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Size-segregated (9-stages) airborne particles during winter in Chengdu city of China were collected on a day/
night basis and determined for dicarboxylic acids (diacids), ketocarboxylic acids (ketoacids), α-dicarbonyls,
inorganic ions, and water-soluble organic carbon and nitrogen (WSOC and WSON). Diacid concentration was
higher in nighttime (1831 ± 607 ng m−3) than in daytime (1532 ± 196 ng m−3), whereas ketoacids and
dicarbonyls showed little diurnal difference. Most of the organic compounds were enriched in the fine mode
(b2.1 μm)with a peak at the size range of 0.7–2.1 μm. In contrast, phthalic acid (Ph) and glyoxal (Gly) presented
two equivalent peaks in the fine and coarsemodes,which is at least in part due to the gas-phase oxidation of pre-
cursors and a subsequent partitioning into pre-existing particles. Liquid water content (LWC) of the fine mode
particles was three times higher in nighttime than in daytime. The calculated in-situ pH (pHis) indicated that
all the finemode aerosols were acidic during the sampling period and more acidic in daytime than in nighttime.
Robust correlations of the ratios of glyoxal/oxalic acid (Gly/C2) and glyoxylic acid/oxalic acid (ωC2/C2) with LWC
in the samples suggest that the enhancement of LWC is favorable for oxidation of Gly and ωC2 to produce C2.
Abundant K+ and Cl− in the fine mode particles and the strong correlations of K+ with WSOC, WSON and C2
indicate that secondary organic aerosols in the city are significantly affected by biomass burning emission.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Organic aerosol (OA) is a large fraction of atmospheric fine particles
(Jimenez et al., 2009) and involvesmany atmospheric processes, such as
nucleation and particle growth, solar radiation reflection, cloud conden-
sation nuclei (CCN) formation and visibility reduction (Lim and Turpin,
2002). The dominant part of OA (up to 90% in urban areas) (Kalberer
et al., 2004) is secondary organic aerosols (SOAs), which are formed
through homogenous oxidation of gas-phase species followed by subse-
quent partitioning into pre-existing particles or heterogeneous reaction
of gas precursors with particles (Shiraiwa et al., 2013). Dicarboxylic
acids and their precursors, e.g., ketocarboxylic acids and α-
dicarbonyls, are important classes of SOA, because they are abundant
and ubiquitous in the atmosphere. In the urban atmosphere primary
emissions of dicarboxylic acids, ketocarboxylic acid and α-dicarbonyls
from vehicle exhausts and industrial activities are minor (Huang and
oess and Quaternary Geology,
ciences, Xi'an 710061, China.
Yu, 2007; Stone et al., 2010), while they are largely derived from sec-
ondary oxidation.

Haze events have frequently occurred in many Chinese cities since
the 1990s due to rapid economy expansion and urbanization (Zhang
et al., 2012). Sichuan Basin, which is located in the southwestern part
of China (Supplementary Fig. S1), is one of the most polluted regions
in the world. Satellite observation showed that annual mean PM2.5 in
2001–2006 in Sichuan Basin was more than 80 μg m−3 (van
Donkelaar et al., 2010), which is seven times higher than the WHO an-
nual average (10 μg m−3). The basin-like topography is favorable for
aerosol formation and accumulation in the region, especially in winter
when pollutant emissions are enhanced due to house heating. A few
studies have found that biomass burning is an important source of air-
borne particles in Sichuan Basin, in addition to traffic exhausts, industri-
al activity and road dust (Tao et al., 2013; Wang et al., 2006). A recent
modeling work demonstrated that Sichuan Basin is one of the regions
with the highest sulfate concentration in China (Wang et al., 2013c).
Chengdu is a major city in Sichuan Basin and located in its western
part, (Supplementary Fig. S1). High level of particles has been a persis-
tent problem in the city (Wang et al., 2013b). In the current work we
focus on the wintertime SOA in Chengdu city in order to improve our
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understanding on the origins of haze formation in China. First, we inves-
tigate the diurnal variations in compositions and concentrations of SOA
(i.e., dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls), inor-
ganic ions and water-soluble organic carbon and nitrogen in the size-
resolved samples collected in Chengdu city. Then we analyze their size
distributions and the role of the aerosol liquid water content to discuss
their formation mechanisms. Finally we explore the influence of bio-
mass burning on the SOA productions.
2. Sampling and analysis

2.1. Sample collection

Eight sets of size-segregated sampleswere collected by using a nine-
stage Andersen impactor sampler (Series 20-800, Thermo Electron
Corporation USA) at a flow rate of 28.3 L min−1 from January 5th to
24th, 2011 on the rooftop of Institute of Plateau Meteorology (about
20 m above the ground), which is located at the downtown area of
Chengdu. All samples were collected onto a pre-combusted quartz
fiber filter (450 °C for 8 h, Φ80 mm). Four sets of the size-segregated
samples were collected in daytime from 7:00 to 18:30 and another
four sets were collected at night from 19:00 to 6:30 (Table 1). Airflow
rate of the sampler was regulated with the flow meter made by the
sampler manufacturer before and after sampling. The cutoff points of
the size-resolving sampler are 0.4, 0.7, 1.1, 2.1, 3.3, 4.7, 5.8 and 9.0 μm,
respectively (Wang et al., 2012b). Two sets of field blank samples
were collected separately before and after the sampling for about
20 min by mounting blank filters onto the sampler without sucking
any air. All the samples were determined for particle mass concentra-
tion by weighing the filter mass before and after sampling using a
SartoriusMC5 electronicmicrobalancewith±1 μg sensitivity (Sartori-
us, Göttingen, Germany) after a 48 h equilibration in a glass chamber
(T: 25 ± 0.5 °C, RH: 35 ± 2%). All the sample filters were sealed indi-
vidually in an aluminum foil bag and stored at−20 °C prior to analysis.
Meteorological data during the sampling periods were collected and
are presented in Supplementary Fig. S2.
2.2. Sample analysis

2.2.1. Water-soluble organic carbon (WSOC), water-soluble organic nitro-
gen (WSON) and inorganic ions

Detailed analytical procedures of WSOC, WSON and inorganic
ions have been reported in previous work (Meng et al., 2013; Wang
et al., 2013a). Briefly, one fourth of the filter was cut into pieces, ex-
tracted with Milli-Q water for three times and filtered using a PTFE
filter to remove particles and filter debris. Then the combined
water-extracts were analyzed for WSOC and WSON by using a
Shimadzu TOC/TON-5000 Analyzer and inorganic ions by using a
Dionex 600 ion chromatography system (Sunnyvale, CA).
Table 1
Meteorological parameters (Ave. ± Std) during the 2011 wintertime campaign in Chengdu.

Sample set Daya (dd/mm–dd/mm) RH (%)b T (°C)b WS (m s−1)b S

1st 05/01–09/01 54 ± 18 5.6 ± 1.6 0.7 ± 0.2 2
(28–85) (2.5–8.2) (0.3–1.2)

3rd 10/01–14/01 58 ± 14 5.1 ± 2.1 0.8 ± 0.3 4
(28–80) (1.2–8.6) (0.3–1.3)

5th 15/01–19/01 65 ± 20 3.6 ± 2.0 0.8 ± 0.2 6
(22–86) (0.7–9.0) (0.2–1.2)

7th 20/01–24/01 65 ± 12 4.8 ± 1.8 0.6 ± 0.2 8
(44–84) (0.7–8.6) (0.2–1.2)

a Day: 07:00–18:30, night: 19:00–06:30.
b RH: relative humidity, T: temperature, and WS: wind speed.
2.2.2. Dicarboxylic acids and related organic compounds
An analytical method for dicarboxylic acids, ketocarboxylic acids and

α-dicarbonyls was reported previously (Wang et al., 2012a). Briefly, one
fourth of the filter was ultrasonically extracted with Milli-Q water for
three times, then concentrated to dryness by rotary evaporation under
vacuum condition at 60 °C and reacted with 14% BF3/butanol mixture at
100 °C for 1 h. Afterward, the derivatized sample was added with n-hex-
ane and extracted with pure water for three times. Finally the hexane
layer was concentrated to 100 μL by nitrogen blow and quantified by
gas chromatography (GC) coupled with a FID detector. The GC oven tem-
perature was programmed from 50 °C to 120 °C at a rate of 30 °C min−1,
and then to 300 °C at a rate of 6 °C min−1 with a final hold at 300 °C for
10 min. All detected compounds were confirmed by GC–MS (Agilent,
GC7890A–MS5975C). Recoveries of the target compounds were 80–85%
for oxalic acid and 92–115% for others. Target compounds in the field
blanks were less than 5% of the ones in the real samples. Data reported
here were corrected by field blank samples but not corrected by the
recoveries.

2.2.3. Liquid water content (LWC) and in-situ pH (pHis)
LWC was calculated using the Extended AIM Aerosol Thermodynam-

ics Model (Wexler and Clegg, 2002). Because the mode does not include
Ca2+ and Mg2+, which are abundant in the coarse mode (N2.1 μm) of
samples, here we only calculated LWC for the fine mode (b2.1 μm) sam-
ples. Concentrations of Na+, Cl−, Br− and organic acids aremuch lower in
the fine mode samples compared to SO4

2−, NO3
− and NH4

+. Thus, the
Model II is suitable for the LWC calculation (Clegg et al., 1998). Particle
in-situ acidity (pHis)was also calculated through theModel IIwith the fol-
lowing equation (Xue et al., 2011):

pHis ¼ − logαHþ ¼ − log γHþ � nHþ � 1000
Va

� �

where nHþ and γHþ are determined by the Model II, nHþ is the concentra-
tion of free H+ (molm−3) in aqueous phase of particles andγHþ is the ac-
tivity coefficient of H+, while Va is the volume concentration of the H2O
(cm3 m−3).

3. Results and discussion

3.1. Molecular compositions of dicarboxylic acids, ketocarboxylic acids and
α-dicarbonyls in the daytime and nighttime samples

A homologous series of dicarboxylic acids (C2–C11), ketocarboxylic
acids and α-dicarbonyls in the Chengdu samples were determined
(Table 2). TSP (total suspended particles)-equivalent concentrations
(the sum of concentrations on the nine stages) of dicarboxylic acids
ranged from 1258 to 1716 ng m−3 with an average of 1532 ng m−3 in
daytime and from 1255 to 2676 ng m−3 with an average of
1831 ng m−3 in nighttime. Diacids in Chengdu are comparable to those
in Xi'an, China (1843 ± 810 ng m−3) (Cheng et al., 2013) but much
ample set Nighta (dd/mm–dd/mm) RH (%)b T (°C)b WS (m s−1)b

nd 05/01–09/01 67 ± 12 4.4 ± 0.9 0.6 ± 0.3
(36–86) (2.5–6.5) (0.1–1.4)

th 10/01–14/01 68 ± 9 4.0 ± 1.5 0.6 ± 0.3
(41–82) (1.2–6.9) (0.2–1.4)

th 15/01–19/01 75 ± 13 2.6 ± 1.5 0.6 ± 0.3
(32–86) (0.5–6.7) (0.2–1.6)

th 20/01–24/01 71 ± 9 3.7 ± 1.0 0.5 ± 0.2
(51–85) (1.7–6.2) (0.2–0.9)



Table 2
Total suspended particle (TSP)-equivalent concentrations (the sum of concentrations on
the nine stages) of dicarboxylic acids, ketocarboxylic acids, α-dicarbonyls, inorganic ions,
water soluble organic carbon (WSOC) and nitrogen (WSON), liquid water content (LWC)
and in-situ pH (pHis) in Chengdu in winter.

Compounds Day (N = 4) Night (N = 4)

Ave. ± Std. (Min–Max) Ave. ± Std. (Min–Max)

Ι. Dicarboxylic acids, ng m−3

Oxalic, C2 686 ± 114 (536–809) 862 ± 345 (557–1343)
Malonic, C3 136 ± 39 (79–167) 147 ± 66 (83–218)
Succinic, C4 145 ± 33 (109–184) 187 ± 55 (120–239)
Glutaric, C5 26 ± 9.1 (15–36) 37 ± 15 (22–52)
Adipic, C6 14 ± 5.0 (9.4–20) 13 ± 6.9 (5.2–22)
Pimelic, C7 14 ± 6.8 (8.4–24) 12 ± 2.3 (9.2–15)
Suberic, C8 7.9 ± 1.9 (5.5–10) 7.6 ± 3.7 (3.5–11)
Azelaic, C9 26 ± 11 (16–42) 37 ± 15 (23–52)
Sebacic, C10 2.7 ± 0.7 (1.8–3.5) 3.7 ± 1.3 (2.4–5.4)
Undecanedioic, C11 1.1 ± 0.5 (0.7–1.8) 1.7 ± 1.2 (0.9–3.4)
Methylmalonic, iC4 14 ± 1.3 (13–16) 18 ± 6.6 (12–27)
Methylsuccinic, iC5 19 ± 2.9 (15–21) 25 ± 7.9 (15–32)
Methylglutaric, iC6 2.3 ± 0.5 (1.6–2.7) 2.5 ± 0.8 (1.8–3.2)
Maleic, M 28 ± 3.6 (23–32) 28 ± 8.2 (21–40)
Fumaric, F 14 ± 7.0 (4.1–20) 17 ± 11 (8.5–32)
Methylmaleic, mM 11 ± 4.2 (8.4–18) 11 ± 3.7 (7.6–16)
Phthalic, Ph 274 ± 39 (243–325) 264 ± 72 (200–367)
Isophthalic, iPh 7.7 ± 1.7 (5.9–9.4) 6.8 ± 1.6 (5.8–9.2)
Terephthalic, tPh 94 ± 35 (64–144) 137 ± 57 (82–202)
Ketomalonic, κC3 6.4 ± 11 (0.4–23) 8.5 ± 8.9 (2.2–21)
4-Ketopimelic, κC7 4.3 ± 1.5 (3.1–6.1) 4.0 ± 2.4 (2.3–7.6)
Subtotal 1532 ± 196 (1258–1716) 1831 ± 607 (1255–2676)

II. Ketocarboxylic acids, ng m−3

Pyruvic, Pyr 115 ± 17 (99–138) 99 ± 16 (81–115)
Glyoxylic, ωC2 90 ± 16 (67–103) 91 ± 23 (69–124)
3-Oxopropanoic, ωC3 12 ± 1.2 (11–14) 10 ± 3.5 (6.8–15)
4-Oxabutanoic, ωC4 25 ± 2.7 (22–27) 20 ± 7.5 (12–30)
9-Oxononanoic, ωC9 9.2 ± 2.8 (5.7–12.2) 9.4 ± 1.2 (7.6–10.6)
Subtotal 250 ± 27 (224–287) 229 ± 42 (196–286)

III. α-Dicarbonyls, ng m−3

Glyoxal, Gly 61 ± 4.2 (55–64) 53 ± 10 (41–61)
Methylglyoxal, mGly 53 ± 5.5 (48–60) 54 ± 14 (38–66)
Subtotal 113 ± 7.9 (107–125) 107 ± 17 (86–127)

IV. Inorganic ions, μg m−3

F− 0.4 ± 0.3 (0.2–0.8) 0.4 ± 0.3 (0.2–0.8)
Cl− 2.7 ± 0.9 (1.5–3.5) 4.7 ± 1.9 (3.1–7.1)
NO3

− 15 ± 2.8 (11–17) 18 ± 3.1 (14–21)
SO4

2− 27 ± 6.0 (18–32) 31 ± 5.3 (26–36)
Na+ 2.1 ± 1.3 (1.1–4.1) 2.3 ± 1.4 (1.4–4.3)
NH4

+ 9.5 ± 2.2 (6.3–11) 12 ± 2.9 (8.8–15)
K+ 1.3 ± 0.4 (0.7–1.6) 2.0 ± 0.7 (1.2–2.7)
Mg2+ 0.3 ± 0.1 (0.2–0.3) 0.3 ± 0.1 (0.2–0.4)
Ca2+ 3.7 ± 1.1 (2.5–4.8) 3.6 ± 1.3 (2.2–5.4)
Subtotal 62 ± 14 (42–74) 74 ± 16 (58–90)

V. Others, μg m−3

WSOC 20 ± 4.3 (15–25) 23 ± 4.4 (17–27)
WSON 5.6 ± 1.1 (3.9–6.5) 7.2 ± 1.8 (5.5–9.7)
LWCa 13 ± 5.8 (7.5–18) 35 ± 7 (27–42)
pHis

a −1.2 ± 1.1 (−2.3–0.3) 0.7 ± 1.0 (−0.2–2.1)
TSP mass 423 ± 31 (377–444) 471 ± 42 (408–495)

a Calculated only for the fine mode of samples (b2.1 μm).
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higher than those in other Chinese cities (Ho et al., 2007), indicating se-
vere air pollution problem in Chengdu. Being similar to that in other cities
of China (Ho et al., 2007), oxalic acid (C2) is the dominant species in
Chengdu and accounts for 45 ± 7.4% of the total diacids in daytime and
47 ± 19% of the total at night, respectively (Fig. 1). TSP-equivalent con-
centrations of ketocarboxylic acids were 250 ± 27 and 229 ±
42 ng m−3 in the daytime and nighttime samples, respectively, among
which pyruvic acid (Pyr) and glyoxylic (ωC2) are the dominant species,
accounting for about 80% of the total ketoacids (Table 2). Glyoxal (Gly)
and methylglyoxal (mGly) showed similar levels in Chengdu and no sig-
nificant diurnal difference was found for both dicarbonyls (Table 2). As
shown in Fig. 1, oxalic (C2), malonic (C3), succinic (C4), glutaric (C5),
azelaic (C9) and terephthalic (tPh) acids exhibited higher concentrations
in nighttime, while phthalic acid (Ph) and Pyr presented higher concen-
trations in daytime.

Molecular compositions of diacids are influenced by photochemical
process and source strength (anthropogenic vs. biogenic sources)
(Kawamura et al., 2012, 2013). Ratio of C3/C4 (Table 3) is useful for eval-
uation of photochemical oxidation degree since C3 is produced from C4
by photochemical oxidation (Kawamura and Ikushima, 1993). Com-
pared with that in nighttime (0.81 ± 0.32), the higher ratio of C3/C4 in
daytime (1.00 ± 0.29) implied a strong photochemical oxidation
(Yang et al., 2008). Both ratios of C6/C9 and Ph/C9 are indicative of the
relative strength of anthropogenic sources to biogenic sources (Cheng
et al., 2013), because C6 and Ph in urban regions are mostly produced
from oxidation of cyclohexene and aromatic hydrocarbons, which orig-
inate from human activities. In contrast, C9 is formed through oxidation
of biogenic unsaturated fatty acids (e.g., oleic acid) (Wang et al., 2010,
2011). In comparison with those (0.33 ± 0.10 and 7.9 ± 2.9, Table 3)
in nighttime, the higher ratios of C6/C9 and Ph/C9 (0.60 ± 0.20 and
12 ± 4.6, Table 3) in daytime are attributed to intensive anthropogenic
emissions.

3.2. Size distributions of dicarboxylic acids, ketocarboxylic acids and α-
dicarbonyls in daytime and nighttime samples

To further discuss the formation process of secondary organic aero-
sols, diurnal differences in size distributions ofmajor diacids, ketoacids
andα-dicarbonyls in the samples are displayed in Fig. 2. C2 and C4 pre-
sented a monomodal pattern both in day and night with a dominant
peak in the fine mode (b2.1 μm) (Fig. 2a and c), which are similar to
those in other Asian cities (Agarwal et al., 2010; Wang et al., 2012a).
C3 exhibited a bimodal pattern during the whole sampling period
with a large peak in the fine mode and a minor peak in the coarse
mode (N2.1 μm) (Fig. 2b). The relatively more abundant C3 in the
coarse mode is most likely due to higher vapor pressure of C3 com-
pared to C4 (C3: 1.0 × 10−5 Torr; C4: 6.9 × 10−7 Torr) (Prenni et al.,
2001). Ph displayed two equivalent peaks in the fine and coarse
modes (Fig. 2d). The coarse mode of Ph accounts for 52 ± 2% of the
total mass in the whole size range in daytime and 37 ± 15% of the
total in nighttime, respectively. In urban area airborne particulate Ph
is produced from photochemical oxidation of naphthalene in the gas
phase and subsequent adsorption onto pre-existing particles (Wang
et al., 2012a). In comparison with that in nighttime the relatively
more abundant coarse mode of Ph in daytime is most likely caused
by more dust. As seen in Fig. 2g and h, both Gly and mGly displayed
a bimodal pattern, but Gly presented two equivalent peaks in the
fine and coarse modes while mGly was dominant in the fine mode.
Gly and mGly are produced from the gas phase oxidation of volatile
organic compounds (VOCs), and followed by a subsequent
partitioning into the particle phase (Myriokefalitakis et al., 2011).
The particle phase Gly and mGly undergo a further oxidation to pro-
duce Pyr and ωC2; the latter compounds exhibited identical bimodal
size distribution pattern in Chengdu during the campaign (Fig. 2e
and f). Geometric mean diameters (GMDs) of the major organic com-
pounds and inorganic ions are presented in Table 4. Being similar to
those of SO4

2−, NO3
− and NH4

+, GMDs of the fine mode of C2 and C3

are around 10% larger in nighttime, which can be explained by an
enhanced hygroscopic growth of particles at night due to the higher
RH (Table 1).

3.3. Influence of liquid water content (LWC) on the abundance and compo-
sition of diacids and other water-soluble species

The descending of boundary layer (BL) height at night can result in
an accumulation of aerosols within the BL, possibly leading to the en-
richment of diacids and other species. However, the higher relative
abundance of diacids in particle mass and WSOC in nighttime cannot
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Fig. 1. Diurnal variations in ambient concentrations of dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls in Chengdu in winter.
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be explained by the BL height change (Miyazaki et al., 2009). Relative
abundance of C2 in total diacids is an indicator of aerosol aging degree
(Pavuluri et al., 2010). With respect to the Chengdu samples no signif-
icant diurnal difference in relative abundance of C2/total diacids
was observed, which suggests that the nighttime aerosols were also
aged (Table 3). The abundant diacids during the nighttime were prob-
ably associated with an enhanced aqueous phase oxidation (van
Pinxteren et al., 2014) ormore precursors emitted from biomass burn-
ing. The aqueous phase formation of diacids has been reported in pre-
vious studies (Ervens et al., 2014; Lim et al., 2005), but detailed
formation mechanism remains unclear. Here we investigate the im-
pact of liquid water content (LWC) of particles on the formation of
diacids in the city.

Based on the Extended AIM Aerosol Thermodynamics Model
(Wexler and Clegg, 2002), LWC and particle in-situ acidity (pHis) of
the finemode samples (b2.1 μm)were calculated (Fig. 3). Higher abun-
dance of LWC at night was mainly ascribed to the enhancement of rela-
tive humidity (RH) (Table 1), since there was no significant change in
relative abundance of SO4

2−, NO3
− and NH4

+ in the fine mode aerosols
(Supplementary Table S1), which are the major hygroscopic species in
the atmosphere. LWC of the fine mode particles was three times higher
in nighttime than in daytime, and the highest LWCwas found in the size
of 0.7–1.1 μm in daytime and in the larger size of 1.1–2.1 μm in night-
time. The calculated pHis indicated that all the fine mode aerosols
were acidic during the whole sampling period and more acidic in day-
time than in nighttime (Fig. 3). Diurnal changes of pHis in the fine parti-
cles mainly depend on RH, because little difference was found for the
diurnal abundance of SO4

2−, NO3
− and NH4

+.
Fig. 4 shows the abundances of C2, diacids, ketoacids and α-

dicarbonyls relative to WSOC in the fine mode (b2.1 μm). For the
nighttime samples the abundances of C2 and total diacids relative to
WSOC increased along with an increase in LWC (Fig. 4a and b), indi-
cating that the aqueous phase oxidation may be enhanced under
higher RH condition since LWC often positively correlates with RH.
However, the abundances of ketocarboxylic acids and α-dicarbonyls
relative toWSOC in nighttime are lower compared to those in daytime
Table 3
Diurnal mass ratios (Ave. ± Std) of diacids in total suspended particle (TSP)-equivalent
concentrations (the sum of concentrations on the nine stages) in Chengdua.

C2/diacids C3/C4 C6/C9 Ph/C9

Day 0.45 ± 0.02 1.0 ± 0.29 0.60 ± 0.20 12 ± 4.6
Night 0.46 ± 0.03 0.81 ± 0.32 0.33 ± 0.10 7.9 ± 2.9

a For compound abbreviations, see Table 2.
(Fig. 4c and d). Due to high Henry's Law constants (KH),α-dicarbonyls
(Gly and mGly) are easily hydrated and partitioned into the aerosol
phase with lifetime less than 3 h (Kampf et al., 2012; Vrekoussis
et al., 2009; Yasmeen et al., 2010), radical oxidation of α-
dicarbonyls in aqueous phase leads to formation of ketoacids (C2

and Pyr) that are further oxidized to oxalic acid (C2) (Lim et al.,
2010; Tan et al., 2010; Wang et al., 2012a). Production of ketoacids
andα-dicarbonyls from photo-oxidation of VOCs is inhibited in night-
time due to no solar radiation, on the other hand, the increased LWC
in nighttime is favorable for aqueous phase oxidation of ketoacids
andα-dicarbonyls to produce oxalic acid (Jia and Xu, 2014). Thus, rel-
ative abundances of ketocarboxylic acids and α-dicarbonyls to WSOC
in the finemode samples were lower at night (Fig. 4c and d). The larg-
er decreases in relative abundances of ketoacids to WSOC than those
of α-dicarbonyls in nighttime were observed, which is probably due
to the less acidity of the aqueous phase (pHis =0.7 ± 1.0 in nighttime
versus−1.2± 1.1 in daytime) (Table 2). It has been proposed that the
aqueous oxidation of ωC2 to C2 is more efficient at higher pH condi-
tions, because the reaction rate of glyoxylate anion (ωC2

−) is one
order ofmagnitude higher than that ofωC2 (Ervens et al., 2003, 2011).

The ratios of Gly/C2 and ωC2/C2 are used here to investigate the ox-
idation degree from Gly and ωC2 to C2. Fig. 5a and b shows the correla-
tions of Gly/C2 and ωC2/C2 with LWC in the fine mode samples. The
more significant correlations of the nighttime samples suggest that
the enhancement of LWC at night is favorable for C2 production from
Gly and ωC2. A strong positive correlation was found for the C2/diacids
and LWC (r2 = 0.68, p b 0.01) in nighttime (Fig. 5c), again confirming
that an increase in LWC favors C2 production. Moreover, relative abun-
dance of sulfate in particle mass (SO4

2−/PM) also showed a robust posi-
tive correlation with LWC at night (r2 = 0.88, p b 0.01) (Fig. 5d),
indicating that an increase in LWC is favorable for aqueous phase pro-
duction of sulfate. However, no correlation between C2 and LWC was
found for the nighttime samples, because C2 is produced by various
aqueous reactions (e.g., oxidation and decomposition) that are effected
by many factors such as LWC, acidity and ion strength (Cheng et al.,
2013).

NH4
+, NO3

− and WSON showed higher concentrations in nighttime
(Table 2), and all exhibited a monomodal pattern with a peak in the
fine mode (Supplementary Fig. S3). NH4

+, NO3
− and WSON showed

stronger correlations with LWC in nighttime than in daytime (Fig. 6a,
b, and c). The most abundant species of WSON in the atmosphere are
the low molecular weight aliphatic amines such as methylamine,
dimethylamine, ethylamine, and diethylamine (Ge et al., 2011a). Al-
though these amines have high vapor pressure, they are highly
water-soluble. The dissolution and acid–base reaction of aliphatic
amine with sulfuric and nitric acids are the major formation pathways
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of airborne particulate WSON (Sellegri et al., 2005). Henry's law coef-
ficients of amines increase sharply with the decrease of aerosol pH (Ge
et al., 2011b), and thus acidic aerosols are favorable for the gas-to-
particle phase partitioning of NH3 and amines. Because amines are of
stronger basicity than ammonium, amines can replace ammonium
from ammonium sulfate and ammonium nitrate salts (Lloyd et al.,
2009; Malloy et al., 2009; Silva et al., 2008). Salo et al. (Salo et al.,
2011) investigated the thermal characteristics of aminium nitrate
nanoparticles and found that the enthalpy of vaporization for aminium
nitrates ranges from 54 kJ mol−1 to 74 kJ mol−1 with the vapor pres-
sures at 298 K around 10−4 Pa. These values suggest that aminium ni-
trates can partition into the aerosol phase. The enhancement of LWC is
favorable for the dissolution and partitioning of amines into the aque-
ous phase, leading to an increase of WSON with an increase in LWC. It
was reported that reactive uptake of Gly on ammonium sulfate seed
aerosols led to production of imidazole under dark and irradiated con-
ditions (Galloway et al., 2009). For the Chengdu nighttime samples,
the lower mass fraction of Gly is probably associated with the forma-
tion of imidazole, which also contributes to WSON.
Table 4
Geometric mean diameters (GMD, μm) (Ave. ± Std) of main components in the fine (b2.1 μm

Day Night

Fine Coarse Total Fine

C2 0.90 ± 0.08 6.6 ± 1.1 1.2 ± 0.04 0.99 ± 0.01
C3 0.91 ± 0.03 6.9 ± 1.1 1.8 ± 0.2 1.01 ± 0.10
C4 0.93 ± 0.06 7.4 ± 1.1 1.6 ± 0.2 0.95 ± 0.03
C9 0.83 ± 0.05 4.7 ± 0.9 1.1 ± 0.04 0.82 ± 0.01
Ph 0.72 ± 0.03 7.6 ± 0.3 2.4 ± 0.1 0.76 ± 0.06
Pyr 0.86 ± 0.07 8.3 ± 1.5 2.2 ± 0.4 0.87 ± 0.01
ωC2 0.88 ± 0.05 7.7 ± 0.6 1.9 ± 0.2 0.91 ± 0.01
Gly 0.84 ± 0.06 9.1 ± 0.6 3.1 ± 0.1 0.81 ± 0.03
mGly 0.93 ± 0.06 5.9 ± 0.9 1.5 ± 0.2 0.96 ± 0.05
Cl− 0.83 ± 0.09 8.9 ± 1.1 1.2 ± 0.2 0.90 ± 0.07
NO3

− 0.84 ± 0.07 6.6 ± 0.9 1.3 ± 0.2 0.94 ± 0.05
SO4

2− 0.93 ± 0.08 7.0 ± 0.5 1.4 ± 0.2 1.02 ± 0.06
NH4

+ 0.88 ± 0.08 4.4 ± 0.6 1.0 ± 0.1 0.97 ± 0.06
K+ 0.89 ± 0.11 3.6 ± 0.8 1.0 ± 0.1 0.91 ± 0.05

a For compound abbreviations, see Table 2.
3.4. Impact of biomass burning emission on secondary organic aerosols
(SOAs)

Biomass burning has been found as an important source of atmo-
spheric inorganic pollutants in Chengdu city (Tao et al., 2013; Yang
et al., 2012). K+ is considered as an important tracer for biomass burn-
ing plumes (Falkovich et al., 2005). Both soil dust and biomass burning
are the sources of K+, but K+ infineparticles ismostly derived frombio-
mass burning (Andreae, 1983). Diurnal size distributions showed that
K+ in the Chengdu samples was enriched in the fine mode (b2.1 μm)
with a peak at the size range of 1.1–2.1 μm (Supplementary Fig. S3), in-
dicating that the finemode of K+ in the city is largely derived from bio-
mass burning. The fine mode of K+ was 1.2 ± 0.4 μg m−3 in daytime
and 1.9 ± 0.6 μg m−3 in nighttime, while the relative abundance of
K+ to particle mass in the fine mode (b2.1 μm) was 0.54 ± 0.13% and
0.74 ± 0.20% during the day and night, respectively. In comparison
with those in daytime the higher concentrations and relative abun-
dances of K+ clearly indicate stronger biomass burning emission at
night in the city, which is in agreement with a previous study (Li et al.,
) and coarse (N2.1 μm) modes and the total size range in Chengdua.

Day/night

Coarse Total Fine Coarse Total

6.8 ± 1.2 1.3 ± 0.1 0.92 0.97 0.96
7.1 ± 0.8 1.9 ± 0.7 0.90 0.97 0.91
7.1 ± 0.9 1.4 ± 0.2 0.98 1.04 1.14
3.9 ± 1.1 1.0 ± 0.1 1.00 1.18 1.06
6.9 ± 1.9 1.8 ± 0.7 0.94 1.09 1.33
8.3 ± 0.2 1.9 ± 0.3 0.99 1.01 1.15
7.8 ± 0.8 2.0 ± 0.4 0.97 0.99 0.94
9.7 ± 1.2 2.8 ± 0.9 1.03 0.93 1.10
7.6 ± 1.2 1.5 ± 0.1 0.96 0.77 1.00
7.5 ± 0.9 1.2 ± 0.1 0.92 1.18 0.99
6.5 ± 0.7 1.4 ± 0.1 0.89 1.02 0.93
6.7 ± 0.6 1.5 ± 0.02 0.91 1.04 0.99
4.3 ± 0.7 1.1 ± 0.04 0.91 1.04 0.92
4.3 ± 1.4 1.0 ± 0.1 0.97 0.84 0.96



<0.4 0.4-0.7 0.7-1.1 1.1-2.1
0

5

10

15

20

(b)

 Day    NightLWC

-0.50

-0.25

0.00

0.25

0.50

Size ranges, µm

in
-s

it
u 

pH
L

iq
ui

d 
w

at
er

 c
on

te
nt

, µ
g 

m
-3

 

 Day     NightpH
is

(a)

Fig. 3. Diurnal variations of (a) in-situ pH (pHis) and (b) liquid water content (LWC) in the fine mode (b2.1 μm) samples from Chengdu.

139C. Cheng et al. / Atmospheric Research 161–162 (2015) 134–142
2012). A robust linear correlation (r2 = 0.93, p b 0.01) between K+ and
Cl− was observed for the fine mode aerosols (Fig. 7a), suggesting that
Cl−was also emitted from biomass burning. Besides, the strong correla-
tions of WSOC and WSON with K+ (Fig. 7c and d) further indicate
biomass burning emissions as important source of WSOC and WSON
in the city in winter. Many researches have reported high concentra-
tions of diacids in biomass burning plumes (Falkovich et al., 2005; Gao
et al., 2003; Kundu et al., 2010; Miyazaki et al., 2009). In the present
work C2 and K+ exhibited positive correlation in the fine mode aerosols
(Fig. 7b), indicating an importance of precursors emitted from biomass
burning and subsequent oxidation in the city. A robust correlation between
K+ (K+/PM) and the ratio of ωC2/C2 was only observed for the nighttime
samples (Supplementary Fig. S4), which probably suggests that the
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production of C2 fromωC2 oxidation is enhanced due to biomass burning
emissions.

4. Conclusions

Diurnal size-segregated aerosols in Chengdu, southwestern China,were
collected from January 5th to 24th, 2011, and determined for dicarboxylic
acids, ketocarboxylic acids, α-dicarbonyls, inorganic ions, WSOC and
WSON. TSP-equivalent concentrations of total diacidswere higher in night-
time (1831±607 ngm−3) than in daytime (1532±196 ngm−3), but the
relative abundance of diacids to particlemass showed little diurnal differ-
ence (day: 0.36 ± 0.02%, night: 0.38 ± 0.1%). Both C2 and C4 showed a
monomodal pattern with a dominant peak in the fine mode, while C3
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exhibited a bimodal pattern with a large peak in the fine mode and a
small peak in the coarse mode. Gly and mGly displayed a bimodal
pattern, but Gly presented two equivalent peaks in the fine and
coarse modes while mGly was dominant in the fine mode. LWC of
the fine mode particles was three times higher in nighttime than in day-
time, and the highest LWCwas found in the size range 0.7–1.1 μm in day-
time and in the larger size of 1.1–2.1 μm in nighttime. The calculated pHis

indicated that all the fine mode aerosols were acidic during the whole
sampling period and more acidic in daytime than in nighttime. Pro-
nounced linear correlations between Gly/C2 and ωC2/C2 with LWC were
observed for the Chengdu fine samples, suggesting that the enhancement
of LWC is favorable for C2 production from Gly and ωC2. Since enhanced
LWC is favorable for the dissolution and partitioning of amines into the
aqueous phase, an increase of WSON with an increase in LWC was
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from Chengdu.
found for the fine mode samples. Predominance of K+ and Cl− in the
fine mode aerosols was associated with biomass burning emission,
and the pronounced positive correlations of K+ with WSOC, WSON
and C2, and their higher abundance in nighttime samples indicate
that SOA in Chengdu is significantly affected by biomass burning
emission.
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