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Abstract

Homologous dicarboxylic acids (C2–C12), ketocarboxylic acids (oC2–oC9, pyruvic acid) and dicarbonyls (glyoxal and

methylglyoxal) have been studied in the urban aerosol samples (PM2.5) collected from the Hong Kong roadside

atmosphere during winter and summer of 2003 using a capillary GC and GC-MS method. The concentrations of total

dicarboxylic acids, ketocarboxylic acids, and a-dicarbonyls were higher in winter than in summer (except for some species

like phthalic acid, Ph). Oxalic (C2) acid was found as the most abundant species in summer, followed by Ph. Oxalic (C2)

acid was also found as the most abundant species in winter, but followed by malonic (C3) acid. The C2 diacid comprised

28–66% of the total diacid concentrations. The diacids with higher carbon numbers were less abundant, although C9 diacid

was relatively abundant (2%). Glyoxylic acid (oC2) and methylglyoxal were found as the most abundant ketocarboxylic

acid and dicarbonyl in both seasons, respectively. The concentrations of the total diacids, total ketoacids and total

dicarbonyls ranged from 224 to 1381 ngm�3, 10 to 89 ngm�3 and 5 to 21 ngm�3, respectively. Their relative abundances in

PM2.5 mass were 1.18%, 0.06% and 0.02%, respectively. High concentrations of toluene (winter: 33.8 mgm�3; summer:

41.3mgm�3) and naphthalenes (winter: 1.2mgm�3; summer: 1.9 mgm�3) observed were one possible source for the

abundant phthalic and also methylmaleic acids detected.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Dicarboxylic acids are an important group of
water-soluble organic compounds (WSOC) in the
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atmospheric aerosols (Grosjean et al., 1978; Kawa-
mura and Ikushima, 1993; Rogge et al., 1993;
Jacobson et al., 2000; Kawamura and Yasui, 2005).
They have received much attention because of their
potential roles in affecting the global climate.
Because of the low vapor pressures and high water
solubility, diacids have an influence on the chemical
and physical properties of aerosols (Lightstone
.
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et al., 2000). Consequently, they may have direct
and indirect effects on the earth’s radiation balance
by scattering incoming solar radiation, which
counteracts the global warming caused by the
increase of greenhouse gases.

Among these dicarboxylic acids, oxalate is gen-
erally the most abundant, followed by malonate and
succinate in atmospheric aerosols (Kawamura and
Ikushima, 1993; Kawamura et al., 1996a; Kerminen
et al., 2000). Total diacids account for about 1–3%
of the total particulate carbon in the urban areas
and even above 10% in the remote marine environ-
ment (Kawamura and Ikushima, 1993; Kawamura
et al., 1996b, c; Sempéré and Kawamura, 1996;
Kawamura and Sakaguchi, 1999; Kerminen et al.,
2000). Oxidative degradation of anthropogenic or
biogenic volatile organic compounds by tropo-
spheric oxidants and/or primary traffic emissions
have been proposed as the origins of dicarboxylic
acids (Kawamura and Kaplan, 1987; Kawamura
et al., 1996a; Warneck, 2003). Owing to high water
solubility, the WSOC, especially diacids, have a
potential to modify the surface tension and hygro-
scopic properties of atmospheric particles including
particle size and cloud condensation nuclei activity
(Shulman et al., 1996; Cruz and Pandis, 1998;
Jacobson et al., 2000). Dicarboxylic acids in total
suspended particulates (TSP) and PM10 have been
extensively measured in urban (Kawamura and
Ikushima, 1993; Kawamura et al., 1996c; Khwaja,
1995; Kerminen et al., 2000; Yao et al., 2002; Fraser
et al., 2002; Li and Yu, 2005), continental back-
ground (Limbeck and Puxbaum, 1999; Falkovich
et al., 2005), and remote atmosphere (Kawamura
and Usukura, 1993; Kawamura and Sakaguchi,
1999; Kawamura et al., 1996a, b; Kerminen et al.,
1999).

So far, most studies on low molecular weight
dicarboxylic acids and their salts have focused on
their chemical characterization and their formation
in TSP (Kawamura and Kaplan, 1987; Kawamura
et al., 1996a; Limbeck et al., 2001; Rohrl and
Lammel, 2001; Li and Yu, 2005). However, only
limited data of the diacids in PM2.5 have been
reported (Meszaros et al., 1997; Wang et al., 2002;
Yao et al., 2004; Yue and Fraser, 2004; Huang et
al., 2005). The concentration ratios of these diacids,
in particular the C3/C4 and C6/C9 mass ratio, are
useful to understand the production of dicarboxylic
acids and the source strength of anthropogenic and
biogenic precursors in the atmosphere, respectively.
The C3/C4 ratio has been reported to be 0.25–0.44
from vehicular emissions (Kawamura and Kaplan,
1987). On the other hand, the mass ratio of C3/C4 of
secondary aerosol is much larger than unity in
remote aerosols (Kawamura et al., 1996a; Kawa-
mura and Sakaguchi, 1999). Other than primary
vehicular emissions and secondary sources, biogenic
contributions of dicarboxylic acids are common,
especially in rural areas. As azelaic acid (C9) has
been proposed as one of the reaction products by
ozonolysis of biogenic unsaturated fatty acids
(Kawamura and Kaplan, 1987; Yokouchi and
Ambe, 1986; Kawamura and Gagosian, 1987;
Stephanou and Stratigakis, 1993) and adipic acid
(C6) has been proposed as one of the products by
oxidation of anthropogenic cyclohexene (Grosjean
et al., 1978; Hatakeyama et al., 1987; Kawamura
and Ikushima, 1993), the C6/C9 ratio can be used as
a potential indicator to show the strength of
biogenic sources.

In this paper, PM2.5 samples from the roadside
atmosphere of Hong Kong were collected during
summer and winter of 2003. The molecular compo-
sition of low molecular weight (LMW) diacids
(C2–C12), ketoacids (oC2–oC9, pyruvic acid) and
a-dicarbonyls (C2–C3) employing BF3/n-butanol
derivatization followed by GC and GC/MS were
for the first time determined in the urban roadside
area of Hong Kong. The samples were also analyzed
for organic carbon (OC). Here, we reported the
seasonal variations of bi-functional organic acids
and carbonyls in the urban atmosphere. The relative
contributions of diacids in PM2.5, OC and TC
during winter and summer were also examined. The
impact of ozone and solar radiation on the
concentrations and the composition of these dicar-
boxylic acids are then discussed.

2. Samples and methods

Hong Kong is located along the coast of the
South China Sea which is connected to the Pearl
River Delta Region in China. High ambient
suspended particulate loading has been a persistent
problem in Pearl River Delta Region (PRDR).
Hong Kong is a warm, humid and cloudy coastal
city. According to the Hong Kong Observatory, the
annual average temperature and relative humidity
was 23 1C (range from 14 to 32 1C) and 77% (range
from 65% to 83%), respectively, in 2003. Vehicular
emissions are the major primary local air pollutants
in Hong Kong. High concentrations of PM10

usually are observed in the winter because of the
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frequent development of stagnating high-pressure
systems and inversion layers in the lower atmo-
sphere and less chance of precipitation in winter
(Environmental Protection Department, 2002).

Samples of PM2.5 (n ¼ 14) were collected at the
roadside environment at the Hong Kong Polytech-
nic University during January, June and November
2003 using mini volume (mini-vol.) samplers (Air-
metrics, USA), operated at flow rates of 5 lmin�1.
The site was situated at about �1.5m above ground
level in The Hong Kong Polytechnic University,
and about 1m away from the main traffic road that
leads to the Cross Harbor Tunnel. The traffic
volume on this road is extremely high with about
170,000 vehicles per day. PM2.5 impactor was
installed on top of the preseparator assemblies to
collect 24 h PM samples. Samples were collected on
pre-combusted (800 1C for 3 h) 47mm Whatman
quartz microfibre filters (QM/A). The exposed
filters were stored at �4 1C prior to analysis to
prevent the evaporation of volatile components.
The PM2.5 masses were determined gravimetrically
using an electronic microbalance with 1 mg sensitiv-
ity (ME5 Microbalance, Sartorius). Also, field
blank filters were collected to subtract the artifacts
due to adsorption of gas-phase organic components
onto the quartz filter during and/or after sampling.

Filter samples were analyzed for water-soluble
dicarboxylic acids, ketoacids and dicarbonyls at
Hokkaido University using the methods of Kawa-
mura and Ikushima (1993) and Kawamura and
Yasui (2005). Briefly, one quarter of the filter was
extracted with pure water (10ml� 3), which was
made by oxidizing organic impurities of Milli Q
water with UV light. The extracts (water soluble
organics) were passed through a glass column
(Pasteur pipette) packed with a quartz wool to
remove particles such as filter debris and then
concentrated to ca. 0.1ml using a rotary evaporator
under a vacuum. They were further dried by
nitrogen blow down and reacted with 14% BF3/n-
butanol at 100 1C to derive the carboxyl groups to
butyl esters and the aldehyde groups to dibutoxy
acetals. The derivatives were extracted with n-
hexane after adding pure water and then determined
with GC equipped with a split/splitless injector and
a HP-5 fused silica capillary.

Peak identification was performed by a compar-
ison of GC retention times with those of authentic
standards. Identification of the esters was confirmed
by mass spectral analysis using a GC/MS system
(Thermo Trace MS) and authentic standards
(Kawamura, 1993). Recoveries of authentic stan-
dards spiked to a pre-combusted quartz fiber filter
were 71% for oxalic acid and better than 80% for
malonic, succinic and adipic acids. Recoveries of
glyoxylic acid, pyruvic acid and methylglyoxal were
88%, 72% and 47%, respectively. Spiked experi-
ment of diacid standards to the filter sample (QFF
166) showed higher recoveries of oxalic acid (86%)
and malonic acid (94%) (Kawamura and Yasui,
2005). Duplicate analyses of filter sample showed
that analytical errors are within 15% for major
species. Concentrations of the acids and related
compounds reported here are corrected for the
procedural blanks, but are not corrected for the
recoveries although the recovery of methylglyoxal is
rather low.

Aliquots of the aerosol filter samples were
analyzed for OC and EC by DRI Model 2001
Thermal/Optical Carbon Analyzer (Atmoslytic Inc.,
Calabasas, CA) at the Hong Kong Polytechnic
University following the Interagency Monitoring of
PROtected Visual Environments (IMPROVE) ther-
mal/optical reflectance (TOR) protocol (Cao et al.
2003; Chow et al., 2004).

3. Results and discussion

3.1. Molecular compositions of dicarboxylic acids,

ketoacids and a-dicarbonyls in PM2.5

A homologous series of a, o-dicarboxylic acids
(C2–C12) were first determined in the PM2.5 urban
roadside samples of Hong Kong. Their concentra-
tions together with other compounds detected were
summarized in Table 1. Other than primary vehicle
exhaust, secondary formation is one of the major
sources of diacids at this sampling site. Oxalic (C2)
acid was found as the most abundant diacid,
followed by malonic (C3) or phthalic (Ph) acid.
The fourth most abundant diacid was succinic (C4)
acid. The predominance of the oxalic (C2) acid has
been reported for the aerosol and rainwater samples
from the urban (Kawamura and Kaplan, 1987;
Kawamura and Ikushima, 1993; Khwaja, 1995;
Wang et al., 2002, Warneck, P., 2003; Yao et al.,
2004; Li and Yu, 2005) and remote marine regions
(Sempéré and Kawamura, 1996; Kawamura and
Sakaguchi, 1999; Kerminen et al., 2000; Mochida et
al., 2003a) as well as the arctic atmosphere
(Kawamura et al., 1996a; Kerminen et al., 1999).
It is important to note that phthalic acid (aromatic
acid) is often the second most abundant diacid in
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Table 1

Concentrations of low molecular weight dicarboxylic acids, ketocarboxylic acids and a-dicarbonyls in PM2.5 samples (total, winter and

summer) from urban roadside of Hong Kong

Compounds Concentrations (ngm�3) n ¼ 14 Winter (ngm�3) n ¼ 7 Summer (ngm�3) n ¼ 7

Range Average S.D. Average S.D. Average S.D.

Dicarboxylic acids

Oxalic, C2 63.8–767 373 247 478 207 268 251

Malonic, C3 10.5–145 68.4 41.6 89.1 30.4 47.6 42.7

Succinic, C4 13.1–121 52.5 31.8 71.88 28.29 33.0 22.7

Glutaric, C5 2.82–28.1 13.50 8.17 20.0 5.46 6.95 3.85

Adipic, C6 3.78–32.1 11.7 7.53 10.7 6.25 12.7 9.03

Pimeric, C7 0.74–9.69 2.30 2.33 3.20 3.00 1.40 0.93

Suberic, C8 0.00–6.67 2.25 1.88 1.93 2.70 2.56 0.41

Azelaic, C9 6.01–28.1 12.9 6.74 16.8 7.27 9.06 3.24

Sebacic, C10 0.00–3.97 1.49 1.30 1.52 1.43 1.47 1.27

Undecanedioic, C11 0.94–4.61 2.60 1.18 1.94 0.98 3.27 1.01

Dodecanedioic, C12 0.00–3.97 0.26 0.98 0.00 0.00 0.53 1.39

Methylmalonic, iC4 1.24–7.91 3.20 1.98 4.73 1.69 1.66 0.42

Methylsuccinic, iC5 1.98–15.3 7.17 4.55 11.0 2.85 3.35 1.64

2-Methylglutaric, iC6 0.62–3.00 1.43 0.68 1.82 0.58 1.05 0.55

Maleic, M 2.21–37.2 16.2 10.6 19.9 13.5 12.4 5.18

Fumaric, F 0.29–8.66 3.26 2.54 3.15 2.35 3.38 2.91

Methylmaleic, mM 1.15–14.3 6.46 3.83 6.36 3.93 6.57 4.04

Phthalic, Ph 40.1–105 83.9 21.3 78.0 24.9 89.9 16.7

Isophthalic, iPh 2.00–63.0 14.1 19.9 15.3 21.4 12.9 19.9

Malic, hC4 1.15–10.1 4.53 2.68 6.54 2.11 2.51 1.28

Ketomalonic, kC3 0.00–15.7 6.66 5.06 10.4 3.85 2.89 2.73

4-Ketopimelic, kC7 0.00–14.0 4.08 3.65 5.32 4.07 2.84 2.95

Total diacids 224–1381 692 357 858 306 526 344

Ketocarboxylic acids

Pyruvic 0.00–8.20 2.36 2.62 3.66 2.71 1.06 1.90

Glyoxylic, oC2 2.49–74.4 30.9 21.8 43.2 18.6 18.5 18.2

3-Oxopropanoic, oC3 0.28–1.19 0.66 0.31 0.72 0.34 0.61 0.28

4-Oxobutanoic, oC4 0.00–7.49 3.01 2.71 3.30 2.72 2.73 2.89

9-Oxononaoic, oC9 0.00–6.15 2.59 1.70 3.47 1.38 1.70 1.58

Total ketoacids 9.85–89.2 39.5 24.6 50.7 18.2 23.6 17.6

a-Dicarbonyls

Glyoxal, Gly 0.00–7.61 2.73 2.94 5.26 1.93 0.19 0.25

Methylglyoxal, MeGly 0.00–16.6 8.22 5.24 6.40 3.81 10.0 6.10

Total dicarbonyls 0.00–21.0 10.9 5.62 11.66 5.23 10.2 6.31

OC (mgm�3) 6.98–21.3 13.1 4.72 16.2 3.33 10.1 3.97

EC (mgm�3) 4.90–20.1 11.7 3.80 11.2 5.27 12.2 1.83

K.F. Ho et al. / Atmospheric Environment 40 (2006) 3030–3040 3033
the urban roadside PM2.5 samples, especially in
summer. This aromatic acid is directly emitted from
combustion sources (Kawamura and Kaplan, 1987;
Koebel and Elsener, 1998) and/or has been con-
sidered to generate in the atmosphere by atmo-
spheric degradation of aromatic hydrocarbons such
as naphthalene (Kawamura and Ikushima, 1993).
Abundance of the individual species decreased with
an increase in carbon chain length, although adipic
(C6) and azelaic (C9) acids are relatively abundant.
C9 diacid is an oxidation product of biogenic
unsaturated fatty acids containing double bond at
the C9-position (OH oxidation should be involved
in the production of C9 diacid) (Yokouchi and
Ambe, 1986; Kawamura and Gagosian, 1987;
Stephanou and Stratigakis, 1993).

Total concentrations of diacids ranged from 224
to 1381 ngm�3 with an average of 692 ngm�3. The
most abundant diacid was oxalic acid (C2) through-
out the seasons, whose concentration range from 64
to 767 ngm�3 with an average of 373 ngm�3. Its
relative abundance in the total diacid (C2–C12)
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fluctuated from 28% to 66% (average 49%). The
second most abundant diacid, on an average basis,
was found as phthalic acid (40–105 ngm�3, average
84 ngm�3), which account for 6–32% (average
16%) of the total diacid concentrations. However,
phthalic acid was less abundant than malonic acid
(C3) in winter season: malonic acid (11–145 ngm�3,
average 68 ngm�3) comprised 5–13% (average 9%)
of the total diacid concentrations. The longer-chain
diacids (C5–C12) were less abundant than C2–C4

species, except adipic (C6) and azelaic (C9) acids
that account for 1–9% (average 2%) and 1–4%
(average 2%) of the total diacids, respectively.
Ketocarboxylic acids (10–89 ngm�3, average:
39 ngm�3) and a-dicarbonyls (0.0–21 ngm�3, aver-
age: 11 ngm�3) were also detected in the PM2.5

samples. Glyoxylic acid (oC2) is the dominant
oxocarboxylic acids followed by 4-oxobutanoic acid
(oC4) in the urban roadside atmosphere. Their
concentrations are slightly lower than those found
in Tokyo (Kawamura and Yasui, 2005).
Table 2

Seasonal changes of total dicarboxylic acids, total ketocarboxylic

acids and total a-dicarbonyls in the percentage of PM2.5 mass and

relative abundance of carbon in organic carbon (OC)

Relative

abundance

Compounds

Total diacids Total

ketoacids

Total

dicarbonyls

% in PM2.5

Winter 1.16 0.070 0.018

Summer 1.21 0.058 0.030

Carbon % in OC

Winter 1.68 0.110 0.035

Summer 1.94 0.093 0.062
3.2. Seasonal variations of dicarboxylic acids,

ketoacids and a-dicarbonyls in PM2.5

The variations of dicarboxylic acids, ketocar-
boxylic acids and a-dicarbonyls detected in PM2.5

during winter (January and November, 2003) and
summer (June, 2003) were shown in Table 1.
Generally, their concentrations were higher in winter
than in summer. Although the concentrations of
most species were higher in winter, concentrations of
C6, C8, C11, C12, F, mM, Ph, MeGly were found to
be higher in summer. But, the concentrations of
total dicarboxylic acids, ketocarboxylic acids and a-
dicarbonyls collected in sunny days during summer
are slightly higher or similar to the concentrations
collected in winter. The lower mixing heights, the
formation of the inversion layers, and the less
chance of wet deposition can contribute to the
accumulation of air pollutants in the winter in Hong
Kong (Yao et al., 2004). The total dicarboxylic
acids, ketocarboxylic acids and a-dicarbonyls col-
lected during sunny days in summer were 987, 47
and 15 ngm�3, respectively while in rainy days the
concentrations declined significantly to 335, 15 and
10 ngm�3, respectively. Moreover, low concentra-
tions of diacids in summer can be explained by
dilution of polluted air by the inflow of marine air
mass (in summer marine air masses are transported
from South China Sea; in winter continental air
masses are transported from Pear River Delta
Region).

The relative abundances of the detected species
were also different in winter and summer. On the
average, in winter, oxalic acid was the most
abundant species, followed by malonic acid and
then phthalic acid, with oxalic acid being over five
times as abundant as malonic acid. In contrast, in
summer, although oxalic acid was still the most
abundant species, it was only slightly more than the
twice of the second most abundant species, phthalic
acid. It is likely that phthalic acid was produced
more favorably than malonic and succinic acid in
summer, as described later.

When concentrations of total dicarboxylic acids,
ketocarboxylic acids and dicarbonyls are divided by
the total aerosol mass, seasonal variations of these
ratios were obtained (Table 2). Abundances of total
dicarboxylic acids relative to the aerosol mass were
higher (winter: 1.16%; summer: 1.21%) than those
of other urban areas (Nanjing, 0.4–1.4%; Tokyo,
0.46%) (Wang et al., 2002; Kawamura and Ikush-
ima, 1993), although the seasonal variations were
not significant in Hong Kong. Table 2 presents the
seasonal variations of the total amounts of diacid
carbon, ketoacid carbon and dicarbonyl carbon
divided by OC. The total diacids accounted for
1.12% to 2.47% of OC (winter average: 1.68%;
summer average: 1.94%), indicating that they are
the compound group with the highest fraction in
OC. Phthalic acid carbon relative to OC fluctuated
from 0.15% to 0.81% (average 0.43%) with a
summer maximum, indicating that the atmospheric
production of this aromatic diacid is enhanced in
the summer. Adipic, suberic, sebacic, methylmaleic,
fumaric acids and methylglyoxal also showed a
higher percentage in summer than in winter. During
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sunny days in summer, all major species (oxalic,
malonic, succinic, phthalic, and glyoxylic acids, etc.)
have higher relative abundance in aerosol mass and
OC. These species showed a summer maximum,
indicating an enhanced secondary production from
aromatic hydrocarbons such as benzene and toluene,
cyclic olefins and unsaturated fatty acids (Kawa-
mura and Ikushima, 1993) under a strong solar
radiation (winter: 12.3MJm�2; sunny day summer:
22.1MJm�2; rainy day summer: 9.4MJm�2).

3.3. Comparison with literature data

Due to the limited data on dicarboxylic acids in
PM2.5 in the literature, concentrations of dicar-
boxylic acids in TSP/PM10/PM2.5 were used for
comparison. The data listed in Table 3 include a
literature overview of the selected compounds,
determined at other sites with different analytical
Table 3

Average concentrations (ngm�3) of selected dicarboxylic acids in the li

Site/type Season Size Method

Tokyo, Japan/Urbana One year average TSP GC-MS/FID

Vienna, Austria/Urbanb Summer TSP GC-MS/FID

Christchurch, New Zealandc Winter PM10 IC

Summer PM10 IC

Leipzig, Germany/Urband Summer TSP IC

Houston, USA/Urbane Summer PM2.5 GC-MS

Shanghai, China/Urbanf One year average PM2.5 IC

Beijing, China/Urbanf One year average PM2.5 IC

Beijing, China/Urbang Summer and winter PM2.5 CE

Nanjing, China/Urbanh Winter PM2.5 GC-MS/FID

Spring PM2.5 GC-MS/FID

PolyU, Hong Kong/Urbani Summer PM2.5 IC

Winter PM2.5 IC

Hok Tsui, Hong Kong/Remotei Summer PM2.5 IC

Winter PM2.5 IC

Seven locations, Hong Kongj Autumn and winter TSP GC-MS

Arctic/Remotek One year average TSP GC-MS/FID

Sevettijarvi/Finland/Remotel Two year average PM15 IC

Pacific Ocean/Marinem Autumn and winter TSP GC-MS/FID

This study Winter PM2.5 GC-MS/FID

Summer PM2.5 GC-MS/FID

aKawamura and Ikushima (1993).
bLimbeck and Puxbaum (1999).
cWang and Shooter (2004).
dRohrl and Lammel (2001).
eYue and Fraser (2004).
fYao et al. (2004).
gHuang et al. (2005).
hWang et al. (2002).
iYao et al. (2004).
jLi and Yu (2005).
kKawamura et al., (1996b).
lRicard et al. (2002).
mKawamura and Sakaguchi, (1999).
methods. In general, the reported urban concentra-
tions are higher than those at the remote or marine
sites (except for winter time in Hok Tsui). Similar
chain length distributions of dicarboxylic acids,
with a predominance of oxalic acid, have been
reported in all the sites (Table 3). There are some
differences between the relative abundances of the
diacids found in this study and those in most other
regions in the world where oxalic, malonic and
succinic acids were often the three most abundant
species (see Table 3). The mean concentration of
oxalic acid is slightly higher or comparable to those
reported in other urban areas like, Christchurch,
Leipzig, Tokyo and Vienna but is lower than the
samples reported in the urban atmosphere from
Chinese megacities, like Shanghai and Nanjing.
Similar to oxalic acid, the mean concentrations of
malonic, succinic, adipic and azelaic acids in this
study were higher than those in Christchurch,
terature

Oxalic Malonic Succinic Adipic Azelaic Methylmaleic Phthalic

270 55 37 16 23 3.8 15

340 244 117 117 18

85 6.6 31

39 5.1 23

229 66 35

12.5 16.1 6.9 12.5

500 40/100 200

300 100 30/20

218 39 39

880 114 146 24 92

440 63 80 49 195

90 13 7

350 20 50

40 ND ND

370 20 60 129

1084 142 118

13.6 2.46 3.73 0.82 0.26 1.5

8.6 1.5 2.9 27.3 148 1.1

40 11 2.8 2.1 0.57 0.034 0.66

478 89.1 71.9 10.7 16.8 6.4 78.0

268 47.6 33.0 12.7 9.06 6.57 89.9
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Fig. 1. Relationship between concentrations of total dicarboxylic

acids and ozone (background data) for the roadside samples from

Hong Kong.
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Fig. 2. Correlation of oxalic acid concentrations with ozone

concentrations (a); correlation of malonic acid-C/OC ratio with

solar radiation (b) (only non-rainy days data were used).
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Leipzig and Tokyo, but significantly lower than in
Vienna and some Chinese cities.

Interestingly, phthalic acid in the Hong Kong
aerosols is as abundant as malonic acid or even
higher in summer. Further, high concentrations of
methylmaleic acid were also observed in the
aerosols. These unsaturated diacids are probably
derived from incomplete combustion of aromatic
hydrocarbons (benzene, toluene and naphthalenes
etc.) in vehicular exhaust (Kawamura and Kaplan,
1987). Alternatively, these unsaturated diacids can
be produced by atmospheric oxidation of aromatic
hydrocarbons (Kawamura and Ikushima, 1993;
Kawamura and Yasui, 2005). In fact, high concen-
trations of toluene (winter: 34 mgm�3; summer:
41 mgm�3) and naphthalenes (winter: 1.2 mgm�3;
summer: 1.9 mgm�3) (much higher than previously
reported data from other cities, Fang et al., 2004;
Park et al., 2002) observed at this roadside sampling
location (samples were collected at 2004) were one
of the possible sources for the high concentration of
methylmaleic and phthalic acids detected. Although
atmospheric degradation of volatile organic com-
pounds including aromatic hydrocarbons and its
mechanisms were extensively discussed (e.g., Atkin-
son and Arey, 2003), formation mechanisms of
diacids including unsaturated diacids have been
poorly understood.

3.4. Relationship between dicarboxylic acids and

ozone

Interestingly, good correlation was observed
between total dicarboxylic acids and ozone (espe-
cially in summer season, r ¼ 0:94) over the roadside
sampling site. Fig. 1 plots total dicarboxylic acid
concentrations as a function of ozone (24 h average
collected at background site, Tap Mun (about
25 km away from the roadside sampling location).
The present results seem to be consistent with the
previous studies from Tokyo (Kawamura and
Ikushima, 1993; Kawamura and Yasui, 2005).

Although the total dicarboxylic acids increased
with an increase in atmospheric ozone concentra-
tions (Fig. 1), a degree of the increase was found to
depend on a carbon chain length and structure of
diacid species. Better correlations were obtained
between the smaller diacids (C2–C4) and ozone as
well as solar radiation (when the samples collected
in rainy days were removed). Oxalic acid presents
the best relationship with ozone (r ¼ 0:86), followed
by malonic (r ¼ 0:64), and succinic (r ¼ 0:56) acids.
Further, the ratio of malonic acid-C/OC presents
the best relationship with solar radiation (r ¼ 0:97),
follow by succinic acid-C/OC ratio (r ¼ 0:77), and
oxalic acid-C/OC ratio (r ¼ 0:72) (Fig. 2). These
results suggested that origins of LMW diacids seem
to be related to secondary photochemical processes
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in the atmosphere rather than primary emissions
from vehicular exhaust. Longer chain dicarboxylic
acids gave lower correlation coefficients. However,
some species present negative slope but with fair
correlation coefficients. Moreover, ratios of total
ketocarboxylic acids/OC (%) and total dicarbonyls/
OC increased as a function of ozone (r ¼ 0:60 and
0.44) and solar radiation (r ¼ 0:90 and 0.55),
respectively. The LMW ketocarboxylic and dicar-
bonyls may further be oxidized in the atmosphere to
result in small diacids.

3.5. Correlations of selected diacids, ketoacids and

dicarbonyls and the ratios of C3/C4, C6/C9 and Ph/C9

Table 4 shows the correlation coefficients of
selected diacids, ketoacids and dicarbonyls. Strong
correlations were observed among C2, C3, C4, C9,
oC2 and oC9 (r40:78), especially in summer
(r40:88). Other than direct vehicular emission,
photochemical processes largely control the atmo-
spheric concentrations of these species. Moreover,
the ketoacids, oC2 and oC9 may be further oxidized
to C2 and C9 diacids, respectively since good
correlations were found between oC2 and C2

(r ¼ 0:81) as well as oC9 and C9 (r ¼ 0:88). Further,
oC2 is well correlated with Gly (r ¼ 0:74). This is
consistent with the atmospheric oxidation process
proposed for Gly to oC2 (Kawamura et al., 1996a).
C3, C4 diacids may further be oxidized to C2 via the
breakdown of intermediates such as ketomalonic
acid (kC3) (Kawamura and Ikushima, 1993), so that
strong correlations were observed between C3, C4

and kC3 (Table 4).
In previous study, C3/C4 ratio was used as

indicators of enhanced photochemical production
of dicarboxylic acids in the atmosphere (Kawamura
and Ikushima, 1993; Kawamura and Sakaguchi,
Table 4

Correlation coefficients of selected diacids, ketoacids and

dicarbonyls at roadside monitoring site of Hong Kong

C2 C3 C4 C9 kC3 oC2 oC9 Gly

C2 1.00 0.89 0.89 0.78 0.64 0.81 0.88 0.61

C3 1.00 0.94 0.78 0.79 0.98 0.94 0.66

C4 1.00 0.88 0.83 0.95 0.91 0.82

C9 1.00 0.72 0.80 0.88 0.85

kC3 1.00 0.88 0.76 0.82

oC2 1.00 0.92 0.74

oC9 1.00 0.71

Gly 1.00
1999; Yao et al., 2004). Malonic acid (C3) is derived
from the incomplete combustion of fossil fuels or
from the secondary atmospheric production. Lower
C3/C4 ratio (0.25–0.44, average 0.35) were observed
in vehicular exhaust than those in atmospheric
aerosol (0.56–2.9, average 1.6) because malonic acid
is thermally less stable than succinic acid, the
degradation of malonic acid in the combustion
process is probably more significant than its
production (Kawamura and Ikushima, 1993). As
shown in Table 5, the winter samples (1.04–1.68,
average 1.29) have lower C3/C4 ratios than the
summer samples (non-rainy days) (1.29–2.21, aver-
age 1.86). The higher concentrations of C3 over C4

suggest that malonic acid is in part produced
secondarily in the atmosphere by photo-induced
reactions. However, the ratios were much smaller
than 3, which is used as an index for secondary
formation of dicarboxylic acids (Kawamura and
Sakaguchi, 1999; Yao et al., 2004). Therefore,
vehicle exhaust was also important sources of
diacids in both seasons especially near the roadside
with a tunnel. Nevertheless, the higher averaged C3/
C4 ratio in summer suggested a larger contribution
of secondary sources to particulate dicarboxylic
acids. Similar seasonal changes in C3/C4 ratios have
been reported in the urban atmosphere (Kawamura
and Ikushima, 1993; Yao et al., 2004).

As C6 and phthalic (Ph) acids are produced by the
atmospheric oxidation of anthropogenic cyclic
hexene and aromatic hydrocarbons such as
naphthalene, respectively (Kawamura and Ikush-
ima, 1993) whereas C9 is from biogenic unsaturated
fatty acids (Kawamura and Ikushima, 1993), we
assume that C6/C9 and Ph/C9 ratios may be used as
a potential indicator of source strength of anthro-
pogenic and biogenic precursors to the aerosol
diacids. In the Hong Kong roadside aerosols, C6/C9

(0.43–0.78, average 0.91) and Ph/C9 ratios
(3.33–10.90, average 6.12) were higher than those
in Tokyo (C6/C9 ¼ 0.72; Ph/C9 ¼ 0.83) but
lower than those in Los Angeles in early 1980s
Table 5

Concentration ratios of selected diacids, ketoacids and dicarbo-

nyls in PM2.5 aerosols from Hong Kong

Ratio C3/C4 C6/C9 Ph/C9

Winter 1.29 0.60 5.22

Summer (non-rainy) 1.86 1.64 8.21

Average 1.46 0.91 6.12
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(C6/C9 ¼ 7.4; Ph/C9 ¼ 8.0). These results suggest
that the relative contribution of anthropogenic to
biogenic inputs in Hong Kong and Tokyo is much
less significant than in Los Angeles. These results
suggest that secondary formation of dicarboxylic
acids in PM2.5 was generally more important in the
summer, although primary exhaust emission was
also one of the dominant sources.

4. Summary and conclusions

Molecular distributions and seasonal changes of
water soluble organic compounds including dicar-
boxylic acids, ketocarboxylic acids and dicarbonyls
were determined in the Hong Kong roadside atmo-
sphere during winter and summer 2003. Oxalic (C2)
acid was found as the most abundant diacid,
followed by malonic (C3) or phthalic (Ph) acid.
The concentrations of the total diacids, total
ketoacids and total dicarbonyls were ranged from
224 to 1381 ngm�3, 10 to 89 ngm�3 and 5 to
21 ngm�3 respectively. Their abundances in PM2.5

mass concentrations were 1.18%, 0.06% and
0.02%, respectively. However, their seasonal varia-
tions were not significant. Generally, the higher
concentrations observed in winter is due to the
heavy rainfall during summer period that wash out
most of the water-soluble diacid in the atmosphere
(rainfall: 21.7mm in January, 523.5mm in June and
50.1mm in November). Moreover, lower concen-
trations of diacids in summer can be explained by
dilution of polluted air by the inflow of marine air
mass although photochemical production of the
diacids should be more important in summer than
winter.

The high abundance of total diacid carbons in
OC (winter average: 1.68%; summer average:
1.94%) indicate that diacids are one of the major
organic compound classes in the roadside environ-
ment. Relatively high concentrations of phthalic
and methylmaleic acids were observed (especially in
summer), which were explained by the atmospheric
oxidation of toluene (winter: 33.8 mgm�3; summer:
41.3 mgm�3) and naphthalenes (winter: 1.2 mgm�3;
summer: 1.9 mgm�3) at this sampling location.
Good correlations were observed between small
diacid carbon/OC (%) and ozone as well as solar
radiation, suggesting that dicarboxylic acids are
largely produced in the atmosphere by secondary
photochemical reactions.

The ratios of C3 to C4 and C6 to C9 were used to
distinguish the primary and secondary sources as
well as source strength of anthropogenic and
biogenic precursors in the atmosphere, respectively.
C3/C4 ratios were within the values reported for
direct vehicular emissions and secondary organic
aerosol formation. The C6/C9 ratios suggested that
the contribution of anthropogenic inputs in Hong
Kong and Tokyo is much less significant than in
Los Angeles in early 1980s. This study suggested
that in addition to primary vehicular exhaust,
secondary formation of particulate diacids by
photo-oxidation reaction is also important in the
roadside atmosphere. High concentrations of aro-
matic precursors (toluene and naphthalenes) in
Hong Kong may serve as important source for the
high abundance of unsaturated diacids (methylma-
leic and phthalic acids) detected in the Hong Kong
aerosols.
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