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Low molecular weight dicarboxylic acids (DCAs), ketoacids,
and R-dicarbonyls have been determined for the PM2.5
samples in a Hong Kong roadway tunnel, using a water
extraction followed by a butyl ester and/or dibutyl acetal
derivatization technique. For the most wintertime sampling
runs, outlet and inlet concentrations of the quantified
compounds were found to be quite similar (ca. 10%
differences), leading to the conclusion that direct emissions
of the organic compounds are insignificant from vehicles
in hot-stabilized operations although vehicular emissions can
provide important precursors to them. In contrast, a
significant concentration increase of most compounds
was observed at the outlet station compared to the inlet
station in the summertime runs, which might be explained
by the secondary production of aerosols in the tunnel.
The organic compounds studied comprised a small fraction
(<1%) of aerosol organic carbon (OC). In winter, their
abundances relative to that of OC in outlet samples were
found to be significantly less than those in inlet samples.
On the basis of the summer data, apparent secondary
production factors of the compounds were calculated, which
indicate that adipic and m-phthalic acids can be favorably
formed in the tunnel. However, like other DCAs, direct
emissions of adipic, m-phthalic, and p-phthalic acids from
automobiles are suggested to be insignificant.

Introduction
Low molecular weight (LMW) dicarboxylic acids (DCAs) and
related polar compounds constitute a significant fraction of
water-soluble organic aerosols in the atmosphere (1, 2). They
have a potential contribution to the formation of cloud
condensation nuclei because of their water-soluble and
hygroscopic properties (3-5). They are also involved in a
series of chemical reactions occurring in the gas phase,
aerosols, and cloudwater (6). Although LMW DCAs are
generally considered to form mainly by photochemical
reactions in the atmosphere (2, 7, 8), direct emissions from
vehicular exhausts, biomass burning, and cooking have also

been suggested as their sources (9-12). Interestingly, it has
been proposed that phthalic acid can be used as an indicator
of secondary aerosol; in contrast, m-phthalic and p-phthalic
acids are produced dominantly by primary emissions from
motor vehicles (13, 14).

Vehicular emissions are often the most important pol-
lution source in urban areas. However, some uncertainty
still exists about the significance of their contribution to
particulate concentrations of LMW DCAs and related polar
compounds in the urban atmosphere. About 20 years ago,
Kawamura and Kaplan (9) measured particulate concentra-
tions of LMW DCAs in the exhaust emissions from one
gasoline-powered car and one diesel-powered car in an idling
mode and found that the concentrations were 28 (gasoline)
and 144 (diesel) times higher than those in the Los Angeles
atmosphere. Ketoacids and dicarbonyles were not deter-
mined in the study. However, vehicle emission profiles may
have been significantly altered at present, resulting from
changes in vehicle technology and fuel composition. More
importantly, the characteristics of vehicular emissions de-
pend on a variety of parameters such as car age and
technology, temperature, speed, fuel composition, and so
on (15). Therefore, tests of individual vehicles may not be
sufficient to reflect real-world traffic emissions.

The alternative approach to determine the emissions of
primary particles from motor vehicles is highway tunnel
studies that enable the estimation of the average emission
of a large number of vehicles under real-world conditions
(15). Tunnel studies on the primary vehicular emissions of
some organic compounds such as aliphatic and aromatic
hydrocarbons as well as hopanes have been reported (16-
18). A few dicarboxylic acids and methylglyoxal were also
determined in a Los Angeles tunnel study using an organic
solvent extraction followed by a methyl ester derivatization
technique (16). Only one sampling run was conducted (during
a morning traffic peak in the summer of 1993), and emission
of oxalic acid was not reported in the study. Unfortunately,
oxalic and malonic acids are poorly extracted from aerosols
by organic solvents, and their methyl ester derivatives are
significantly lost in the evaporation steps (19). Some re-
searchers have found that diacids containing four carbon
atoms (e.g., succinic acid) can also be somewhat depleted
when treated using a similar technique (20). However, oxalic,
malonic, and succinic acids have often been detected as the
most abundant DCAs in atmospheric aerosols in a variety of
environments (2, 21).

In this work, we systematically studied, for the first time,
concentrations of LMW DCAs (C2-C9), ketocarboxylic acids
(C2-C4), and R-dicarbonyls (C2-C3) in PM2.5 samples collected
in a roadway tunnel, using a water extraction followed by a
butyl ester and/or dibutyl acetal derivatization method (19,
22). This technique provided a recovery of better than 75%
for LMW DCAs including oxalic acid. Primary vehicular
emissions and secondary production of these water-soluble
organic compounds are studied in terms of outlet/inlet
differences and seasonal changes in their concentrations, as
well as their molecular distribution and relative abundance
in organic carbon (OC).

Experimental Section
Shing Mun Tunnel and Aerosol Sampling. Shing Mun
Tunnel is an urban two-bore tunnel (north bore and south
bore) with two traffic lanes per bore (without walkways),
being used on average by 53000 vehicles per day (2004 annual
traffic census in Hong Kong). The tunnel has a length of 2.6
km and is separated into two sections (the east and west
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sides). Two sampling stations were located in the south bore
of the west side, with the inlet station being located 686 m
from the entrance and the outlet station 350 m from the exit
(Figure 1). The west side has a length of ca. 1.6 km and an
upgrade of 1% approaching the tunnel. The cross-sectional
area of the tunnel is 70.0 m2. The vehicle speed limit is 80
km h-1 (the vehicles should have thus been in a hot-stabilized
mode when passing the sampling stations). The ventilation
system was not in operation within the sampling periods.
Average wind speed in the tunnel was measured using two
sensors that were installed on the roof of the tunnel near the
sampling stations.

Sampling campaigns were conducted in the summer of
2003 and winter of 2004 (Table 1). The sampling was
scheduled to cover a wide range of diesel-fueled vehicle
proportions at different time periods. Two PM2.5 samples
were collected simultaneously at the inlet and outlet sampling
stations during each sampling run, using two DRI particulate
samplers. Air was drawn through a sampler at a total flow
rate of 113 L min-1, which was divided into two equal air
streams leading to different sampling substrates (47 mm
quartz and 47 mm Teflon filters). The samplers were fixed
on the ground with their sampling heads being ca. 1.5 m
above ground level. The flow rates were checked in the field
before and after each run using a calibrated flow meter. The
quartz filters were preheated at 900 °C for over 3 h before
use. After sampling, they were immediately returned to the
laboratory and stored in a freezer.

Traffic compositions and volumes were determined by
manual counts at the tunnel entrance at 15 min intervals
during the sampling periods. Video recording was also taken
for data validation and review purposes. The vehicle types
were classified into three major categories, namely, gasoline-
fueled vehicles (motor cycles and private cars), LPG-fueled
taxis, and diesel-fueled vehicles (big buses, heavy-duty trucks,
light-duty trucks, and minibuses). The manual traffic counts
were compared to the records in Toll Plaza, which is about
200 m away from the tunnel entrance. The data obtained
from the manual count reasonably agreed with those from
Toll Plaza (deviation <10%). The age and mileage distribu-
tions of the vehicles were not obtained in this study.

Chemical Analysis. One-quarter of each quartz fiber filter
was analyzed for LMW DCAs, ketoacids, and R-dicarbonyls
using the method reported previously (19, 22). Briefly, the
filter aliquot was extracted with ultrapure organic-free water
under ultrasonication three times for 5 min each. The water
extracts were then combined and concentrated to near
dryness by a rotary evaporator under vacuum and then deriv-
atized to butyl esters and/or dibutyl acetals by reaction with
14% BF3 in 1-butanol. Last the derivatives were determined
using an HP 6890 gas chromatograph equipped with a fused
silica capillary column (HP-5, 0.2 mm × 25 m × 0.52 µm) and
an FID detector. Identification of the organic compounds in
the tunnel samples was confirmed by authentic standards
and mass spectral analyses using a gas chromatograph-
mass spectrometer system (ThermoQuest, Voyager). The
retention times of the compounds in the samples were nearly
identical to those of the standards, and the mass spectral
analyses generally gave better than 90% probability of
identification. Coelution was found to be insignificant.

Once a filter was extracted using pure water, the water
extract was derivatized immediately, and the derivatized
fraction was kept in a freezer at -30 °C prior to GC-FID
analysis. Experiments have found that the recovery is ca.
80% for oxalic acid and ca. 90% for malonic, succinic, glutaric,
and adipic acids. Field blanks were also analyzed using the
same procedures, and the reported concentrations of the
quantified organic compounds have been corrected for the
field blanks. An aliquot of each quartz fiber filter was also
analyzed for OC and elemental carbon (EC) using a DRI model
2001 thermal/optical carbon analyzer (Atmoslytic Inc., Cala-
basas, CA) following the Interagency Monitoring of Protected
Visual Environments (IMPROVE) thermal/optical reflectance
(TOR) protocol (23).

Results and Discussion
Outlet/Inlet Differences and Seasonal Variations of Par-
ticulate Concentrations. Atmospheric concentrations of the
quantified organic compounds in the PM2.5 samples are
summarized in Table 2. Oxalic acid is the most abundant
species followed by phthalic acid and its two isomers (m-
phthalic and p-phthalic acids). The next most abundant
compounds are malonic, succinic, glyoxylic, and adipic acids.
Interestingly, succinic acid in winter shows concentrations
similar to those of malonic acid, which are higher than those
of glyoxylic and adipic acids. In summer, however, succinic
acid presents the lowest concentrations among the four
compounds.

For the most wintertime sampling runs, concentrations
of the quantified compounds stayed quite constant (ca. 10%
differences) at both the outlet and inlet stations; in contrast,
organic carbon concentrations in the same samples were
found to increase at the outlet station by 29% in one sampling
run and by 61-88% in the other four runs (see Table 2). This
leads to the conclusion that direct emissions of LMW DCAs,
ketoacids, and R-dicarbonyls are relatively insignificant from
vehicles in hot-stabilized operations. Although in three of
the five wintertime sampling runs m-phthalic acid showed
a 20-40% increase in outlet concentrations compared to the
inlet concentrations, its outlet and inlet concentrations were
very similar in the other two runs. Moreover, phthalic and
p-phthalic acids experienced similar outlet and inlet con-
centrations in four of the wintertime runs. This demonstrates
that direct emissions of all three aromatic DCAs are insig-
nificant from the vehicles in a hot-stabilized mode, although
direct vehicular emissions of m-phthalic acid might be slightly
higher than those of phthalic and p-phthalic acids. Our
conclusion does not agree with the previous proposal that
m-phthalic and p-phthalic acids are produced dominantly
by primary emissions from motor vehicles (13, 14). The
proposal was deduced on the basis of the ambient studies
in California rather than roadway tunnel research.

In contrast, a significant concentration increase (typically
more than 40%) was observed for most compounds at the
outlet station compared to the inlet station in the summer-
time runs, although OC in the same samples showed a con-
centration enhancement (70-80%) similar to that in winter.
This seemingly indicates that direct vehicular emissions of
these compounds are higher in summer than in winter.
However, a significant difference in vehicle operation condi-
tions in the tunnel between summer and winter is unlikely;
the observed concentration enhancement at the outlet for
the compounds might reflect, at least partially, the freshly
formed secondary aerosols. More active chemical reactions
under the summer meteorological conditions (such as higher
temperature of the tunnel air (see Table 1) and stronger
outside photointensity (ca. 4 MJ m-2 stronger)) may be one
reason for the significant concentration increase of the outlet
samples. Cyclic olefins and aromatic hydrocarbons have been
found to be abundantly present in automobile exhausts (16,

FIGURE 1. Schematic diagram of the west side of the Shing Mun
Tunnel used in this study.
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18, 24) and proposed as possible precursors for DCAs (7,
25-27). Phthalic acid has been determined as one of the
major products of photodegradation of polycyclic aromatic
hydrocarbons (PAHs) in laboratory experiments (28). Given
that only a couple of minutes was required for the air masses
to pass the sampling points, formation of secondary organic
aerosols might be quite fast inside the tunnel in the summer,
which may be accelerated compared with that on the open
roads due to less rapid dilution of the precursors. However,
it must be pointed out that the real situation would be much
more complicated and that the reaction mechanisms and
significance of secondary aerosol formation have not been
well understood. Further research is certainly in demand.
Interestingly, the concentration increase at the outlet station
for both m-phthalic and p-phthalic acids presents a positive
correlation with the fraction of diesel vehicles in the traffic
fleet (Figure 2), although such a correlation was found to be
weak with the absolute number of diesel vehicles (R2 around
0.2). Previous studies (18, 29) have found that diesel-fueled
vehicles can produce a much larger amount of PAHs than
gasoline-fueled vehicles.

Concentrations of most DCAs and ketoacids in summer
were significantly lower than in winter (p (significance value)
< 0.05, except for C6, C8, C9, iC4, F, ωC2, ωC4, and Gly; see
Table 2 for the abbreviations), being consistent with the lower
summertime ambient concentrations of these compounds
that were found at a roadside location (30) and some urban
background sites (31) in Hong Kong (HK). The higher
wintertime concentrations have been explained by lower
mixing heights, formation of a thermal inversion layer, and
less wet deposition in winter in HK (31). In contrast,
methylglyoxal showed significantly higher concentrations and
adipic acid and glyoxal had slightly higher concentrations in
summer than those in winter. A similar seasonal pattern was
also found in the roadside study. Concentrations of most
compounds studied in this work are comparable to those
found in PM2.5 samples at the HK roadside location. Moreover,
wintertime concentrations of three major DCAs (oxalic,
malonic, and succinic acids) in the present study are also
comparable to those detected in PM2.5 in HK urban areas
(31), although their summertime concentrations in this work
are ca. 2 times higher. This suggests that vehicular exhausts
can provide an important amount of precursors of DCAs
despite direct vehicular emissions of DCAs being insignificant.

It has been suggested that succinic acid (C4) is a precursor
of oxalic (C2) and malonic (C3) acids (27) and that maleic
acid (M) can convert into fumaric acid (F) (19) during
photochemical reactions. Higher ratios of C3 to C4, C2 to C4,
and F to M were found in summer than in winter (Figure 3),
further supporting the importance of secondary formation
of DCAs in the tunnel. Mean ratios of C3 to C4 in this work
(summer, 1.57; winter, 1.04) are lower than those (summer,
1.86; winter, 1.29) found at the HK roadside location (30),
suggesting that organic aerosols in the tunnel samples are
relatively fresh. On the other hand, higher ratios of adipic
acid (C6) to azelic acid (C9) in summer than in winter (Figure
3) are consistent with a proposal that C6 is produced by the
oxidation of anthropogenic cyclic hexene (25) whereas C9 is
produced from the oxidation of biogenic unsaturated fatty
acids (32). This is further supported by the finding that mean
ratios of C6 to C9 in this work (summer, 2.93; winter, 1.33)
are significantly higher than those (summer, 1.64; winter,
0.60) reported in the HK roadside study. Interestingly, mean
ratios of m-phthalic acid (m-Ph) to phthalic acid (Ph) were
found to be close to unity in both summer and winter.
However, the mean ratio of m-phthalic acid to p-phthalic
acid (p-Ph) was higher in summer (1.5) than that (1.1) in
winter (Figure 3). This might infer that the formation rate of
m-Ph by chemical reactions is faster than those of Ph and
p-Ph under the summer atmospheric conditions.

Relative Abundance in Aerosol Organic Carbon. Total
DCAs studied were found to account for 0.15-0.75% (mean
0.41%) of OC (on a carbon/carbon basis) in the summer
samples and 0.19-0.78% (mean 0.51%) of OC in winter. Keto-
acids and R-dicarbonyls were much less abundant in OC

TABLE 1. Sampling Run Descriptions for the Aerosol Collection in the Shing Mun Tunnel

vehicle

run
no. date

time
period

wind
speed,
m s-1

temp,
°C

total
no.

gasoline
fraction,

%
LPG fraction,

%

diesel
fraction,

%

1 8/13/03 17:00-19:00 4.95 34.0 3182 40.4 7.5 52.0
2 8/17/03 8:00-10:00 3.89 30.0 1692 47.4 11.7 40.9
3 8/25/03 11:00-13:00 4.94 28.7 2744 26.9 7.1 66.0
4 2/10/04 8:00-9:00 4.84 16.9 2842 50.1 11.0 38.9
5 2/11/04 14:00-15:00 5.29 23.0 1340 30.0 8.5 61.5
6 2/11/04 15:00-16:00 5.26 22.8 1440 29.7 7.4 62.9
7 2/23/04 18:00-19:00 4.77 22.8 1648 47.3 7.0 45.6
8 2/25/04 11:00-12:00 5.25 25.3 1358 29.9 5.7 64.4

FIGURE 2. Concentration increase of m-phthalic (m-Ph) and
p-phthalic (p-Ph) acids at the outlet sampling station compared to
the inlet sampling station as a function of the fraction of diesel
vehicles in the traffic fleet.

FIGURE 3. Seasonal differences in the mean mass ratios among
some dicarboxylic acids in the tunnel PM2.5 samples (for abbrevia-
tions, see Table 2; a bar indicates 1 standard error).
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TABLE 2. Concentrations (ng m-3) of Water-Soluble Dicarboxylic Acids, Ketocarboxylic Acids, and r-Dicarbonyls in PM2.5 inside the Shing Mun Tunnel

summer winter

date 8/13/03 8/13/03 8/17/03 8/17/03 8/25/03 8/25/03 2/10/04 2/10/04 2/11/04 2/11/04 2/11/04 2/11/04 2/23/04 2/23/04 2/25/04 2/25/04
time period 17:00-

19:00
17:00-

19:00
8:00-

10:00
8:00-

10:00
11:00-

13:00
11:00-

13:00
8:00-

9:00
8:00-

9:00
14:00-

15:00
14:00-

15:00
15:00-

16:00
15:00-

16:00
18:00-

19:00
18:00-

19:00
11:00-

12:00
11:00-

12:00
location outlet inlet outlet inlet outlet inlet outlet inlet outlet inlet outlet inlet outlet inlet outlet inlet
OCa 71 41.4 34.9 19.8 121 71.8 99.8 53.8 72.1 44.8 69.6 37 75.7 41.1 103 79.9

Dicarboxylic Acids
oxalic (C2) 300 234 182 151 153 90.4 204 221 256 234 219 228 336 312 505 633
malonic (C3) 49.4 34.7 24.3 16.1 33.1 23.5 35.2 34.5 43.5 42 40.5 41.9 74.7 59.7 69.4 59.3
succinic (C4) 34.2 23.7 16.7 12.8 26.3 9.2 21.5 32.7 45.8 51.4 34.1 36.3 59.6 62.9 85.2 95.1
glutaric (C5) 8.9 5.3 7.6 5.4 16.4 5.3 10.6 14.7 19 17.1 18.6 17.4 16.2 16.7 20.9 30.3
adipic (C6) 39.6 26.1 33.7 18.8 30 12.1 6.2 13.5 22.3 24.7 27.2 16 16.7 15.5 26.4 25.9
pimelic (C7) 2.9 0.8 3.8 3.7 6.6 2.8 6 6.2 8.2 7.3 8.2 6.5 8.3 8 14.9 15.2
suberic (C8) 4.2 2.2 2.9 5 5.6 3 3 3.3 5.5 4.1 6.5 3.6 3.8 2.3 9.5 9.7
azelaic (C9) 12.9 6.8 7.7 10.6 15.4 4.7 9 9 16.6 14 14.8 10.3 11.4 10.1 32.5 30.9
methylmalonic (iC4) 1.1 0.8 BDLa 1.2 0.6 1.9 BDL 2.1 BDL 3.4 1 0.7 2.1 3.8 2.0 4.9
methylsuccinic (iC5) 2.3 2.1 2.2 0.9 2 0.9 2.6 5.1 4.4 6.4 3.9 3.9 6.4 6.8 12.0 13.3
methylglutaric (iC6) 0.4 BDL 0.2 BDL 0.9 BDL BDL 0.7 0.9 1.6 2.6 1.8 1.7 BDL 1.7 2.5
maleic (M) 7.4 5.1 5.3 3.9 7.7 4 6.2 9.3 9.9 13.2 6.8 8.9 14.7 15.6 22.3 16.9
fumaric (F) 10.2 8.4 9.8 2.7 13.5 6.5 8.4 9.7 13.5 9.8 10.5 7.1 9.3 5.8 16.4 9.9
methylmaleic (mM) 6.1 3.7 3.2 3.1 3.7 2.1 2.6 5.2 4.5 7.9 4.5 3.7 6.7 7.3 12.5 10.8
phthalic (Ph) 64.6 46.2 59.5 68.2 52.8 34.6 37.9 74.1 97.6 58.6 73.7 104 98.4 90.8 75.5
m-phthalic (m-Ph) 74.2 51.8 42.9 28.4 66.1 34.2 54 49.1 107 89.4 102 71.4 62 61.1 99.0 75.6
p-phthalic (p-Ph) 50.7 34.3 30.9 22.6 39.9 20.8 48.2 51.8 83.8 74 82.1 59.7 56 82.2 99.6 86.8
malic (hC4) 2.2 3.6 BDL BDL 6.2 1.8 2.9 6.5 6 9 9.1 6.1 4.8 4.2 3.3 7.1
oxomalonic (kC3) 3.3 2.5 4.5 2.1 4.5 2.1 3.2 4.4 9.6 6.9 8.7 11 10.4 2.9 4.7 12.2
4-oxopimelic (kC7) 2.3 2.1 1.9 1 1.2 0.5 2 2.6 5.2 4.9 4.4 4.6 7.6 7.4 7.1 6.5
subtotal 677 494 439 357 486 260 463 735 719 663 613 812 783 114 0 122 0

Ketocarboxylic Acids
glyoxylic (ωC2) 49.5 25.7 30.8 18.5 33.8 23.9 21.4 14.9 33.7 23.8 20.2 29.7 46.5 46.5 62.3 58.0
3-oxopropanoic (ωC3) 0.4 0.1 0.2 0.2 0.8 0.1 0.3 1 0.2 2 0.6 2.3 0.8 0.8 0.5 0.7
4-oxobutanoic (ωC4) 0.9 BDL 0.6 2.4 BDL BDL BDL 1.1 1.4 6.5 BDL 3.6 BDL BDL 0.6 3.9
pyruvic (Pyr) 2.5 2.4 2 2.5 5 4.5 18.8 4.5 13.1 4.4 2.6 3.8 5.5 6.9 6.7 4.2
subtotal 53.3 28.2 33.6 23.6 39.6 28.5 40.4 21.5 48.4 36.7 23.4 39.3 52.9 54.2 70.1 66.8

r-Dicarbonyls
glyoxal (Gly) 15.2 9 5.9 5.1 12.8 8.6 6.9 3.4 8.2 4.3 4.9 7.8 9.1 9.9 7.4 11.9
methylglyoxal (mGly) 16.1 5.4 15 22.3 8.5 17.3 BDL BDL 0.3 BDL BDL 0.1 BDL BDL BDL 15.5
subtotal 31.3 14.4 20.8 27.5 21.4 26 6.9 3.4 8.5 4.3 4.9 7.9 9.1 9.9 7.4 27.4

a OC ) organic carbon (concentration units µg m-3), and BDL ) below detection limit (DL is defined as 3 times the standard deviation of blank values).

6
2

5
8

9
E

N
V

IR
O

N
M

E
N

T
A

L
S

C
IE

N
C

E
&

T
E

C
H

N
O

LO
G

Y
/

V
O

L.
40,

N
O

.
20,

2006



than DCAs. Total ketoacids comprised 0.01-0.042% (mean
0.024%) of OC in summer and 0.011-0.076% (mean 0.028%)
of OC in winter, and the two R-dicarbonyls detected com-
prised 0.008-0.067% (mean 0.026%) of OC in summer and
0.003-0.016% (mean 0.006%) of OC in winter. The three com-
pound classes are ca. 4 times less abundant in OC in this
work than those reported in the roadside study in HK (30).
Figure 4 presents the relative abundances of selected major
compounds in OC of the tunnel samples. The relative abun-
dances of most compounds in the outlet samples are signif-
icantly lower than those in the inlet samples in winter,
whereas those of the outlet and inlet samples are similar in
summer. While direct vehicular emissions of OC are substan-
tial, they contain an insignificant amount of DCAs and related
polar compounds, so an especially substantial drop in their
relative abundances in OC are seen in the winter outlet
samples when secondary formation reactions are depressed.

Apparent Secondary Production Factors. On the basis
of the three summertime sampling runs, which showed
significantly higher outlet concentrations of the quantified
compounds than inlet concentrations, apparent secondary
production factors (SPF) of the compounds can be calculated
(15) using

where Cout and Cin are outlet and inlet concentrations (µg
m-3) of a compound studied, respectively, A is the tunnel
cross-sectional area (m2), U is the mean air flow velocity (m
min-1), t is the sampling time (min), N is the total traffic
count during time t, and L is the distance between the two
measurement points (km). The results (µg veh-1 km-1, i.e.,
mass (µg) of a compound produced per vehicle per kilometer
traveled) are given in Table 3. They are described as apparent
secondary production factors because the observed con-
centration increase at the outlet station might reflect, at least
partially, freshly formed secondary aerosols, with the ve-
hicular exhausts being the principal precursors. Nevertheless,
it should be pointed out that the real system for the secondary
aerosol formation might be more complex and the precursors
emitted in other parts of the tunnel or even in ambient air
may react between the two measurement points.

As seen in Table 3, although oxalic acid is still the most
abundant DCA species, adipic acid is more abundant than
malonic and succinic acids in the fresh aerosols. In contrast,
adipic acid was reported to be significantly less abundant
than malonic and succinic acids in the urban background
aerosols in HK (33) and Tokyo (19) and also in the aerosols

from the HK roadside location (30). Moreover, phthalic,
m-phthalic, and p-phthalic acids are abundantly present in
the fresh aerosols, with m-phthalic acid being the most
abundant among the aromatic DCAs. Indeed, concentrations
of m-phthalic and adipic acids in the tunnel samples were
found to be ca. 5 times and 2 times higher than those reported
for the HK roadside study (30), respectively.

FIGURE 4. Differences of relative abundance in aerosol organic carbon (on a carbon/carbon basis) of some major organic compounds
studied between the outlet and inlet samples (for abbreviations, see Table 2; a bar indicates 1 standard error).

TABLE 3. Apparent Secondary Production Factors (µg veh-1

km-1) of Water-Soluble Dicarboxylic Acids, Ketocarboxylic
Acids, and r-Dicarbonyls Based on the Summer Data

chemical
species

run
1

run
2

run
3

OCa 38.6 29.0 74.8

Dicarboxylic Acids
oxalic (C2) 87.1 60.2 95.2
malonic (C3) 19.2 15.8 14.5
succinic (C4) 13.7 7.39 25.9
glutaric (C5) 4.69 4.19 16.9
adipic (C6) 17.7 28.8 27.0
pimelic (C7) 2.75 0.35 5.63
suberic (C8) 2.64 NDa 3.86
azelaic (C9) 7.92 ND 16.1
methylmalonic (iC4) 0.39 ND ND
methylsuccinic (iC5) 0.25 2.38 1.67
methylglutaric (iC6) 0.52 0.48 1.39
maleic (M) 3.05 2.70 5.61
fumaric (F) 2.47 13.8 10.7
methylmaleic (mM) 3.10 0.18 2.45
phthalic (Ph) 24.1 ND 27.5
m-phthalic (m-Ph) 29.3 27.9 48.4
p-phthalic (p-Ph) 21.4 16.1 28.8
malic (hC4) ND ND 6.63
oxomalonic (kC3) 1.00 4.56 3.66
4-oxopimelic (kC7) 0.32 1.79 1.11
subtotal 241 187 343

Ketocaroxylic Acids
glyoxylic (ωC2) 31.2 23.8 15.0
3-oxopropanoic (ωC3) 0.31 0.03 0.99
4-oxobutanoic (ωC4) 1.14 ND ND
pyruvic (Pyr) 0.15 ND 0.72
subtotal 32.8 23.8 16.7

r-Dicarbonyls
glyoxal (Gly) 8.04 1.42 6.37
methylglyoxal (mGly) 14.0 ND ND
subtotal 22.1 1.42 6.37
a OC ) organic carbon (apparent secondary production factor units

mg veh-1 km-1), and ND ) not detected.

SPF ) (Cout - Cin)AUt/NL (1)
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