.e.,−0.67−−0.50; Table 1). In addition, the SOA
of phenol (C6H6O) is overall the most oxidized while the
SOA of guaiacol and syringol are of a similar degree of oxi-
dation. Compared to illumination only, the presence of H2O2
(as a source of OH) produced more oxidized SOA (Fig. 1);
this is probably due to enhanced hydroxylation of the aro-
matic ring as well as to increased yields of carboxylic acids
(e.g., oxalate) in OH-initiated reactions (see next sections).

The OM/OC ratios determined based on the HRMS are in
the range of 2.21–2.55 (Table 1), which are close to the val-
ues estimated for ambient OOA/SOA (Zhang et al., 2005b;
Aiken et al., 2008) and nonurban OA (2.1±0.2) (Turpin and
Lim, 2001). Note that the OM/OC ratios determined by
the HR-AMS agree well with those determined based on
the SOA mass measured gravimetrically (Anastasio and Sun,
2010) and the OC mass from the TOC analyzer. A linear
regression between the SOA masses reconstructed from HR-
AMS (=OM/OC×TOC) and those measured gravimetrically
yieldsr2

= 0.99 and slope=1.07 (Fig. 2).
For guaiacol and syringol, the mass spectral patterns and

ion compositions of SOA formed from the same precursor
are similar on a big scale for both light only and light plus
OH conditions. But there are important differences in the
degree of oxidation as the SOA produced under light plus OH
conditions are more oxidized than those produced under light
only (Table 1). No SOA was formed from an illuminated
phenol (C6H6O) solution in the absence of H2O2 (i.e., light
only).

The mass spectral patterns from different precur-
sors are more different, particularly at highm/z’s
(Figs. 1 and S2http://www.atmos-chem-phys.net/10/4809/
2010/acp-10-4809-2010-supplement.pdf). This trend can be
viewed clearly in Fig. 3, which shows the distributions of ion
signal, H/C, and O/C as a function of carbon number in the
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Fig. 1. HRMS of the SOA products of(a) phenol,(b–c) guaiacol, and(d–f) syringol formed via aqueous-phase photochemical reactions.
Each peak in the HRMS is colored based on the contributions from 6 ion categories: CxH+

y , HyO+

1 , CxHyO+

1 , CxHyO+

2 , CxHyO+

3 , and

CxHyO+

4 . The ion signals atm/z > 100 are enhanced by a factor of 20 for clarity. The pie charts show the relative contributions of each ion
category to individual SOA material. The experimental conditions and the calculated atomic ratios are shown in the legends.

SOA spectra. In all SOA spectra, the majority of the total sig-
nal is associated with ions containing< 2 C atoms (Fig. 3).
The high O/C ratio in C1 ions is due to the dominant con-
tributions from CO+ and CO+

2 . Relatively unique fragment
ions are observed for SOA formed from different precursors
(Fig. 1), e.g., C6H6O+

2 (m/z = 110) for phenol, C11H7O+

2
(m/z = 171) for guaiacol, and C6H5O+

3 (m/z = 125) for sy-
ringol. In addition, whilem/z 69 stands out in the syringol
SOA spectra, the two isobaric peaks (C3HO+

2 and C4H5O+)

are also observed in the guaiacol SOA, but at much lower rel-
ative intensity. These results suggest that the SOA products
from different phenolic compounds are likely significantly
different despite the formation of some common compounds
(e.g., organic acids; see Sect. 3.2). However, it is also possi-
ble that the differences observed in AMS fragmentation pat-
terns are due to the different level of methoxy substitution
on the precursors and therefore, in the products. Indeed, as
discussed in Sect. 3.3., there are clear evidences that simi-
lar types of products, e.g., dimers and higher oligomers, are
formed from both syringol and guaiacol.

Since electron impact produces ions no larger than the
molecular ions, the detection of significant amounts of high
m/z fragments in the SOA spectra indicate the formation

of higher molecular weight (MW) species, likely via oxy-
gen incorporation and/or oligomerization. The high-MW
SOA species seem to correlate with the precursor compounds
in terms of molecular mass and O/C ratios. For example,
compared to guaiacol and phenol, the SOA products of sy-
ringol generate substantially more signal atm/z > 100 (Ta-
ble 1 and Fig. 4), of which a large fraction is associated
with multiple-oxygenated ions, i.e., CxHyO+

2 , CxHyO+

3 , and
CxHyO+

4 (Fig. 1). Overall, the highm/z fragments in the
SOA spectra generally increase in signal intensity and O/C
ratios following the order of phenol, guaiacol, and syringol
(Fig. 3). These results suggest that the high-MW species in
phenolic SOA mirror the composition and molecular mass of
their precursors. Syringol appears to form high-MW species
most efficiently. In addition, the high-MW species formed
from syringol appear to have highest O/C ratios despite the
fact that the SOA of phenol is overall more oxidized than
those of guaiacol and syringol.

4 Formation of organic acids

The IC analysis shows the ubiquitous formation of small
organic acids in the aqueous phenolic solutions during

www.atmos-chem-phys.net/10/4809/2010/ Atmos. Chem. Phys., 10, 4809–4822, 2010
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Fig. 2. Comparison of the reconstructed masses of phenolic SOA
products (=TOC×OM/OC) versus their masses measured by gravi-
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OM/OC determined by the HR-AMS. The linear fit with the re-
gression through zero was performed using an orthogonal distance
regression (ODR) model.

exposure to simulated sunlight. Oxalate accounts for
1.4–5.2% of the SOA mass (Table 1); it appears that
OH promotes the formation of oxalate. The concen-
trations of formate and acetate are very low in both
the light and dark experiments, likely due to evaporative
losses when the solutions were blown dry. Some un-
known small peaks were also observed in the ion chro-
matograms (e.g., Fig. S3 (http://www.atmos-chem-phys.net/
10/4809/2010/acp-10-4809-2010-supplement.pdf) for gua-
iacol SOA), indicating that unidentified organic acids con-
tribute to the SOA products as well. However, injections
of organic acid standards show that the unknown peaks
are not glycolate, pyruvate, succinate, or benzoate. Pre-
vious studies have shown that glyoxylate is a direct pre-
cursor of oxalate formation in the aqueous phase (Ervens
et al., 2004; Lim et al., 2005). Although this compound
was not analyzed in this study, it could be one of the
unidentified peaks judging from their retention times in the
IC (Fig. S3http://www.atmos-chem-phys.net/10/4809/2010/
acp-10-4809-2010-supplement.pdf).

The detection of small acids demonstrates that aqueous
reactions of phenols can open the aromatic ring and form
highly oxygenated aliphatic products, although the mecha-
nism is not known. Ervens et al. (2003) suggested that in-
cloud chemistry may facilitate the formation of oxalic acid
from aromatic compounds. But in this mechanism the ring
is cleaved in the gas phase, forming products which dissolve
into the aqueous phase and then are oxidized to organic acids.
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4.1 Formation of phenolic dimers and higher oligomers

Phenols are known to undergo radical recombination in the
aqueous phase, forming dimers and higher oligomers (e.g.,
Kobayashi and Higashimura, 2003). The mechanism in-
volves C-C or C-O coupling of phenoxy radicals, which are
formed via oxidation pathways such as abstraction of the
phenolic hydrogen atom or OH addition to the aromatic ring
(Fig. 5). Oligomers have been detected in our SOA prod-
ucts of guaiacol (Fig. 6). C14H14O

+

4 (m/z 246), which is the
molecular ion (M+) and the base peak in the NIST spectrum
of the guaiacol C-C dimer, is a major peak abovem/z 100
in the AMS spectra of guaiacol SOA (Figs. 6a and 4b). Note
that organic compounds with stable structures (e.g., PAHs;
Dzepina et al., 2007) may form M+ significantly in the AMS,
despite high temperature vaporization (∼600◦C) that may
lead to thermal decomposition and additional fragmentation
in EI. The HR-AMS confirms that the peak atm/z 246 is al-
most purely C14H14O

+

4 and that the peak atm/z 247 is its
C-13 isotope ion (13CC13H14O

+

4 ). The formation of guaia-
col dimers during irradiation of aqueous solutions of gua-
iacol and H2O2 was also confirmed by Chang and Thomp-
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son (2010) using Electrospray Ionization Mass Spectrome-
try (ESI-MS). However, it is important to note that the con-
centrations of phenolic precursors (100 µM) used in our ex-
periments are 100 times lower. Other major peaks such as
m/z 231, 203, 160, 123, and 115 in the NIST dimer spectrum
are all significant peaks in the guaiacol SOA spectra (Fig. 6).

The C-O dimer of guaiacol, for which no NIST spectrum is
available, is expected to give a similar fragmentation pattern
since its structure is very similar to that of the C-C dimer.
Indeed, the NIST mass spectra of C-C and C-O dimers of
phenol are almost identical, as described in Sect. 3.4.
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Characteristic dimer peaks have also been identified in the
mass spectra of syringol SOA, but no NIST spectra are avail-
able for syringol dimers. The M+ of the syringol dimer
(C16H18O

+

6 , m/z 306) sticks significantly above its neigh-
bors and is the largest peak in the syringol SOA spectra
above 200 amu (Fig. 4). HR-AMS confirmsm/z 306 be-
ing primarily C16H18O

+

6 and m/z 307 being its isotope
(13CC15H18O

+

6 ). Other major peaks such asm/z 291
(C15H15O

+

6 ), 263 (C14H15O
+

5 ), and 248 (C13H12O
+

5 ) in the
syringol SOA spectra (Fig. 7b–d) are expected to form from
logical neutral loss (e.g., CH3, CO, and H2O etc.) from M+

(McLafferty and Turecek, 1993).

The postulated fragmentation pathways of syringol dimers
(Fig. 7a) explain well the detection of main peaks atm/z’s
168 (C8H8O+

4 ), 153 (C7H5O+

4 , C8H9O+

3 ), 138 (C7H6O+

3 ),
and 125 (C6H5O+

3 ) in the spectra of syringol SOA (Fig. 7b–
d). Furthermore, the compositions of the ions are confirmed
by the HRMS. For example, the detection of isobaric ions
(C7H5O+

4 and C8H9O+

3 ) at m/z 153 (Fig. 7e) is consistent
with the fragmentation mechanisms of C-C and C-O coupled
dimers of syringol (Fig. 7a). Analysis of the mass spectra
of guaiacol SOA also gives results consistent with guaiacol
dimers (Fig. S4http://www.atmos-chem-phys.net/10/4809/
2010/acp-10-4809-2010-supplement.pdf).

In addition, we see evidence for the formation of
higher molecular weight oligomers, e.g., the gua-
iacol trimer (m/z 368, C21H20O

+

6 , Fig. 4b) and a
series of syringol oligomers (1m/z = 14 and 18,
Fig. S5a http://www.atmos-chem-phys.net/10/4809/2010/
acp-10-4809-2010-supplement.pdf). Note that these signals
are relatively low at an AMS vaporizer temperature of
600◦C, probably due to thermal decomposition on the
vaporizer. The relative abundances of the highm/z ions,
including the trimer M+ and its daughter ions, are signif-
icantly enhanced at lower vaporizer temperature (200◦C)
(Fig. S5b http://www.atmos-chem-phys.net/10/4809/2010/
acp-10-4809-2010-supplement.pdf). All of these results
confirm the formation of dimers and higher oligomers via
coupling of phenoxy radicals during the aqueous-phase
photoreactions of guaiacol and syringol.

4.2 Formation of hydroxylated phenolic species

In comparison to guaiacol and syringol, the evidence for
dimer formation from phenol is less obvious in its SOA spec-
trum. The M+ of phenol dimers, i.e., C12H10O

+

2 (m/z 186),
is relatively low in the phenol SOA spectrum (Fig. 8a), al-
though it is the base peak in the NIST spectrum of phe-
nol dimers (Fig. 8d). Similarly, almost no dimer formation

Atmos. Chem. Phys., 10, 4809–4822, 2010 www.atmos-chem-phys.net/10/4809/2010/
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was observed in irradiation of an aqueous solution con-
taining much higher concentrations of phenol (10 mM) and
H2O2 (1 mM) compared to this study (Chang and Thomp-
son, 2010). In contrast, we see ions showing that phe-
nol has been hydroxylated to more oxygenated forms. For
example, C6H6O+

2 (m/z 110), which could be the M+ of hy-
droquinone and catechol, is a significant peak in the phenol
SOA spectrum (Fig. 8a and c). These two compounds, as
well as the meta-dihydroxy isomer, are formed from phenol
via efficient OH addition to the aromatic ring in the aqueous
phase (e.g., Albarran and Schuler, 2007; Bonin et al., 2007).

A more detailed mechanism of hydroxylation is illustrated
in Fig. 5. It shows the addition of OH to the ring as an ini-
tial step followed by the formation of most abundant ring-
retaining product of hydroxylated phenol from H-atom ab-

straction involving O2 (Fig. 5). The OH-phenol adduct may
also undergo unimolecular elimination of H2O to form a phe-
noxy radical (Land and Ebert, 1967; Atkinson et al., 1992;
Barzaghi and Herrmann, 2002; Olariu et al., 2002), which
leads to the formation of oligomers (Fig. 5). Similar hydrox-
ylation reactions undoubtedly also occur with guaiacol and
syringol, both before and after dimerization/oligomerization,
and contribute to the large degree of oxidation of the phenolic
SOA (Table 1).

4.3 Observation of phenolic SOA signatures in ambient
aerosols

To examine whether ambient particles show evidence of SOA
formed from the aqueous processing of phenols, a PM2.5

www.atmos-chem-phys.net/10/4809/2010/ Atmos. Chem. Phys., 10, 4809–4822, 2010
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sample collected after a fog event on 9 January 2006 in
Fresno, California was extracted in water, aerosolized with
an atomizer, and analyzed using the same method discussed
in Sun and Zhang (2010). This PM sample likely contains
significant contribution from wood combustion as its HRMS
(Fig. 9a) shows elevated signals atm/z 60 (C2H4O+

2 ) and
73 (C3H5O+

2 ), which are the AMS markers for wood burn-
ing (Alfarra et al., 2007; Aiken et al., 2009). Signature ions
for syringol and guaiacol dimers, i.e., C16H18O

+

6 (m/z 306)
and C14H14O

+

4 (m/z 246), respectively, are clearly observed
(Fig. 9b–c), suggesting the presence of these compounds,
which are probably formed via aqueous reactions either in
fog droplets or deliquesced particles. Other major peaks
of syringol and guaiacol SOA – e.g.,m/z 69 (C3HO+

2 ,
C4H5O+, C5H+

9 ), 263 (C14H15O
+

5 ), and 95 (C5H3O+

2 ,
C6H7O+) – are observed as well, although it is possible that
these ions were contributed by other organic species. Over-
all, these results suggest that aqueous-phase processing of
phenolic compounds (e.g., from biomass burning emissions)
may be an important pathway for SOA formation in atmo-

sphere. In addition, the detection of phenol SOA signatures
in ambient aerosol also suggest the mass spectra from our
laboratory work may be used as a reference for SOA formed
via aqueous processing of phenols.

5 Conclusions and implications

We have characterized the SOA products formed via
aqueous-phase photochemical reactions of phenolic com-
pounds. Elemental analysis of the HR-AMS spectra indicates
that they are highly oxidized. The O/C ratios of the phenolic
SOA material are in the range of 0.80–1.06, which are sim-
ilar to the values observed for low volatility, aged regional
SOA in ambient air.

Compared to the SOA formed in solutions exposed only
to simulated sunlight, the SOA formed from a given pheno-
lic precursor in the presence of OH showed a higher O/C
ratio and a higher yield of oxalate. Formation of oxalate and
other small organic acids is ubiquitous though they account

Atmos. Chem. Phys., 10, 4809–4822, 2010 www.atmos-chem-phys.net/10/4809/2010/
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for only a small fraction (<10%) of the total SOA mass. A
considerable fraction of the SOA products formed from gua-
iacol and syringol are dimers and higher oligomers, formed
via coupling of phenoxy radicals. The phenol SOA spec-
trum shows little evidence of dimers but significant amounts
of more oxygenated species formed via hydroxylation of
the aromatic ring. We identified C16H18O

+

6 (m/z 306) and
C14H14O

+

4 (m/z 246) as two mass spectral signatures for sy-
ringol and guaiacol dimers, respectively; both ions were ob-
served in ambient aerosol influenced significantly by wood
burning and had been subjected to fog processing.

Our results indicate that fog/cloud processing of phenolic
compounds may represent an important pathway for the pro-
duction of low-volatility, highly oxygenated materials, which
may remain in the particle phase upon fog/cloud evaporation.
Similar reactions likely occur in aqueous particles as well.
We are currently working to determine the significance of
aqueous reactions of phenols as a source of ambient SOA, but
our initial estimates suggest this pathway is significant, espe-
cially in regions of wood combustion (Anastasio and Sun,
2010). Given that the SOA formed from aqueous reactions
of phenolic compounds are both water soluble (Anastasio

and Sun, 2010) and light absorbing (Gelencsér et al., 2003;
Chang and Thompson, 2010), these reactions might signif-
icantly modify the chemical composition, size distribution,
and properties of particles in certain regions, which in turn
would influence the climate and human-health related effects
of these aerosols.
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F., Monod, A., Pŕevôt, A. S. H., Seinfeld, J. H., Surratt, J. D.,
Szmigielski, R., and Wildt, J.: The formation, properties and
impact of secondary organic aerosol: current and emerging is-
sues, Atmos. Chem. Phys., 9, 5155–5236, doi:10.5194/acp-9-
5155-2009, 2009.

Hawthorne, S. B., Miller, D. J., Langenfeld, J. J., and Krieger, M.
S.: PM10 high-volume collection and quantitation of semi- and
nonvolatile phenols, methoxylated phenols, alkanes, and poly-
cyclic aromatic hydrocarbons from winter urban air and their re-
lationship to wood smoke emissions, Environ. Sci. Technol., 26,
2251–2262, doi:10.1021/es00035a026, 1992.

Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., et al.: Evolu-
tion of organic aerosols in the atmosphere, Science, 326, 1525–
1529, doi:10.1126/science.1180353, 2009.

Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, I., Dentener,
F. J., Facchini, M. C., Van Dingenen, R., Ervens, B., Nenes, A.,
Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski, Y., Fuzzi,
S., Horth, J., Moortgat, G. K., Winterhalter, R., Myhre, C. E.
L., Tsigaridis, K., Vignati, E., Stephanou, E. G., and Wilson,
J.: Organic aerosol and global climate modelling: a review, At-
mos. Chem. Phys., 5, 1053–1123, doi:10.5194/acp-5-1053-2005,
2005.

Kobayashi, S. and Higashimura, H.: Oxidative polymerization of
phenols revisited, Prog. Polym. Sci., 28, 1015–1048, 2003.

Kroll, J. H. and Seinfeld, J. H.: Chemistry of secondary organic
aerosol: Formation and evolution of low-volatility organics in
the atmosphere, Atmos. Environ., 42, 3593–3624, 2008.

Kroll, J. H., Kessler, S. H., Smith, J. D., et al.: Changes to car-
bon oxidation state during the photochemical aging of organic
aerosol, American Geophysical Union, Fall Meeting 2009, ab-
stract #A21H-07, San Francisco, 2009.

Land, E. J. and Ebert, M.: Pulse radiolysis studies of aqueous
phenol. Water elimination from dihydroxycyclohexadienyl rad-
icals to form phenoxyl, Trans. Faraday Soc., 63, 1181–1190,
doi:10.1039/TF9676301181, 1967.

Leuenberger, C., Ligocki, M. P., and Pankow, J. F.: Trace organic
compounds in rain. 4. Identities, concentrations, and scaveng-
ing mechanisms for phenols in urban air and rain, Environ. Sci.
Technol., 19, 1053–1058, doi:10.1021/es00141a005, 1985.

Lim, H.-J., Carlton, A. G., and Turpin, B. J.: Isoprene
forms secondary organic aerosol through cloud processing:
model simulations, Environ. Sci. Technol., 39, 4441–4446,
doi:10.1021/es048039h, 2005.
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