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Abstract

Recent work has shown that aqueous-phase reactions of phenolic compounds – phe-
nol (C6H6O), guaiacol (C7H8O2), and syringol (C8H10O3) – can form secondary or-
ganic aerosol (SOA) at high yields. Here we examine the chemical characteristics of
this SOA and its formation mechanisms using a High-Resolution Time-of-Flight Aerosol5

Mass Spectrometer (HR-AMS), an Ion Chromatograph (IC), and a Total Organic Car-
bon (TOC) analyzer. 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) be-
tween −0.14 and +0.47. The organic mass-to-carbon (OM/OC) ratios determined by
the HR-AMS (=2.21–2.55) agree well with values determined based on the SOA mass10

measured gravimetrically and the OC mass from the TOC analyzer. Both the O/C
and OM/OC ratios of the phenolic SOA are similar to the values observed for ambient
low-volatility oxygenated/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 added15

as an ·OH source compared to without. The AMS spectra show evidence for the forma-
tion of syringol and guaiacol dimers and higher oligomers via C–C and C–O coupling
of phenoxyl radicals, which are formed through oxidation pathways 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 mechanism that increases the20

degree of oxidation of the SOA products. Compared to direct photochemical reactions
of the phenols, ·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 fog25

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
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remain in particle phase after fog/cloud evaporation and affect the hygroscopicity and
radiative impacts of ambient OA.

1 Introduction

Organic aerosols (OA) account for a significant fraction of fine particulate mass in the
atmosphere (Saxena and Hildemann, 1996; Kanakidou et al., 2005; Zhang et al., 2007)5

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
atmospheric processes, 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).10

Field studies indicate that a substantial fraction of atmospheric OA is secondary
(SOA) (e.g., Zhang et al., 2007). While SOA is generally considered as a product from
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,15

2000; Kanakidou et al., 2005; Kroll and Seinfeld, 2008; Hallquist et al., 2009). For
instance, formation of low-volatility high-molecular weight (MW) products has been ob-
served during the aqueous-phase reactions of a number of organic compounds de-
tected in atmosphere, including glycolaldehyde (Perri et al., 2009), glyoxal (Buxton
et al., 1997; Carlton et al., 2007), methyglyoxal (Altieri et al., 2008), pyruvic acid (Altieri20

et al., 2006; Carlton et al., 2006; Guzmán et al., 2006), methacrolein (Liu et al., 2009),
and isoprene (Lim et al., 2005; Altieri et al., 2006).

In addition, the aqueous oxidation of phenols is a source of light-absorbing
molecules, i.e., humic like substances (HULIS) (Gelencsér et al., 2003; Chang and
Thompson, 2010). These aqueous phenol reactions also very efficiently form low-25

volatility organic products, i.e., SOA (Anastasio and Sun, 2010). Phenols are common
in ambient air and are especially abundant in areas of wood burning (Leuenberger
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et al., 1985; Sagebiel and Seiber, 1993; Lüttke et al., 1997) due to pyrolysis of lignin –
a major component of wood tissue (Hawthorne et al., 1992; Simoneit, 1999). Oxidation
of aromatic compounds and the entrainment of terrestrial humic/fulvic substances can
also contribute phenols to the atmosphere (Graber and Rudich, 2006). While the study
by Anastasio and Sun (2010) clearly indicates that in-cloud processing of phenols can5

be a source of SOA, little is known about these products. Characterizing their compo-
sition 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,10

C7H8O2, MW=124), and 2,6-dimethoxyphenol (syringol, C8H10O3, MW=154), which
represent the three basic structures of phenols emitted from wood combustion (Si-
moneit et al., 1993). The reactions were initiated in water solutions exposed to sim-
ulated 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,15

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
conjunction with measurements of total organic carbon (TOC) and small organic acids.

2 Experimental

2.1 Phenolic SOA preparation20

The SOA products of three phenolic model compounds – phenol, guaiacol, and sy-
ringol – 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. Illumination solutions were com-
posed of Milli-Q water containing 100 µM of a single phenol, sulfuric acid or sodium bo-25

rate to adjust the pH, and – in experiments with ·OH, 100 µM H2O2 (Table 1). Solutions
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were illuminated in air-tight quartz cells at 20 ◦C with simulated sunlight from a filtered
1000 W Xe lamp until approximately half of the initial phenol was degraded (as moni-
tored 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 negligible amounts of the initial5

phenols remaining. Control experiments, carried out under same conditions except in
the dark, showed negligible loss of phenol and negligible formation 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 phenolic SOA products. The Aerosol Mass Spectrometers10

(AMS) have been applied widely in lab experiments and field campaigns for quantita-
tive characterization of aerosol composition (Canagaratna et al., 2007). They are able
to quantify the total mass of organic substances in particles and provide an ensem-
ble mass spectrum that bears information of their average composition (Zhang et al.,
2005a; Canagaratna et al., 2007). The HR-AMS is an exceptionally useful instrument15

for chemical resolution of particle components since it is able to distinguish ions hav-
ing 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
et al. (2010). Briefly, the blown-down material in each Al cup was dissolved in 10.0 mL20

distilled-deionized water (DDWater, resistance >18 MΩ-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 operated under the settings typically used for ambient studies, e.g.,
at heater temperature of 600 ◦C and electron ionizing voltage of 70 eV. The HR-AMS25

alternated between two ion optical modes that are referred to as “V” and “W” according
to the ion paths (DeCarlo et al., 2006). The m/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
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(DeCarlo et al., 2006; Sun et al., 2009). Between every two sample runs, a DDwater
was aerosolized and analyzed as an analytical blank. In order to better distinguish
oligomer signals 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)5

All data analysis was performed with Igor Pro 6.05 (Wavemetrics, Lake Oswego,
OR). The V- and W-mode spectra of each sample were analyzed with the AMS
data analysis software (SQUIRREL v1.46 and PIKA v.1.05) downloaded from http://
cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware. Note that PIKA
analysis is usually limited to ions <100 amu for ambient aerosols due to the general10

trend of increasing number of possible isobaric ions with m/z value. It thus requires
higher resolution to unambiguously separate adjacent ions at larger m/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 integer m/z is much reduced compared to ambient OA,
PIKA analysis was performed to all peaks with good signal-to-noise (S/N), including15

m/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 products (Aiken et al., 2007, 2008). Because our experi-
mental setup appears to dry aerosols effectively, according to tests on water signals in
the AMS mass spectra of aerosol generated from highly soluble salts (e.g., NH4Cl and20

CH3NH2·HCl) (Sun et al., 2010), we assume no contributions 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 set25

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).
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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. S1, see
the supplemantary material: http://www.atmos-chem-phys-discuss.net/10/2915/2010/5

acpd-10-2915-2010-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, oxalate, and SO2−
4 ) were ana-

lyzed with an anion IC system (Metrohm AG, Switzerland) equipped with a Metrosep A10

Supp 5 – 250 column. TOC concentrations were quantified with a Sievers 900 TOC
Analyzer (GE Analytical Instruments). Recoveries of known additions in samples are
generally within 95–110%. Relative standard errors for replicate analyses are always
within 3% and were usually less than 2%.

3 Results and discussion15

3.1 Bulk chemical characteristics and elemental composition of phenolic SOA

Aqueous photoreactions of all three of the phenols form low-volatility products (i.e.,
SOA) with yields near unity (Anastasio and Sun, 2010). Since almost no original phe-
nolic compounds were detected in the solids left in the Al cup after drying, we are
confident that the organic material analyzed for this study is indeed the SOA products.20

According to Anastasio and Sun (2010), the lifetimes of phenols in atmospheric fog
and cloud water drops are on the order of a few hours during daytime; similarly, the
SOA products studied here correspond to those produced over the same time frame of
exposure.
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Figure 1 shows the HRMS of SOA products, in which each peak is apportioned ac-
cording 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 dom-
inated 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 at m/z 44 (CO+

2 ),5

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 ambi-
ent low-volatility, regional OOA/SOA (LV-OOA, or OOA-1) (Aiken et al., 2008; Jimenez10

et al., 2009). Thus the aqueous-phase photooxidation of phenolic compounds forms
SOA species similarly oxidized as ambient SOA. The average oxidation states of car-
bon (=2×O/C–H/C) of these SOA range between −0.14 and +0.47, significantly higher
than the values of their precursor compounds (i.e., −0.67∼−0.50; Table 1). Phenol
SOA is overall the most oxidized while the SOA of guaiacol and syringol are of a similar15

degree of oxidation. 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 hy-
droxylation of the aromatic 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 2.21–2.5520

(Table 1), which are close to the values 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 (i.e., MassSOA/OC). A linear regression between25

the SOA masses reconstructed from HR-AMS (=OM/OC×TOC) and those measured
gravimetrically yields r2=0.99 and slope=1.07 (Fig. 2).

The mass spectral patterns and ion compositions of SOA formed from the same
precursor are similar for both of the experimental conditions (i.e., light only as well
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as light plus ·OH), while those from different precursors are more different, particu-
larly at high m/z ’s (Fig. 1 and Fig. S2: http://www.atmos-chem-phys-discuss.net/10/
2915/2010/acpd-10-2915-2010-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 car-
bon number in the SOA spectra. In all SOA spectra, the majority of the total signal5

is associated with ions containing <2 C atoms (Fig. 3). The high O/C ratio in C1 ions
is due to the dominant contributions 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

syringol. In addition, while m/z 69 stands out in the syringol SOA spectra, the two10

isobaric peaks (C3HO+
2 and C4H5O+) are also observed in the guaiacol SOA, but at

much lower relative intensity. These results suggest that the SOA products from differ-
ent 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 possible
that the differences observed in AMS fragmentation patterns are due to the different15

level of methoxy substitution on the precursors and therefore, in the products. Indeed,
as discussed in Sect. 3.3., there are clear evidences that similar types of products, e.g.,
dimers and higher oligomers, are formed in both syringol and guaiacol cases.

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 forma-20

tion of higher molecular weight (MW) species, likely via oxygen incorporation and/or
oligomerization. The high-MW SOA species seem to correlate with the precursor com-
pounds in terms of molecular mass and O/C ratios. For example, compared to gua-
iacol and phenol, the SOA products of syringol generate substantially more signal at
m/z>100 (Table 1 and Fig. 4), of which a large fraction is associated with multiple-25

oxygenated ions, i.e., CxHyO+
2 , CxHyO+

3 , and CxHyO+
4 (Fig. 1). Overall, the high m/z

fragments in the SOA spectra generally increase in signal intensity and O/C ratios fol-
lowing the order of phenol, guaiacol, and syringol (Fig. 3). These results suggest that
the high-MW species in phenolic SOA likely mirror the composition and molecular mass

2923

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/2915/2010/acpd-10-2915-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/2915/2010/acpd-10-2915-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.atmos-chem-phys-discuss.net/10/2915/2010/acpd-10-2915-2010-supplement.pdf
http://www.atmos-chem-phys-discuss.net/10/2915/2010/acpd-10-2915-2010-supplement.pdf
http://www.atmos-chem-phys-discuss.net/10/2915/2010/acpd-10-2915-2010-supplement.pdf


ACPD
10, 2915–2943, 2010

Insights into
secondary organic

aerosol

Y. Sun et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

of their precursors. Syringol appears to form high-MW species most efficiently and with
highest O/C ratios, despite the fact that the SOA of phenol is overall more oxidized than
those of guaiacol and syringol.

3.2 Formation of organic acids

The IC analysis shows the ubiquitous formation of small organic acids in the aque-5

ous phenolic solutions during 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 concentrations 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 unknown small peaks were also observed in the ion chromatograms10

(e.g., Fig. S3 for guaiacol SOA: http://www.atmos-chem-phys-discuss.net/10/2915/
2010/acpd-10-2915-2010-supplement.pdf), indicating that unidentified organic acids
contribute to the SOA products as well. However, injections of organic acid standards
show that the unknown peaks are not glycolate, pyruvate, succinate, or benzoate.

The detection of small acids demonstrates that aqueous reactions of phenols can15

open the aromatic ring and form highly oxygenated aliphatic products, although the
mechanism is not known. Erven 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.20

3.3 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 mecha-
nism involves C–C or C–O coupling of phenoxy radicals, which are formed via oxida-
tion pathways such as abstraction of the phenolic hydrogen atom or ·OH addition to the25
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aromatic ring (Fig. 5). Oligomers have indeed been detected in our SOA products 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 above m/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+· significantly5

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
at m/z 246 is almost purely C14H14O+

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

4 ). 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).10

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.

Characteristic dimer peaks have also been identified in the mass spectra of syringol15

SOA, but no NIST spectra are available for syringol dimers. The M+· of the syringol
dimer (C16H18O+

6 , m/z 306) sticks significantly above its neighbors and is the largest
peak in the syringol SOA spectra above 200 amu (Fig. 4). HR-AMS confirms m/z 306
being primarily C16H18O+

6 and m/z 307 being its isotope (13CC15H18O+
6 ). Other ma-

jor peaks such as m/z 291 (C15H15O+
6 ), 263 (C14H15O+

5 ), and 248 (C13H12O+
5 ) in the20

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 at m/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). Further-25

more, 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 consis-

tent with the fragmentation mechanisms of C–C and C–O coupled dimers of sy-
ringol (Fig. 7a). Analysis of the mass spectra of guaiacol SOA also gives results
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consistent with guaiacol dimers (Fig. S4: http://www.atmos-chem-phys-discuss.net/10/
2915/2010/acpd-10-2915-2010-supplement.pdf).

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

6 , Fig. 4b) and a series of syringol
oligomers (∆m/z=14 and 18, Fig. S5a: http://www.atmos-chem-phys-discuss.net/10/5

2915/2010/acpd-10-2915-2010-supplement.pdf). Note that these signals are relatively
low at an AMS vaporizer temperature of 600 ◦C, probably due to thermal decomposi-
tion on the vaporizer. The relative abundances of the high m/z ions, including the
trimer M+· and its daughter ions, are significantly enhanced at lower vaporizer tem-
perature (200◦C) (Fig. S5b: http://www.atmos-chem-phys-discuss.net/10/2915/2010/10

acpd-10-2915-2010-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.

3.4 Formation of hydroxylated phenolic species

In comparison to guaiacol and syringol, the evidence for dimer formation from phenol is15

less obvious in its SOA spectrum. The M+· of phenol dimers, i.e., C12H10O+
2 (m/z 186),

is relatively low in the phenol SOA spectrum (Fig. 8a), although it is the base peak
in the NIST spectrum of phenol dimers (Fig. 8d). In contrast, we see ions showing
that phenol has been hydroxylated to more oxygenated forms. For example, C6H6O+

2
(m/z 110), which could be the M+· of hydroquinone and catechol, is a significant peak20

in the phenol SOA spectrum (Fig. 8a, 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). Similar
hydroxylation reactions undoubtedly also occur with guaiacol and syringol, both before
and after dimerization/oligomerization, and contribute to the large degree of oxidation25

of the phenolic SOA (Table 1).
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3.5 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 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 et al. (in preparation). This PM sample likely5

contains significant contribution from wood combustion as its HRMS (Fig. 9a) shows
elevated signals at m/z 60 (C2H4O+

2 ) and 73 (C3H7O+
2 ), which are the AMS markers

for wood burning (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, which10

are probably formed via aqueous reactions either in fog droplets or deliquesced parti-
cles. Other major peaks of syringol and guaiacol SOA e.g., m/z 69 (C3HO+

2 , C4H5O+,
C5H+

9 ), 263 (C14H15O+
5 ), 95 (C5H3O+

2 , C6H7O+) are observed as well, although it is
possible that these ions were contributed by other organic species. Overall, these re-
sults suggest that aqueous-phase processing of biomass burning emissions may be15

an important pathway for SOA formation in atmosphere. 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.

4 Conclusions and implications20

We have characterized the SOA products formed via aqueous-phase photochemical
reactions of phenolic compounds. 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 similar to the values observed for low volatility, aged and
regional SOA in ambient air.25
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Compared to the SOA formed in solutions exposed only to simulated sunlight, the
SOA formed from a given phenolic 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 for only a small fraction (<10%) of the total
SOA mass. A considerable fraction of the SOA products formed from guaiacol and5

syringol are dimers and higher oligomers, formed via coupling of phenoxy radicals.
The phenol SOA spectrum 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

syringol and guaiacol dimers, respectively; both ions were observed in ambient aerosol10

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 production 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 the15

significance of aqueous reactions of phenols as a source of ambient SOA, but our initial
estimates suggest this pathway is significant, especially in regions of wood combustion
(Anastasio and Sun, 2010). Given that the SOA formed from aqueous reactions of
phenolic compounds are found both water soluble (Anastasio and Sun, 2010) and
light absorbing (Gelencsér et al., 2003; Chang and Thompson, 2010), these reactions20

might significantly 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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Table 1. Summary of the SOA products of phenolic precursors obtained from aqueous photo-
chemical reactions under different experimental conditions.

S
am

pl
e

ID

Precursor Compound Solution SOA SOC Organic acids HR-AMS Measurements of Phenolic SOA
(Formula, MW, Conditions2 mass3 (µg C) (% of SOA mass)

Carbon Oxidation H2O2 pH (µg)
State1)

Carbon
SOA

Formate Oxalate OM/OC O/C H/C Σm/z>1005 Oxidation
mass4 (µg)

State1

Phenol
A

√
5 62.9 23.1 0.31% 2.6% 2.55 1.06 1.65 58.9 2.5% +0.47

(C6H6O, 94, −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, -0.57) 5 40.6 20.8 0.29% 1.9% 2.25 0.83 1.70 46.8 6.7% −0.04

D
√

5 155 73.9 0.25% 5.2% 2.39 0.93 1.74 176 6.8% +0.12
Syringol

E
√

7 191 91.1 0.06% 1.4% 2.21 0.80 1.74 201 8.1% −0.14
(C8H10O3, 154, −0.50)

F 5 168 83.2 0.10% 1.4% 2.21 0.80 1.67 184 6.9% −0.07

1 Average degree of oxidation of the C atom (=2× O/C–H/C). More positive values indicate a greater degree of oxida-

tion.
2 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 H2SO4 or NaHBO4. All solutions were illuminated with simulated sunlight. There

is no row for phenol in the absence of H2O2 (i.e., light only) since no SOA was formed under this condition.
3 SOA mass measured gravimetrically
4 SOA mass reconstructed (=SOC×OM/OC).
5 % of total ion signal at m/z>100 in the corresponding AMS spectrum.
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 501 

 502 

Fig. 1. HRMS of the SOA products of (a) phenol, (b-c) guaiacol, and (d-e) syringol formed via 503 
aqueous-phase photochemical reactions. Each peak in the HRMS is colored based on the 504 
contributions from 6 ion categories: CxHy

+, HyO1
+, CxHyO1

+, CxHyO2
+, CxHyO3

+, and CxHyO4
+.  505 

The ion signals at m/z > 100 are enhanced by a factor of 20 for clarity.  The pie charts show the 506 
relative contributions of each ion category to individual SOA material. The experimental 507 
conditions and the calculated atomic ratios are shown in the legends. 508 
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Fig. 1. HRMS of the SOA products of (a) phenol, (b, c) guaiacol, and (d, e) 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 at m/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.

2935

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/2915/2010/acpd-10-2915-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/2915/2010/acpd-10-2915-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 2915–2943, 2010

Insights into
secondary organic

aerosol

Y. Sun et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 2. Comparison of the reconstructed masses of phenolic SOA products (=TOC× OM/OC)
versus their masses measured by gravimetric analysis. TOC was measured by a total carbon
analyzer and OM/OC determined by the HR-AMS. The linear fit with the regression through
zero was performed using an orthogonal distance regression (ODR) model.
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  516 

 517 

Fig. 3. Distribution of elements (C, O, and H) and elemental ratios (H/C and O/C) as a function 518 
of the number of carbons in each AMS fragment of the SOA products for (a) phenol, (b-c) 519 
guaiacol, (d-f) syringol. The experimental conditions are shown in the legends.  520 
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Fig. 3. Distribution of elements (C, O, and H) and elemental ratios (H/C and O/C) as a function
of the number of carbons in each AMS fragment of the SOA products for (a) phenol, (b–c)
guaiacol, (d–f) syringol. The experimental conditions are shown in the legends.
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 522 

Fig. 4. The unit mass resolution (UMR) spectra (m/z 100-500) of phenolic SOA produced via 523 
aqueous-phase photoreactions in the presence of •OH at pH = 5: (a) phenol, (b) guaiacol, and (c) 524 
syringol. The red lines are shown to guide the eyes. 525 
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Fig. 4. The unit mass resolution (UMR) spectra (m/z 100–500) of phenolic SOA produced via
aqueous-phase photoreactions in the presence of ·OH at pH=5: (a) phenol, (b) guaiacol, and
(c) syringol. The red lines are shown to guide the eyes.
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Fig. 5. Proposed mechanism for dimer formation (e.g., Kobayashi and Higashimura, 2003). 527 
Phenol: R1 = H, R2 = H; Guaiacol: R1 = OCH3, R2 = H; Syringol: R1 = OCH3, R2 = OCH3.  Note 528 
that while radical coupling here (and in Fig. 7) is shown through the carbon opposite (para) the 529 
phenoxyl group, other geometric isomers will also be formed during these reactions.  In addition, 530 
although only the abstraction of the phenolic hydrogen atom is shown above, phenoxy radicals 531 
may also be formed via •OH addition to the aromatic ring.   532 
  533 
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Fig. 5. Proposed mechanism for dimer formation (e.g., Kobayashi and Higashimura, 2003).
Phenol: R1=H, R2=H; Guaiacol: R1=OCH3, R2=H; Syringol: R1=OCH3, R2=OCH3. Note
that while radical coupling here (and in Fig. 7) is shown through the carbon opposite (para)
the phenoxyl group, other geometric isomers will also be formed during these reactions. In
addition, although only the abstraction of the phenolic hydrogen atom is shown above, phenoxy
radicals may also be formed via ·OH addition to the aromatic ring.
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 534 

Fig. 6. Comparisons of (a) the AMS mass spectrum (in integer m/z) of guaiacol SOA formed via 535 
aqueous-phase photoreactions (w/ •OH, pH=5) with (b) the NIST mass spectrum of the C-C 536 
coupled dimer of guaiacol and (c) the NIST mass spectrum of guaiacol. The molecular ions (M+•) 537 
are marked and the molecular structures of guaiacol and the guaiacol C-C dimer are shown.  538 
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Fig. 6. Comparisons of (a) the AMS mass spectrum (in integer m/z) of guaiacol SOA formed
via aqueous-phase photoreactions (w/·OH, pH=5) with (b) the NIST mass spectrum of the C–C
coupled dimer of guaiacol and (c) the NIST mass spectrum of guaiacol. The molecular ions
(M+·) are marked and the molecular structures of guaiacol and the guaiacol C–C dimer are
shown.
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 540 

Fig. 7. (a) Postulated fragmentation mechanism and ions of syringol C-C and C-O dimers, (b-d) 541 
AMS mass spectra (m/z 120 – 320) of syringol SOA produced via aqueous-phase photolysis 542 
under different experimental conditions, (e) fraction of ions for m/z’s which are significant in 543 
(b)-(d) and underscored in (a). Ions containing different number of O in (e) are shown in 544 
different colors. 545 
 546 
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Fig. 7. (a) Postulated fragmentation mechanism and ions of syringol C–C and C–O dimers,
(b–d) AMS mass spectra (m/z 120–320) of syringol SOA produced via aqueous-phase photol-
ysis under different experimental conditions, (e) fraction of ions for m/z ’s which are significant
in (b–d) and underscored in (a). Ions containing different number of O in (e) are shown in
different colors.
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 548 
Fig. 8. Comparisons of (a) the AMS spectrum of phenol SOA produced via aqueous phase 549 
photoreactions (w/ •OH, pH=5) with the NIST mass spectra of  (b) the C-C coupled  (biphenyl-550 
4,4’-diol) and C-O coupled (4-phenoxyphenol) dimers of phenol, (c) hydroquinone and catechol, 551 
and (d) phenol. The molecular ions (M+•) are marked and the molecular structures are shown. 552 
The inset in (a) shows the high resolution spectrum of phenol SOA at m/z 110, which is primarily 553 
C6H6O2

+ – the molecular ions of hydroxyphenols. 554 
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Fig. 8. Comparisons of (a) the AMS spectrum of phenol SOA produced via aqueous phase
photoreactions (w/·OH, pH=5) with the NIST mass spectra of (b) the C–C coupled (biphenyl-
4,4′-diol) and C–O coupled (4-phenoxyphenol) dimers of phenol, (c) hydroquinone and cate-
chol, and (d) phenol. The molecular ions (M+·) are marked and the molecular structures are
shown. The inset in (a) shows the high resolution spectrum of phenol SOA at m/z 110, which
is primarily C6H6O+

2 – the molecular ions of hydroxyphenols.
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 555 

Fig. 9. (a) Categorized HRMS of Fresno aerosol collected on January 9th, 2006 after a fog event 556 
(H2O+ = CO2

+, and CO+ = 0.8 CO2
+ based on Sun et al. (in preparation)); (b) and (c) comparison 557 

of AMS raw mass spectra of selected m/z’s between Fresno aerosol and aqueous phase SOA 558 
produced from syringol and guaiacol, respectively.  559 
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Fig. 9. (a) Categorized HRMS of Fresno aerosol collected on 9 January 2006 after a fog
event (H2O+=CO+

2 , and CO+=0.8 CO+
2 based on Sun et al., 2010); (b) and (c) comparison of

AMS raw mass spectra of selected m/z ’s between Fresno aerosol and aqueous phase SOA
produced from syringol and guaiacol, respectively.
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