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ABSTRACT: Size-resolved airborne particles (9-stages) in urban Xi’an, China, during summer and winter were measured for
molecular distributions and stable carbon isotopic compositions of dicarboxylic acids, ketocarboxylic acids, and α-dicarbonyls. To
our best knowledge, we report for the first time the size-resolved differences in stable carbon isotopic compositions of diacids and
related compounds in continental organic aerosols. High ambient concentrations of terephthalic (tPh, 379 ± 200 ng m−3) and
glyoxylic acids (ωC2, 235 ± 134 ng m−3) in Xi’an aerosols during winter compared to those in other Chinese cities suggest
significant emissions from plastic waste burning and coal combustions. Most of the target compounds are enriched in the fine
mode (<2.1 μm) in both seasons peaking at 0.7−2.1 μm. However, summertime concentrations of malonic (C3), succinic (C4),
azelaic (C9), phthalic (Ph), pyruvic (Pyr), 4-oxobutanoic (ωC4), and 9-oxononanoic (ωC9) acids, and glyoxal (Gly) in the coarse
mode (>2.1 μm) are comparable to and even higher than those in the fine mode (<2.1 μm). Stable carbon isotopic compositions
of the major organics are higher in winter than in summer, except oxalic acid (C2), ωC4, and Ph. δ13C of C2 showed a clear
difference in sizes during summer, with higher values in fine mode (ranging from −22.8‰ to −21.9‰) and lower values in
coarse mode (−27.1‰ to −23.6‰). The lower δ13C of C2 in coarse particles indicate that coarse mode of the compound
originates from evaporation from fine mode and subsequent condensation/adsorption onto pre-existing coarse particles. Positive
linear correlations of C2, sulfate and ωC2 and their δ13C values suggest that ωC2 is a key intermediate, which is formed in
aqueous-phase via photooxidation of precursors (e.g., Gly and Pyr), followed by a further oxidation to produce C2.

1. INTRODUCTION
Organic aerosols account for 20−50% of airborne fine particle
mass at continental midlatitudes1,2 and as much as 90% in
tropical forested regions.3,4 Significant amounts of organic
aerosols are also found in the middle troposphere.5,6 A major
fraction of organic aerosols is water-soluble, accounting for
20−60% of aerosol carbon mass in fossil fuel combustion-
derived particles7,8 and 45−75% of that in biomass burning-
derived particles.4,9 Water-soluble organic aerosols (WSOA)
are hygroscopic and thus have a significant impact on climate
and human health.

East Asia is a major source of anthropogenic aerosols in the
world, where annual emission of anthropogenic primary
organic aerosols (POA) accounts for about 10% of the total
POA in the world.10 Satellite observation showed that
Guanzhong Plain in central China is one of the most heavily
polluted regions in the world with an annual average PM2.5
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of more than 80 μg m−3.11 Elemental carbon (EC) and
organic carbon (OC) in Guanzhong Plain were reported as
high as 29 ± 8.9 and 125 ± 55 μg m−3 respectively in winter
due to fossil fuel and biofuel combustion for house heat-
ing.12,13 Guanzhong Plain is located in a semiarid region

where precipitation is inactive and wind speed is low due to
its basinlike topography. It was reported that high level of
PM2.5 in this region resulted in significant impairment on
visibility and human health,14 in which WSOA may take an
important role since they not only scatter/absorb visible

Table 1. Total Suspended Particle (TSP)-Equivalent Concentrations of Dicarboxylic Acids, Ketocarboxylic Acids,
α-Dicarbonlyls, and Inorganic Ions in the Urban Air of Xi’an, Central China during Summer and Winter

Summer (N = 3) Winter (N = 3)

Min Max Mean Stda Min Max Mean Stda

I. Dicarboxylic Acids, ng m−3

Oxalic, C2 740 965 832 116 551 1529 918 532
Malonic, C3 57 97 74 21 37 120 70 45
Succinic, C4 99 109 104 4.8 125 307 198 96
Glutaric, C5 26 33 30 3.5 28 75 48 24
Adipic, C6 12 18 16 3.4 16 49 30 17
Pimelic, C7 6.1 7.2 6.5 0.6 2.0 6.5 3.9 2.3
Suberic, C8 0.9 1.1 1.0 0.1 0.7 2.1 1.3 0.7
Azelaic, C9 43 72 61 15 55 142 94 44
Undecanedioic, C11 2.3 5.6 4.0 1.7 2.2 9.4 5.1 3.8
Methylmalonic, iC4 2.7 4.4 3.8 0.9 1.9 4.5 3.1 1.3
Methylsuccinic, iC5 12 13 13 0 24 58 38 18
Methylglutaric, iC6 4.4 5.6 5.1 0.7 5.1 12 7.7 3.5
Maleic, M 8.7 12 10 1.6 13 28 20 8
Fumaric, F 4.0 5.1 4.5 0.6 5.1 14 8.4 5.0
Methylmaleic, mM 3.0 5.1 4.0 1.1 15 32 22 9.0
Phthalic, Ph 91 121 104 15 87 246 167 79
Isophthalic, iPh 9.2 13 11 1.8 12 30 18 10
Terephthalic, tPh 50 56 52 3.7 191 590 379 200
Ketomalonic, kC3 6.2 8.0 7.3 1.0 8.6 21 14 6.7
4-Ketopimelic, kC7 6.3 8.2 7.0 1.0 4.1 11 7.0 3.3
Subtotal 1067 1544 1350 247 1185 3286 2053 1097
II. Ketocarboxylic Acids, ng m−3

Pyruvic, Pyr 30 42 35 6.3 32 116 66 44
Glyoxylic, ωC2 69 83 77 7.2 128 385 235 134
3-Oxopropanoic, ωC3 9 13 11 1.8 16 49 29 18
4-Oxobutaboic, ωC4 17 20 18 1.9 37 91 62 27
5-Oxopentanoic, ωC5 3.2 3.9 3.6 0.4 2.6 7.0 4.5 2.2
7-Oxoheptanoic, ωC7 7.7 8.7 8.3 0.6 4.2 14 8.2 5.4
8−Oxooctanoic, ωC8 5.5 8.8 7.1 1.7 4.7 15 9.2 5.4
9-Oxononanoic, ωC9 6.1 9.0 7.4 1.5 3.1 13 7.3 5.1
Subtotal 155 184 167 15 228 690 421 240
III. α-Dicarbonyls, ng m−3

Glyoxal, Gly 12 12 12 0.2 25 76 46 27
Methylglyoxal, mGly 21 30 25 4.6 44 125 74 45
Subtotal 33 42 37 4.6 69 201 120 71
Total (all detected organics) 1260 1760 1554 259 1483 4178 2594 1409
Total/Particle mass, % 0.6 0.8 0.7 0.1 0.4 0.8 0.6 0.2
IV. Inorganic Ions, μg m−3

F− 0.1 0.5 0.3 0.2 0.7 1.3 1.1 0.3
Cl− 1.1 1.9 1.4 0.4 8.1 12 11 2.3
NO3

− 14 24 18 5.1 21 44 31 12
SO4

2− 37 51 42 7.7 43 80 62 19
Na+ 0.8 1.4 1.2 0.3 1.1 3.7 2.2 1.3
NH4

+ 8.8 13 11 2.1 15 27 21 6.1
K+ 0.5 1.0 0.8 0.3 1.7 3.6 2.5 0.9
Mg2+ 0.4 0.5 0.4 0.1 0.2 0.5 0.4 0.1
Ca2+ 2.1 3.5 2.6 0.8 3.8 8.4 6.4 2.4
Total 69 95 78 15 97 180 137 41
Particle mass (PM, μg m−3) 198 228 216 16 302 533 436 120
Total/PM, % 31 42 36 5.4 28 34 31 2.8

aStd: standard deviation.
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light but also increase the solubility of pollutants in the
human respiratory tract.15,16

Dicarboxylic acids are important components of WSOA,
which have been found ubiquitously in the atmosphere. In this
study, we first measure dicarboxylic acids (C2−C9), ketocarbox-
ylic acids and α-dicarbonyls on a molecular level in size-
resolved particles collected in Xi’an, a mega-city in Guanzhong
Plain, and then determine stable carbon isotopic composition
of the above individual organic compounds in the size-
segregated aerosols to investigate their sources and formation
mechanisms.

2. EXPERIMENTAL SECTION

2.1. Sample Collection. Size-segregated aerosols were
collected in the urban area of Xi’an using a 9-stage impactor
equipped with precombusted quartz fiber filter (Whatman 41,
ϕ 90 mm, 450 °C for 8 h) at an airflow rate of 28 L/min. The
sampler was set on the rooftop of a two-story building. The
50% cutoff sizes are <0.4, 0.4−0.7, 0.7−1.1, 1.1−2.1, 2.1−3.3,
3.3−4.7, 4.7−5.8, 5.8−9.0, and ≥9.0 μm. The airflow was
calibrated before and after sampling using an airflow meter
supplied by the sampler manufacturer to keep the sampler
working at the specified flow rate. Three sets of samples were
collected in the summer and winter of 2009, respectively. Each
set of samples was continuously collected for 5 days. After a
48 h equilibration in a glass chamber (25 ± 0.5 °C, RH 40 ± 2%),
each samples was measured three times for particle mass (PM)

with the difference less than 3%. The summer sampling was
performed on July 15th−August second and the winter
sampling was performed on November 14th−30th. One set
of field blanks was also collected in each season after the
sampling. The summer sampling was stopped for a few days
due to raining. Meteorological conditions during the sampl-
ing time were summarized in Table S1 of the Supporting
Information. Wintertime house heating in Guanzhong Plain
lasts each year from November 15th to March 15th resulting in
a severe haze period during the sampling campaign with
visibility down to less than 1 km (Table S1 of the Supporting
Information).

2.2. Sample Analysis. a). Inorganic Ions. One-fourth of
the filter was cut into pieces, extracted 3 times each with
5 mL Milli-Q water under sonication and filtered using a
PTFE filter to remove any particles and filter debris. The
combined extraction was determined by Dionex 600 ion
chromatography.5

b). Dicarboxylic Acids, Ketocarboxylic Acids, and α-
Dicarbonyls. Another one-fourth filter was also extracted
with Milli-Q water. After extraction, pH of the extracts was
adjusted into 8.5−9.0 using a 0.1 M KOH solution to convert
carboxylic acids into corresponding salts for improving the
recoveries of smaller diacids (e.g., oxalic acid). Then the sample
was concentrated into dryness using a rotary evaporator under
vacuum, and reacted with 14% BF3/butanol (300 μL) at 100 °C
for 1 h. After the reaction, acetonitrile (300 μL) and n-hexane

Figure 1. Seasonal variations of molecular distributions of dicarboxylic acids and related compounds in total suspended particles of Xi’an, central
China during (a) summer and (b) winter.
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(5 mL) were added into the derivatized sample, and extracted
with Milli-Q water (5 mL) 3 times. The hexane layer was

further concentrated into 100 μL prior to GC and GC/MS
analysis.17 Diacids and related compounds were quantified by a

Figure 2. Linear fit regression for oxalic acid with sulfate (a and b) and dicarboxylic acids with ketocarboxylic acids (c and d) on each stage.

Figure 3. Size distributions of dicarboxylic acids and related compounds in Xi’an during summer and winter.
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gas chromatography equipped with a FID detector. GC oven
temperature was increased from 50 °C (2 min) to 120 °C at a rate
of 15 °C min−1, and then to 310 °C at a rate of 5 °C min−1 and
held for 15 min. The target compounds were also confirmed using
a GC/MS technique. Compared to previous studies,17,18 recoveries
of diacids and related compounds are improved; 90−93% for oxalic
acid and 96−110% for others.
c). Stable Carbon Isotopic Composition of Diacids and

Related Compounds. Stable carbon isotopic compositions
(δ13C) of the water-soluble compounds relative to Pee Dee
Belemnite (PDB) were measured using the method developed
by Kawamura and Watanabe.19 Briefly, δ13C values of the
derivatives were determined using GC (HP6890)/isotope ratio
mass spectrometry (irMS) (Finnigan-MAT Delta plus). The
δ13C-values were then calculated for free organic acids using an
isotopic mass balance equation based on the measured δ13C of the
derivatives and derivatizing agent (1-butanol).19 Each sample was

analyzed for 2−3 times to ensure the difference in δ13C values less
than 1‰. δ13C of the quantified compound in the three set
samples in each season are averaged and reported here.

3. RESULTS AND DISCUSSION

3.1. Seasonal Differences in Molecular Compositions
and Concentrations. a). Dicarboxylic Acids. Concentrations

Table 2. Relative Abundances of Major Organic Compounds
in Fine (<2.1μm) and Coarse (>2.1μm) modesa, %

Summer Winter

Fine Coarse Fine Coarse

I. Dicarboxylic Acids
C2 72 ± 3.3 28 ± 3.3 76 ± 4.2 24 ± 4.2
C3 46 ± 4.1 54 ± 4.1 70 ± 4.5 30 ± 4.5
C4 49 ± 7.3 51 ± 7.3 71 ± 4.0 29 ± 4.0
C9 39 ± 1.7 61 ± 1.7 61 ± 10 39 ± 10
Ph 40 ± 2.8 60 ± 2.8 63 ± 4.5 37 ± 4.5
tPh 64 ± 0.5 36 ± 0.5 57 ± 1.0 43 ± 1.0
II. Ketocarboxylic Acids
Pyr 54 ± 11 46 ± 11 57 ± 10 43 ± 10
ωC2 61 ± 5.7 39 ± 5.7 70 ± 7.5 30 ± 7.5
ωC4 59 ± 1.9 41 ± 1.9 63 ± 4.2 37 ± 4.2
ωC9 71 ± 6.5 29 ± 6.5 69 ± 7.3 31 ± 7.3
III. α-Dicarbonyls
Gly 56 ± 5.8 44 ± 5.8 57 ± 8.1 43 ± 8.1
mGly 70 ± 8.6 30 ± 8.6 67 ± 5.8 33 ± 5.8
aFor compound abbreviation, see Table 1.

Table 3. Geometric Mean Diameters (GMD, μm) of Major Organic Compounds in Fine (<2.1 μm) and Coarse (>2.1 μm)
Modes during Summer and Wintera

Summer Winter Winter/Summerb

Fine Coarse Fine Coarse Fine Coarse

I. Dicarboxylic Acids
C2 0.82 ± 0.02 5.46 ± 0.17 1.17 ± 0.10 4.71 ± 0.59 1.43 0.86
C3 0.96 ± 0.06 5.72 ± 0.33 1.19 ± 0.10 4.78 ± 0.58 1.25 0.84
C4 0.88 ± 0.06 7.66 ± 0.33 1.09 ± 0.09 5.25 ± 0.58 1.24 0.69
C9 0.67 ± 0.04 7.28 ± 0.46 0.91 ± 0.09 6.04 ± 0.64 1.35 0.83
Ph 0.71 ± 0.03 6.98 ± 0.78 1.01 ± 0.07 5.36 ± 0.48 1.43 0.77
tPh 0.78 ± 0.06 5.33 ± 0.29 1.01 ± 0.08 4.15 ± 0.15 1.30 0.78
II. Ketocarboxylic Acids
Pyr 0.77 ± 0.05 7.69 ± 1.54 1.15 ± 0.10 6.55 ± 1.22 1.51 0.85
ωC2 0.86 ± 0.02 7.68 ± 0.84 1.24 ± 0.10 5.64 ± 0.82 1.44 0.73
ωC4 0.79 ± 0.03 6.85 ± 0.79 0.97 ± 0.08 6.18 ± 0.46 1.22 0.90
ωC9 0.85 ± 0.09 5.22 ± 1.30 0.89 ± 0.22 5.09 ± 0.76 1.05 0.98
III. α-Dicarbonyls
Gly 0.86 ± 0.07 9.30 ± 0.34 1.17 ± 0.10 6.74 ± 1.12 1.35 0.72
mGly 0.96 ± 0.07 5.65 ± 1.55 1.20 ± 0.14 5.65 ± 1.03 1.25 1.00

aFor compound abbreviation, see Table 1. bRatio of GMD in winter to that in summer.

Figure 4. Relative abundance of diacids on each stage (a) oxalic acid
(C2) to total diacids, (b) total diacids to particle mass (PM).
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of dicarboxylic acids, ketocarboxylic acids, α-dicarbonyls, and
inorganic ions in each size-range are summarized as total
suspended particle (TSP)-equivalent concentrations and shown
in Table 1. Seasonal difference in molecular compositions of
diacids and related compounds is illustrated in Figure 1. As
shown in part a of Figure 1, concentration order of major
identified organic compounds in summer is C2 > C4 ≈ Ph >
ωC2 ≈ C3 > C9 > tPh > Pyr (compound abbreviation in Table
1, thereafter). In contrast, the order in winter is C2 > tPh > ωC2
> C4 > Ph > C3 > Pyr (part b of Figure 1). Such a difference in
molecular composition is mostly caused by an enhanced
emission from burning coal, biofuel, and plastic wastes for
house heating.12,13 Oxalic acid, the smallest dicarboxylic acid in
aerosol phase, ranged from 551−1529 ng m−3 with an average
of 918 ± 532 ng m−3 in winter, being similar to that in summer
(Table 1).
Sulfate and oxalic acid in each size range showed a strong

linear correlation in summer (r2 = 0.88, part a of Figure 2) and
winter (r2 = 0.95, part b of Figure 2). Such a size-independent
correlation indicates that both species are largely formed via a
similar formation pathway, for example, an aqueous-phase
oxidation.20 C2 in aerosols is an end product of many
precursors including low molecular weight diacids, thus relative
abundance of C2/total diacids is indicative of aerosol aging. C2/
total diacids is 0.62 ± 0.01 in summer and 0.43 ± 0.04 in winter
suggesting that summer aerosols are more oxidized due to more
efficient photooxidation. Concentration ratio of C6/C9 is
0.26 ± 0.02 in summer and 0.32 ± 0.03 in winter implying
an increased emission from coal burning and/or a decreased
emission from plants during winter since C6 is produced via
photodegradation of anthropogenic cyclohexane21,22 and C9 is
an photooxidation product of unsaturated fatty acids from plant
emissions.23 Naphthalene is a major precursor of phthalic acid
in urban area,24 which is photochemically oxidized to phthalic
acid in gas phase and subsequently condensed/adsorbed onto
preexisting aerosols. Terephthalic acid (tPh) is an important
industrial material used for plastic production such as polyester
fiber and PET (polyethyleneterephthalate) thermoplastics,
which can be directly produced when burning plastic wastes.25

Concentration (52 ± 3.7 ng m−3, Table 1) of tPh in summer is
only a half of Ph, but twice higher than Ph in winter. The
wintertime concentration (379 ± 200 ng m−3, Table 1) of tPh
is about 7 times higher than that in summer. Such a seasonal
variation indicates an importance of open and domestic burning
of plastic materials in the city and the surroundings especially in
cold season.

b). Ketocarboxylic Acids. Ketocarboxylic acids showed a
predominance of glyoxylic acid (ωC2) in both summer and
winter samples, followed by Pyr, ωC4 and ωC3 (Figure 1).
Concentrations of ketoacids in summer were twice lower than
those in winter (Table 1). A strong linear correlation was also
found between ketocarboxylic acids and total dicarboxylic acids
in each stage for both seasons (parts c and d of Figure 2). Such
a size-independent correlation may suggest that ketocarboxylic
acids are intermediates of dicarboxylic acids. Because ωC2 and
oxalic acid (C2) during the two seasons showed a robust linear
correlation with r > 0.92 and both well correlated with sulfate, it
is very likely that C2 in Xi’an is largely produced by aqueous-
phase oxidation of ωC2 in aerosols. Such a C2 production is
more efficient in summer due to higher temperature (Table S1
of the Supporting Information)26 resulting in C2/ωC2 ratio
higher in summer (11 ± 1.8, calculated from Table 1) than in
winter (3.9 ± 0.4).T
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c). α-Dicarbonyls. Glyoxal (Gly) and methylglyoxal (mGly)
are the two smallest dicarbonyls in the atmosphere, and are
formed via photochemical oxidation of biogenic (e.g., isoprene,
monoterpenes) and anthropogenic volatile organic compounds
(VOCs) (e.g., aromatics, acetone, and acetylene).27,28 Both
carbonyls can partition into aerosol phase and further be
oxidized to form less-volatile organic acids such as pyruvic acid,
ωC2, and C2.

29 Concentrations of Gly and mGly were 12 ± 0.2
and 25 ± 4.6 ng m−3 in summer and increased to 46 ± 27 and
74 ± 45 ng m−3 in winter, respectively (Table 1). The
enhanced concentration in winter is most likely due to the high
emission of their precursors (e.g., aromatics) from coal burning
for house heating, because both compounds also well correlate
with sulfate and Ph (r = 0.77−0.96, Table S2 of the Supporting
Information) and O3 level in this region is much lower in
winter than in summer.30 All of the detected organics together
with inorganic ions accounted for 37 ± 5.8% and 32 ± 3.1% of
particle mass in summer and winter respectively with the
remaining largely being EC, mineral dust, and other
unidentified organics (Table 1).
3.2. Size Distribution. Seasonal differences in the size

distribution of all the target organic and inorganic compounds
were investigated. Here, we will focus on selected major species.
As shown in Table S2 of the Supporting Information, all of the
species in each size range well correlate with one another in
winter with a correlation coefficient (r) > 0.77. Atmospheric
SO4

2‑ and F− in China are mostly derived from coal burning
emissions.5 Therefore, such strong correlations in all stages,
together with the wintertime increases in the concentrations of
SO4

2‑and F−, further indicate that emissions of coal burning for
house heating dominate the precursors of these organics in
Xi’an. Figure 3 shows the detailed size distribution of major

species. During winter C2, C3, C4, tPh, ωC2, ωC9, and mGly
showed a unimodal pattern peaking at the size range of 1.1−
2.1 μm (parts a, b, c, f, h, j, and l of Figure 3). In contrast, other
species such as C9, Ph, Pyr, ωC4, and Gly in winter showed a
bimodal pattern with a large peak in the size range of 1.1−
2.1 μm and a small/minor peak in the size larger than 3.3 μm
(parts d,e, g, i, and k of Figure 3). However, in summer a
bimodal pattern was found for most of these species, except for
C2, C3, tPh, and ωC2, with two peaks at the sizes of 0.7−1.1 μm
and >3.3 μm (parts a−l of Figure 3).
Size distribution patterns of C2 in the two seasons are same

as those of ωC2, along with a similar pattern found for C4 and
ωC4 in both seasons, further suggesting that oxalic (C2) and
succinic (C4) acids are produced via aerosol phase oxidation of
ωC2 and ωC4. C9 is a photooxidation product of unsaturated
fatty acids (e.g., C18:1).

23 Unsaturated fatty acids are emitted
directly as fine particles from cooking activity and coarse
particles from plant surfaces via wind abrasion. Thus, a bimodal
pattern of C9 was observed in both seasons (part d of Figure 3).
Compared to that in winter, an enhanced concentration of C9
in the coarse mode (>3.3 μm) in summer indicates more
significant plant emissions.31,32 Unlike in winter, Ph is enriched
in coarse mode in summer (part e of Figure 3), which can be
explained by an enhanced adsorption of gaseous phthalic acid
produced by a gas-phase photo-oxidation of naphthalene.31,33

tPh mostly originates from burning plastic wastes, thus showed
a similar pattern in both seasons (part f of Figure 3).
Relative abundances of all the organic compounds in fine

mode (<2.1 μm) except tPh, ωC9, and mGly are lower in
summer than in winter (Table 2). This can be explained in part
by an increased evaporation into the air from fine particles and
subsequent adsorption onto coarse particles during summer,

Figure 5. δ13C of oxalic and phthalic acids as a function of particle sizes in Xi’an, China, during summer and winter.

Environmental Science & Technology Article

dx.doi.org/10.1021/es204322c | Environ. Sci. Technol. 2012, 46, 4783−47914789



resulting in geometric mean diameters (GMDs) of the
compounds smaller in fine mode and larger in coarse mode
in the hot season (Table 3).5,34−36 Moreover, the larger fine
mode of GMD in winter is also in part attributed to an
enhanced hygroscopic growth since relative humidity is high
and sulfate in fine mode is much more abundant compared to
those in summer (Table S1 of the Supporting Information and
parts a and b of Figure 2). As seen in Figure 4, concentration
ratios of C2/total diacids and diacids/PM (particle mass) in
each size range are larger in summer than that in winter, again
demonstrating that aerosols are more oxidized in summer.
3.3. Stable Carbon Isotopic Composition. Table 4

shows δ13C values of major dicarboxylic acids and related
compounds on each stage. δ13C values of C2, ωC4 and Ph in
each size range are similar in both seasons, but those of C4,
ωC2, Pyr, and Gly are generally lower in summer than in
winter. Because the δ13C value of coal is larger than that of
petroleum fuel,37,38 the 13C enrichments of these aerosols in
winter can be ascribed to an increased emission of coal burning.
Figure 5 plots the δ13C values of C2 and Ph as a function of
particle size. A clear difference in δ13C between the fine and
coarse modes was found for C2 in summer (part a of Figure 5).
As mentioned above, C2 is formed in aqueous phase by a
photo-oxidation of ωC2 and enriched in fine particles. The fine
mode C2 may evaporate into the air and subsequently
condense/adsorb onto coarse particles resulting in the C2
retained in fine particles more enriched with 13C due to kinetic
isotope effects (KIEs).17,39,40 Compared to that in winter, such
a shift from fine particles to coarse particles is more efficient in
summer due to higher temperature (22−37 °C in summer
versus −4−10 °C in winter, Table S1 of the Supporting
Information), therefore, the higher concentration of C2 in
coarse mode (part a of Figure 3) and the more significant
difference in δ13C were found in summer.
ωC2 is a product of aqueous phase photo-oxidation of

precursors including Gly, mGly, Pyr, glycolic acid, and acetic
acid.26 During irreversible chemical reactions, lighter isotope
(12C) is preferentially enriched in the reaction products due
to KIEs,39 thus ωC2 on each stage in both seasons showed
more negative δ13C values compared to those of Gly and Pyr
(Table 4). As mentioned above, C4 is most likely formed via an
aqueous-phase oxidation of ωC4 and other larger compounds.
During the degradation process, these precursors can be
oxidized into C4 and release of CO2/CO

17 resulting in the
remaining substrate (e.g., C3 and C4) more enriched in 13C
(Table 4). C3 and C4 can further be oxidized into C2,

18

therefore, δ13C value of the total C2 is dependent on the relative
contributions from ωC2, C3 and C4.
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