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Low molecular weight dicarboxylic acids have been studied 
in the urban aerosol samples collected from Tokyo 
atmosphere in 1988-1989, by using a capillary GC and 
GC-MS method employing a dibutyl ester derivatization 
technique. A homologous series of CZ-Clo dicarboxylic 
acids were detected in the aerosols, including straight- 
chain saturated, unsaturated, branched-chain, and hy- 
droxylated species. Molecular distributions of the diacids 
demonstrated that oxalic (Cz) acid was the most abundant 
throughout the four seasons, followed by CB and Cq 
diacids: the Cz diacid comprised 37-69 7% of the total diacid 
concentrations. The diacids with more carbon numbers 
were less abundant, although C6 and C9 diacids were 
relatively abundant. Total concentrations of the diacids 
ranged from 90 to 1370 ng m-3, which correspond to 0.06- 
1.1% of the total aerosol mass. Their concentrations 
relative to aerosol mass showed a seasonal trend with a 
maximum in August. The Cz-Cd diacid carbon normalized 
by aerosol total carbon also showed a strong seasonal 
change with a maximum in the summer and indicated a 
positive correlation with oxidant concentrations. Inter- 
estingly, lower diacids showed higher values for correlation 
coefficient (e.g., r = 0.80 for oxalic acid), suggesting a 
preferential production of low molecular weight dicar- 
boxylic acids, especially, CZ diacid. Possible reaction 
mechanisms are discussed in relation to the preferential 
accumulation of lower diacids in the atmosphere. 

Introduction 

Oxalic acid and/or other low molecular weight (LMW, 
Cz-Clo) dicarboxylic acids have been detected as major 
organic compounds in the aerosol (1-8) and rainwater 
samples (5, 9-12). The molecular distributions of the 
dicarboxylic acids in rain and aerosol samples collected 
from Los Angeles atmosphere have generally shown the 
predominance of oxalic acid (the smallest diacid) and lesser 
amounts of longer chain dicarboxylic acids (6, 12). Di- 
carboxylic acids studied in the aerosol samples from 
suburban atmosphere near Tokyo have given a diurnal 
distribution with a maximum at  day time (7, 8). The 
dirunal distributions have also been observed in southern 
California (2) and interpreted by photochemical produc- 
tion of diacids (2, 8). Because of the presence of two 
carboxyl groups, the diacids are less volatile and are mostly 
present as particles in the ambient atmosphere (6). This 
is in contrast to monocarboxylic acids such as formic and 
acetic acids which are present mostly in the gaseous phase 
(13, 14). However, due to a limitation of the analytical 
protocols employed, previous studies often failed to report 
the molecular distributions of diacids in the atmosphere 
(1-5, 7-91, a point to be discussed later. 

t This paper was presented at the ACS meeting in Honolulu, HI, 
1989. 
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As a source of LMW dicarboxylic acids in the atmo- 
sphere, secondary photochemical reactions have been 
proposed based on a smog chamber experiment: e.g., 
succinic, glutaric, and adipic acids are produced by ozone 
oxidation of cyclic olefins in the gaseous phase (3,15-17). 
However, detection of oxalic acid has not been reported 
in the oxidative reaction products of unsaturated hydro- 
carbons during smog chamber experiments (15-1 7), thus 
its formation mechanisms remain unclear. By contrast, 
azelaic acid (Cg) has been proposed to be produced by 
atmospheric oxidation of biogenic unsaturated fatty acids 
(such as oleic acid) which contains a double bond pre- 
dominantly at the Cg position (6, 18, 19). Conversely, 
LMW diacids have been proposed to be emitted to the 
atmosphere by incomplete combustion of fossil fuels (6). 
However, the relative importance of primary emission and 
secondary production of dicarboxylic acids in the atmo- 
sphere is still poorly understood. Because photochemical 
production of the diacids is expected to be enhanced under 
a strong solar radiation and higher ambient temperature, 
distributions of dicarboxylic acids in the atmosphere may 
significantly change with the season. However, there is 
no report on the seasonal changes of dicarboxylic acids in 
the atmosphere. 

In this study, we collected aerosol samples from the 
urban atmosphere of Tokyo from the spring of 1988 to the 
Winter of 1989, as well as collecting few remote aerosol 
samples. The samples were analyzed for a homologous 
series of dicarboxylic acids (CZ-Clo) including oxalic and 
malonic acids by a capillary gas chromatography and GC- 
MS. Here, we report the molecular distributions of 
dicarboxylic acids in the urban atmosphere and discuss 
the seasonal changes of their concentrations in terms of 
primary emission and secondary production in the at- 
mosphere. We also discuss the formation and transfor- 
mation mechanisms of the LMW dicarboxylic acids. 

Experimental Section 

Urban aerosol samples were collected on a quartz fiber 
filter (Pallflex, 20 X 25 cm) by using a high-volume air 
sampler (Shibata, HVC-1000) from April 1988 toFebruary 
1989 in Tokyo. Sample collection was performed at the 
rooftop of the Tokyo Metropolitan University Faculty of 
Science Building (ca. 20 m above the ground), which was 
located in the central Tokyo area (Setagaya-ku, now the 
campus has moved to Hachioji City), under clear and/or 
partly cloudy atmospheric conditions. A few samples were 
collected several hours after a rain shower. Air was sucked 
through the filter for 14-52 h at  a flow rate of 1 m3 min-1. 
Aerosol samples were also collected at  a remote mountain 
site (on a foothill of Mt. Haruna, Gunma Prefecture, ca. 
120 km northwest of Tokyo; elevation, 1084 m; date, June 
7-8, 1988) and a remote island (Titijima Island, western 
North Pacific Ocean, 27' N, 142' E, ca. 1000 km south of 
Tokyo; date, July 2-3, 1988). The filters were weighed 
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Flgure 1. Capillary gas chromatogram of dicarboxylic acid butyl ester fraction isolated from the Tokyo aerosol sample (June 22-23, 1988). For 
the abbreviation, see Table I. GC conditions were as follows: UP-2 fused-silica capillary column (25 m X 0.32 mm X 0.52 pm); splitless injector; 
inlection temperature of 250 O C ;  column oven temperature of 50 OC (2 min) programmed to 120 OC at 30 OC/mIn, then to 300 OC at 8 OC and 
malntalned for 10 min; FID temperature of 315 OC. 

before and after sample collection for the calculation of 
total aerosol mass. The filter samples were stored in a 
Teflon-lined glass jar at -20 "C unit analysis. Quartz fiber 
filters were precombusted (500 "C, 3 h) to remove organic 
contaminants and stored in a precleaned glass jar with a 
Teflon-lined cap prior to use. 

In this study, 21 urban and two remote aerosol samples 
were analyzed for LMW dicarboxylic acids. The analytical 
procedure of diacids was modified from Kawamura and 
Kaplan (6). One-fourth of the filter was cut in pieces and 
extracted under ultrasonication with pure water (10 mL 
X 3), which was prepared in an all glass apparatus by 
distillation of Milli-Q water after oxidizing organic impu- 
rities with potassium permanganate. The extracts were 
concentrated down to ca. 1 mL by using a rotary evaporator 
under a vacuum, and then they were passed through a 
glass column (Pasteur pipet) packed with a quartz wool 
to remove particles such as black carbon and filter debris. 
The extracts were transferred to a ground glass test tube 
(10 mL), concentrated by a rotary evaporator under a 
vacuum, and further concentrated to almost dryness under 
a nitrogen stream. 

A total of 0.25 mL of 14 % BFdn-butanol (Tokyo Kasei, 
Tokyo) was added to the sample, and the test tube was 
sealed with a glass stopper, Teflon tape, and clamp. The 
acids and reagent were mixed under a ultrasonication for 
10 s and then heated at  100 OC for 30 min to derive 
dicarboxylic acid dibutyl esters. The esters were extracted 
with 5 mL of n-hexane after adding 3 mL of pure water 
and 0.2 mL of acetonitrile, the latter makes the excess 
butanol transfer into the aqueous phase more effectively. 
The hexane layer was further washed with pure water (3 
mL X 2). The esters were dried by using a rotary 
evaporator and a nitrogen blow-down system and were 
then dissolved in 100 pL of hexane. The diacid butyl esters 
were determined with a Hewlett Packard 5890 gas chro- 
matograph equipped with a split/splitless injector, fused- 
silica capillary column (UP-2, 0.3 mm X 25 m, Hewlett 
Packard) and an FID detector. Peak areas were calculated 

with a Hewlett Packard 3396A integrator. Peak identi- 
fication was performed by a comparison of GC retention 
times with those of authentic standards. Identification of 
the esters was confirmed by mass spectral analysis using 
a Finnigan-MAT ITS-40 GC-MS system. 

Recoveries of authentic standards spiked to a precom- 
busted quartz fiber filter were 71% for oxalic acid and 
better than 90 % for succinic and adipic acids. Procedural 
blanks showed small peaks of oxalic and phthalic acids in 
the GC chromatograms; however, they were less than 
0.66 76 (oxalic acid) and 5.6% (phthalic acid) of the aerosol 
samples. The concentrations of the acids reported here 
are corrected for the procedural blanks. Analytical errors 
of the diacid measurements, based on a duplicate analysis 
of the aerosol samples from Mt. Haruna (June 7-8,1988) 
and Tokyo (June 22-24, 1988) were 2.5% and 4.6%, 
respectively. 

An aliquot of the filter sample (ca. 5 cm2) was analyzed 
for total aerosol carbon and nitrogen contents by using a 
Yanagimoto MT-2 CHN corder (20). Carbon and nitrogen 
were converted to C02 and NOP, respectively, in the 
combustion furnace (800 "C). The resulted COz was 
measured with a thermal conductivity detector, whereas 
NO2 was measured after the reduction to N2. 

Results and Discussion 

Molecular Distributions of Dicarboxylic Acids. 
Figure 1 presents a typical capillary gas chromatogram of 
dicarboxylic acid dibutyl esters isolated from the aerosol 
sample collected from urban Tokyo air. A homologous 
series of normal saturated dicarboxylic acids (C2-Clo) was 
detected in all the samples studied. Oxalic (C2) acid was 
found as the dominant diacid species followed by malonic 
(C3) and succinic (C4) acids. Abundance of the individual 
species decreased with an increase in carbon chain length, 
although adipic (CS) and azelaic (CS) acids are relatively 
abundant. In addition to the normal saturated species, 
aliphatic unsaturated and aromatic diacids were detected, 
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Table I. Concentration Ranges and Average 
Concentrations of Dicarboxylic Acids in Aerosol Samples 
(n = 21) Collected from Urban Tokyo Atmosphere, 
1988-1989. 

dicarboxylic concn (ng m-3) re1 abundance ( % ) 
acids abbrev range avf SD range avf SD 

oxalic C2 36-730 270f 190 37-69 
malonic C3 6.4-190 55 f42  6.0-19 
methylmalonic bC4 0.4-7.5 2.5 f 1.6 0.2-1.5 
maleic uC4 0.0-17 5.6 f 4.4 0-2.8 
succinic C4 11-140 37f30  4.3-12 
methylsuccinic bC5 0.0-16 5.1 f 4.6 0.0-3.2 
fumaric uC4 0.7-15 3.7 f 3.6 0.2-2.3 
methylmaleic ubC5 0.0-14 3.8 f 5.8 0-3.7 
malic hC4 3.2-100 23f 21 2.5-6.5 
glutaric C5 3.2-36 11 f 8.0 1.8-5.7 
adipic C6 2.6-55 16 dz 14 1.8-5.8 
pi m e 1 i c C7 0.5-23 5.3 f 6.3 0.1-2.9 
suberic C8 2.1-30 8.4 dz 7.0 0.5-2.9 
azelaic C9 6.5-73 23f 17 1.5-10 
sebacic C10 0.7-19 4.8f 5.5 0.1-2.5 
phthalic C8 4.9-30 15 f 7.6 1.6-12 
total 90-1360 480 f 330 

Av, average concentration; SD, standard deviation. 

52 f 8.2 
12 f 3.7 
0.6 f 0.4 
1.2 f 0.7 
7.9 f 1.7 
1.1 f 0.7 
0.9 f 0.6 
0.7 f 0.9 
4.6 f 1.2 
2.4 f 0.9 
3.4 f 1.4 
1.1 f 0.9 
1.8 f 0.7 
5.3 f 2.2 
1.0 f 0.7 
4.1 f 2.4 
100 

including maleic, fumaric, methylmaleic (citraconic), and 
phthalic acids. Cis configuration (maleic acid) is generally 
more abundant than trans configuration (fumaric acid). 
Branched-chain saturated structures, Le., methylmalonic 
(iC4) and methylsuccinic (iC5) acids, were also detected in 
the aerosols; however, their abundances are less than those 
of the corresponding normal diacids. Further, this study 
shows that hydroxylated dicarboxylic acid (malic acid, 
C4) is present in the urban aerosol samples as one of the 
major diacid species. The mass spectral information of 
dicarboxylic acid dibutyl esters has been reported in refs 
12 and 21. 

Table I gives concentration ranges of individual dicar- 
boxylic acid species in the 1988-1989 urban aerosol samples 
(n = 21) collected from Tokyo, together with average 
concentrations and relative abundance. The concentration 
range of total diacids was 90-1360 ng m-3 (av 480 ng m-3). 
The most abundant diacid was oxalic acid (Cp) throughout 
the seasons, whose concentration range was 36-730 ng m-3 
(av 270 ng m-3) with a maximum in the summer sample 
(August 1). Its relative abundance in the total diacids 
(Cp-Clo) fluctuated from 37 % to 69% (average, 52 % ). The 
second most abundant diacid, on an average basis, was 
found as malonic acid (6.4-190 ng m-3, av 55 ng m-3), which 
accounted for 6-19% (average, 12 % ) of the total diacid 
concentrations. However, malonic acid was less abundant 
than succinic acid (C4) in the winter season: succinic acid 
(11-140 ng m-3, av 37 ng m-3) comprised 4.3-12 % (average, 
7.9% ) of the total diacid concentrations. Unsaturated C4 
(maleic and fumaric acids), branched C4 (methylmalonic 
acid), and hydroxyl C4 (maleic acid) species were less 
abundant than corresponding normal saturated C4 diacid; 
their relative abundances were 0.6 % (methylmalonic), 
1.2% (maleic), and 0.9% (fumaric) of the total diacids on 
an average basis. By contrast, the Cq hydroxy diacid is 
relatively abundant (the fifth most abundant diacid on 
the annual average basis) and accounted for 2.5-6.5 % (av 
4.6% ) of the total diacids. This species became the third 
most abundant diacid in the summer sample (August 22, 
1988). These cZ-c4 diacids comprised nearly 80% of the 
total Cp-Clo diacid concentrations. 

The higher diacids (Cb-Clo) were less abundant than 
the Cz-C.4 species. Among these diacids, adipic and azelaic 

acids are relatively in abundance. Azelaic acid (CS; 6.5-73 
ng m-3) was the fourth most abundant diacid on an annual 
basis, accounting for 1.5-10% (av 5.3 % ) of the total diacids. 
This acid has been proposed as a secondary reaction 
product by photooxidation of biogenic unsaturated fatty 
acids containing a double bond predominantly a t  the Cg 
position (11,18,19). In contrast, adipic acid (c6), which 
is derived from the photooxidation of anthropogenic cyclic 
hexene (3, 15-17), was also in abundance in the urban 
aerosol samples, accounting for 1.8-5.8% (av 3.4% ) of the 
total diacids. However, the c6 diacid is less abundant 
than the C9 diacid on the basis of an annual average 
concentration, suggesting that biogenic organic matter is 
a significant contributor to organic aerosols in the Tokyo 
air. Aromatic diacid (phthalic) was relatively abundant 
and comprised 1.5-12% (av 4.1%) of the total diacid 
concentrations. 

The predominance of oxalic acid was also found in the 
remote aerosol samples studied. The Mt. Haruna sample 
showed that Cz diacid comprised 49 % of the total diacids 
(229 ng m-3), whereas the Titijima Island sample showed 
that the Cp species comprised 58% of the total diacids 
(199 ng m-3). Malonic acid was the second most abundant 
in both remote aerosol samples, accounting for 13 % and 
15 % of total diacids, respectively. These results indicated 
that Cz-C4 diacids accounted for more than 82% of the 
total diacids in the remote aerosols. Interestingly, malic 
acid was detected as the third most abundant diacid species 
in the remote aerosol samples, which were both collected 
in the summer season. The predominance of oxalic acid 
and the abundant presence of malic acid have been 
reported in the remote marine aerosol samples collected 
from northern North Pacific (21). 

Comparison of Diacid Distributions in Tokyo with 
Previous Studies. Similar chain length distributions of 
dicarboxylic acids, with a predominance of oxalic acid, 
have been reported in the urban Loa Angeles aerosols using 
a butyl ester derivatization-GC method by Kawamura and 
Kaplan (6) .  By contrast, Grosjean et al. (3) and Satsum- 
abayashi et al. (7, 8) have reported a predominance of 
succinic acid in the urban (Los Angeles) and suburban 
(Takasaki, ca. 100 km northwest ofTokyo) aerosolsamples, 
respectively. They reported that oxalic and malonic acids 
were less abundant and/or not detected. Although they 
did not report the recovery of the diacids, it is very likely 
that oxalic and malonic acids are poorly extracted from 
aerosols with organic solvents and that their methyl ester 
derivatives are significantly lost in the evaporation steps. 
The volatilities of diacid dimethyl esters are much higher 
than those of diacid dibutyl esters: the boiling point of 
dimethyl oxalate is 164.5 "C, whereas that of dibutyl 
oxalate is 242 "C (22). The present technique employing 
water extraction and butyl ester derivatization provided 
the recovery of better than 70% for the LMW diacids, 
including oxalic acid. This study clearly demonstrated 
that the smallest diacid (oxalic acid) is the most abundant 
diacid species in the urban aerosol particles. 

On the other hand, the high-resolution mass spectrom- 
etry thermal analysis (MSTA) method has been applied 
to urban aerosols from southern California for the deter- 
mination of dicarboxylic acids in the 1970s (1, 2, 4).  
Although the high-resolution MSTA method has suc- 
ceeded to detect the ( 2 5 4 7  diacids, CZ-C~ species have not 
been reported. Ion chromatography has been used for 
the determination of oxalic acid in aerosol samples (5); 
however, dicarboxylic acids with carbon numbers LC3 are 
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difficult to be detected by this method because of the 
interference of many inorganic ions. So far, there is no 
reports of the molecular distribution of dicarboxylic acids 
in the atmosphere by using ion chromatography. 

Satsumabayashi et al. (7) reported an averaged total 
diacid (c2-C~) concentration of 170 ng m-3 for the summer 
samples (July 27-31,1986) from suburban Takasaki near 
Tokyo by the methyl ester derivatization and GC tech- 
nique. These values are 3-7 times lower than the summer 
aerosols from Tokyo (600-1320 ngm-3, for July 19-August 
1, this study), although the averaged succinic acid con- 
centration in Takasaki (47 ng m-3, July 27-31, ref 7) is at 
a level similar to the average concentration (110 ng m-3) 
in our summer sample (July 19-August 1, this study). The 
lower concentrations of the total diacids in the Takasaki 
aerosols (7) could be due to a serious underestimation of 
oxalic and malonic acids, as discussed above. 

Grosjean et al. (3) also reported diacid (c4-c6) con- 
centrations for Los Angeles aerosols (200-500 ng m-3) by 
a methyl ester-GC method: the values are rather higher 
than the c4-c6 diacid concentrations in our study (Table 
I). Appel et al. (4 )  have studied Cg and CS diacids in the 
southern California aerosols by a high-resolution MSTA 
method and reported the concentration ranges of 840- 
1600 and 880-1800 ng m-3, respectively. These values are 
significantly high compared to our results in Tokyo (Table 
I). On the other hand, Kawamura and Kaplan (6) studied 
the dicarboxylic acids in the Los Angeles aerosols by using 
a similar GC technique and found the predominance of C2 
species. They reported the total C&IO diacid concen- 
trations of 590-2500 ng m-3 (av 1410 ng m-3) for June to 
October aerosol samples, which are higher than those of 
Tokyo aerosols (see Table I). These comparisons indicate 
that dicarboxylic acids are more abundant in the atmo- 
sphere of southern California than Tokyo, probably due 
to more emission of dicarboxylic acids and their precursor 
compounds such as hydrocarbons in the former area. 

The difference in the source strength between Los 
Angeles and Tokyo atmosphere seems to be supported by 
the difference in the molecular distributions of diacids. 
Although oxalic acid was the dominant diacid species in 
both Tokyo and Los Angeles (6), the molecular distribu- 
tions of the diacids are different between the two urban 
atmosphere. The adipic acid (C6) was sometimes found 
as the second most abundant diacid species in Los Angeles 
(6).  On the other hand, azelaic acid (CS) was often found 
to be more abundant than the c6 species in the Tokyo 
aerosols. The ratios of adipic (c6) to azelaic $9) acid 
concentration of the Tokyo aerosols (0.3-1.6, av 0.72, this 
study) are lower than those (0.6-31, av 7.4) of Los Angeles 
(6).  Because c6 is produced by the oxidation of anthro- 
pogenic cyclic hexene (e.g., ref 3) whereas CS is from 
biogenic unsaturated fatty acids (e.g., ref 19) as stated 
above, these results suggest that the contribution of 
anthropogenic inputs is much more significant in Los 
Angeles than in Tokyo atmosphere. The c6/c9 ratio may 
thus be used as an indicator of source strength of 
anthropogenic and biogenic precursors to the aerosol 
diacids. 

Phthalic acid was also abundant in Los Angeles air: the 
phthalic acid to azelaic acid ratios in Los Angeles were 
higher (2.6-18, av 8.0, ref 6) than those (0.35-1.9, av 0.83, 
this study) of Tokyo air. Phthalic acid is potentially 
derived from the atmospheric oxidation of polynuclear 
aromatic hydrocarbons such as naphthalene. This con- 
sideration again suggests that an anthropogenic source 

Jan.17 1 
1000 

0 

e Jan.17 4 
Aug.4 

0 

Aug.4 Feb .7 j  

(c) % ofTC t e 
eo 

e 

E .  

4 6 8 10 12 2 4 

MONTH (1988-1989) 
Figure 2. Seasonal changes in the concentrations of dicarboxylic 
acids presented as (a) ng m-3, (b) percentage In the aerosol mass, and 
(c) relative abundance of diacid carbon In the aerosol total carbon (TC) 
in the urban aerosols collected from Tokyo, 1988-1989. 

strength is more significant in Los Angeles than in Tokyo 
aerosols, being consistent with the implication based on 
the c6/c9 ratios. 

Seasonal Changes in Concentrations of Dicarbox- 
ylic Acids. Figure 2a presents the seasonal changes in 
the total concentrations of C2-ClO diacids presented (by 
an unit of ng m-3) in the urban Tokyo air. Their 
concentrations increase from April to August, with the 
highest concentration in the August 1 sample. Although 
the August 4 sample gives much lower concentration (see 
Figure 2a), this was probably caused by a specific mete- 
orological condition, that is, the aerosol sample was 
collected just after a heavy rain shower, which probably 
scavenged the diacids from the atmosphere significantly. 
Beyond the summer maximum, the diacid concentrations 
show a decrease toward the autumn and winter seasons. 
This seasonal change could be interpreted by an enhanced 
photochemical production of dicarboxylic acids in the 
summer. Secondary production of dicarboxylic acids in 
the atmosphere has been proposed in relation to the ozone 
oxidation of cyclic olefins (15-1 7). Interestingly, higher 
ozone concentrations have been recorded in the summer 
season over the sampling area (Tokyo Metropolitan 
Government, unpublished results). By contrast, the 
minimum diacid concentration (80 ng m3) was found in 
the October 19 sample. However, relatively high con- 
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centrations of diacids were obtained for some winter 
samples (e.g., January 17 and February 7, see Figure 2a). 
The higher values in winter may be a result of the secondary 
production of diacids involved with the formation of an 
inversion layer under which organic precursors are accu- 
mulated and subjected to photochemical oxidation. 

When the diacid concentrations are divided by the total 
aerosol mass, their seasonal distribution give a similar, 
but much clear trend (Figure 2b). For example, the August 
4 sample, whose collection was started a few hours after 
a heavy rain shower, showed a very low concentration 
(Figure 2a); however, their abundance relative to the 
aerosol mass was relatively high (Figure 2b). This may 
suggest a quick production of the diacids in the atmosphere. 
The relative abundance of total dicarboxylic acids in 
aerosolmassrangedfrom0.055% to1.14% ,withanaverage 
of 0.46%. Their relative abundances show a significant 
seasonal fluctuation over an order of magnitude, showing 
a maximum in the August 1 sample and a minimum in the 
April 20 and December 15 samples (Figure 2b). This 
seasonal trend means that dicarboxylic acids comprise a 
more significant portion in the urban atmospheric particles 
during the summer season, probably due to a secondary 
production of dicarboxylic acids by the photochemical 
oxidation of gaseous organic compounds. However, two 
winter samples (January 17 and February 7) still show 
higher values in the relative abundance of diacids (Figure 
2b). This suggests that particulate dicarboxylic acids are 
abundantly photochemically produced even in winter 
season if a preferable meteorological condition is devel- 
oped, i.e., formation of inversion layers and the subsequent 
accumulation of precursor compounds, as stated above. 

Figure 2cpresents aseasonal change in the totalamounts 
of dicarboxylic acid carbon divided by aerosol total carbon 
(TC), which was measured by a CHN corder (20). Total 
carbon is comprised of two major forms: one is elemental 
carbon or black carbon emitted from internal combustion 
engines to the atmosphere, and the other is organic carbon 
also emitted from combustion sources and secondarily 
produced in the atmosphere. The diacid carbons ac- 
counted for from 0.18% to 1.8% of TC (av 0.95%). The 
percentages of diacid carbon in TC fluctuated by a factor 
of 10, but clearly showed a summer maximum. These 
results indicate that dicarboxylic acids are significantly 
produced in the atmosphere, probably by the photochem- 
ical oxidation of gaseous-phase hydrocarbons and other 
volatile organic compounds such as aldehydes and car- 
boxylic acids. The gas-to-particle conversion may be 
important to change the composition of organic aerosols 
(23). 

A seasonal change in the dicarboxylic acid carbon relative 
to aerosol TC is presented in Figure 3 for C+24 species. 
Oxalic acid carbon relative to TC fluctuated from 0.07 to 
0.94% (av 0.41 %) with a summer maximum, indicating 
that the C2 acid is an important species of organic aerosols 
(Figure 3a). The summer maximum of oxalic acid means 
that the atmospheric production of CZ diacid is enhanced 
in the summer. Malonic acid comprised from 0.02 to 0.27 % 
of TC (av 0.12 % 1 and showed a strong peak in the summer 
season (Figure 3b), being consistent with oxalic acid. 
Succinic and maleic acids also showed a summer maximum 
(Figure 3c,d); however, their seasonal trends are not so 
strong as the C2 and C3 species. By contrast, methylma- 
lonic and malic acids gave a strong summer maximum 
(Figure 3e,fl. All the CZ-c4 diacid species showed a 
seasonal trend with summer maximum, indicating an 
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dicarboxylic acid carbon relative to aerosol total carbon (TC) in the 
urban aerosol samples from Tokyo, 1988-1989: (a) oxalic acid, (b) 
malonlc acid, (c) succinic acid, (d) maleic acid. (e) methylmalonlc acid, 
(f) malic acid. 

enhanced secondary production of lower LMW dicarbox- 
ylic acids under a strong solar radiation. The production 
of diacids in the atmosphere should be involved with a 
transformation of organic aerosols. Other species such as 
CS, C,, CS and Clo diacids showed higher concentrations 
in both summer and winter samples (the results are not 
presented in Figure 3). 

Relationship between Concentrations of Dicar- 
boxylic Acids and Oxidants. The summer maxima in 
the concentrations of dicarboxylic acids and their relative 
abundance in aerosol mass and TC suggested that the 
diacids are produced in the atmosphere by photochemically 
induced reactions. If this is the case, their concentrations 
should correlate with ambient temperature and/or oxidant 
concentrations. Figure 4 plots total dicarboxylic acid 
carbon in aerosol TC as a function of the oxidant (mostly 
ozone) concentration (given as a maximum value during 
sampling period) in the 1988-1989 Tokyo atmosphere. A 
positive correlation (correlation coefficient, r = 0.71) 
suggests that dicarboxylic acids are largely produced in 
the atmosphere by secondary photochemical reactions 
(gas-to-particle conversion); oxidations of hydrocarbons 
and other organic precursors. The present results seem 
to be consistent with the previous study by Satsumabayashi 
et al. (81, who reported a dirunal distribution for both 
c3-C~ diacid and ozone concentrations with the daytime 
maxima in the summer atmosphere. A positive correlation 
has also been reported in the diurnal distributions of 
hexanedioic acid (C6) and ozon concentrations in southern 
California by Cronn et al. (2). The photochemical pro- 
duction of diacids in urban Tokyo is also supported by the 
positive correlations obtained for the combinations of the 
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diacid C/TC vs ambient temperature ( r  = 0.59), relative 
abundance of the total diacids in the total aerosol mass 
vs ambient temperature ( r  = 0.50), and relative abundance 
of the total diacids in the total aerosol mass vs oxidant 
concentration br = 0.52). 

Studies on ozone-cyclohexene reactions, conducted in 
the gaseous phase under laboratory conditions, have shown 
a production of particulate C4-Ce dicarboxylic acids (16, 
17). These reactions are initiated by the addition of an 
ozone molecule to the double bond of cyclohexene followed 
by a subsequent ring opening through the cleavage of C-C 
bond, which results in o-oxoacids and then dicarboxylic 
acids. Cycloalkenes are emitted to the air with engine 
exhausts and have been reported in urban atmosphere 
(24). These unsaturated hydrocarbons probably contrib- 
ute to the secondary production of dicarboxylic acids. 
However, oxalic and malonic acids have not been reported 
in the reaction products of laboratory cyclohexene oxi- 
dation (16, 17), probably due to a limitation of the 
analytical methodology used, i.e., methyl ester derivati- 
zation, as discussed above. In addition to the cyclicolefins, 
aromatic hydrocarbons such as benzene and toluene are 
potential precursor compounds because photooxidation 
of these aromatic hydrocarbons are known to lead to the 
ring-cleavage reactions and produce Cz-Cs dicarbonyls (25- 
27). The LMW dicarbonyls may further be oxidized in 
the atmosphere to result in LMW dicarboxylic acids. 

So far, dicarboxylic acids have not been reported in the 
previously conducted photooxidation reaction of aromatic 
hydrocarbons (e.g., ref 25), in which reaction products were 
analyzed by FT-IR spectroscopy (only gaseous compounds 
are detectable by this method). However, it is important 
to note that maleic anhydride was detected by FT-IR in 
the photooxidation reaction products of benzene and 
toluene conducted under laboratory conditions (25-27). 
The maleic acid anhydride may react with water vapor in 
the atmosphere to result in maleic acid, which has been 
detected in the present study. These results suggest that, 
in addition to ozone oxidation of cyclic olefins, the 
photooxidation reactions of aromatic hydrocarbons also 
produce dicarboxylic acids, which are present as particles 
and cannot be detected by the FT-IR method. Benzene 
and toluene have been reported as major aromatic hy- 
drocarbons in the urban atmosphere in southern California, 

where they showed a diurnal distribution with a minimum 
at daytime (28). Because the dicarboxylic acids are mostly 
present in particulate form in the atmosphere (6), it is 
very likely that one could detect LMW dicarboxylic acids 
in the particles produced by laboratory photooxidation of 
aromatic hydrocarbons, applying the present technique: 
butyl ester derivatization and GC determination. 

Preferential Production of  Oxalic and Malonic 
Acids and Possible Formation Mechanism. Although 
the relative abundance of total dicarboxylic acid carbon 
in aerosol TC increased with an increase of atmospheric 
oxidant concentration (Figure 4), a degree of the increase 
was found to depend on the carbon chain length and 
structure of the diacid species. Figure 5 plots the 
individual diacid carbon/TC (% ) as a function of oxidant 
concentration. Lower molecular weight (CZ-C~) carboxylic 
acids clearly show a positive correlation with the oxidant 
concentrations (Figure 5). By contrast, the higher diacids 
seem to give lesser correlation with the oxidants (Figure 
5) .  Table I1 lists a slope and correlation coefficient ( r )  of 
the linear regression line obtained for relationship between 
dicarboxylic acid carbon/TC and the oxidant concentration 
in the urban Tokyo atmosphere (see Figure 5). Oxalic 
acid presents the best relationship with the oxidants (r = 
0.80), following malic ( r  = 0.76), malonic (r = 0.75), 
methylmalonic ( r  = 0.671, and succinic ( r  = 0.64) acids. 
Longer chain dicarboxylic acids gave lower values for the 
correlation coefficients (e.g., r = 0.03 for CS, see Figure 5). 
On the other hand, aromatic (phthalic) acid gave a 
relatively high value ( r  = 0.41). These results again 
indicate that LMW diacids and phthalic acid are signif- 
icantly produced in the atmosphere, probably by photo- 
chemical oxidation of gaseous hydrocarbons. 

As seen in Figure 5 and Table 11, a slope of the regression 
line is different among the diacid species: oxalic acid 
showed the highest slope value (10.4 X followed by 
malonic acid (3.0 X 
These positive slope values are statistically significant and 
suggest that oxalic acid is most intensively produced in 
the urban atmosphere. Preferential production of oxalic 
acid seems to be reasonable because the CZ (the smallest 
diacid) is potentially produced from many precursor 
compounds containing carbon numbers IC2.  It is also 
likely that Cz diacid is an end product of the photochemical 
oxidation reactions and can be accumulated in the 
atmosphere. Preferential production of oxalic acid over 
other species may be primarily involved with photochem- 
ical oxidation of aromatic hydrocarbons such as benzene 
and toluene: gas-to-particle conversion. As seen from the 
slope values (Table 11), malonic acid is produced next most 
abundantly, followed by succinic acid. The C3 and C4 
diacids cannot be produced from aromatic hydrocarbons. 
However, atmospheric oxidation of longer chain dicar- 
boxylic acids are likely precursors of lower diacids. 

Malic acid (Cd), which is a hydroxylated succinic acid, 
showed a behavior similar to succinic acid in the urban 
atmosphere. This species also positively correlates with 
oxidant concentration. However, malic acid presents 
higher slope value than succinic acid (Figure 5 and Table 
11). Because of the structural similarity, malic acid is likely 
produced by the hydroxylation of succinic acid. Inter- 
estingly, the molar ratio of malic acid to succinic acid 
increased as a function of oxidant concentrations, as shown 
in Figure 6. This result suggests that photoinduced 
hydroxylation of succinic acid produces malic acid (Scheme 

and succinic acid (1.4 X 
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Figure 5. Relationship between the concentration of Individual dicarboxylic acid carbon relative to total carbon (TC) and the oxidant concentrations 
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Table 11. Slope and Correlation Coefficient (r) of Linear 
Regression Line Obtained for Relationship between 
Relative Abundance of Dicarboxylic Acid Carbon in Total 
Aerosol Carbon and Oxidant Concentration in Urban 
Tokyo Atmosphere, 1988-1989 (See Figure 3) 

dicarboxylic acid abbr. slope (Ne3) correlation coeff 

oxalic c2 11.9 0.80 
malonic c 3  3.4 0.75 
methylmalonic bC4 0.14 0.67 
maleic uc4 0.14 0.37 
succinic c 4  1.7 0.64 
methylsuccinic bC5 0.01 0.04 
fumaric uc4 -0.03 0.16 
methylmaleic ubC5 0.02 0.03 
malic hC4 1.5 0.76 
glutaric c 5  0.29 0.42 
adipic C6 0.37 0.32 
pimelic c7  0.11 0.19 
suberic C8 0.10 0.13 
azelaic c 9  0.06 0.03 
sebacic c10 -0.13 0.20 
phthalic C8 0.56 0.47 

I). The hydroxylation reaction is likely in the atmosphere 
because Cg and Ce hydroxyacids have been detected in the 
urban atmosphere (4 ) .  Positional isomers of hydroxy 
monocarboxylic acids (Cg-Cl3) have also been reported 
from the North Pacific Ocean marine atmosphere (29). 
The hydroxy diacid (malic acid) may be further oxidized 
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Figure 6. Relationship between the malic acid to succinic acid molar 
ratios for the urban Tokyo aerosols and the ambient oxidant 
concentrations. The oxidant data were supplied by the Tokyo 
Metropolitan Government. 

in the atmosphere to result in oxalic or malonic acid, as 
illustrated in Scheme I. 

Malonic acid may be further oxidized to result in oxalic 
acid through intermediate compounds such as hydroxy- 
malonic acid or ketomalonic acid, the latter has been 
identified in the aerosol samples (Kawamura, unpublished 
result). As a source of succinic acid, volatile and/or 
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semivolatile monocarboxylic acids are probably important 
in addition to the oxidation of cycloalkenes. The monoac- 
ids are likely oxidized in the atmosphere to result in the 
diacids through intermediates such as ketocarboxylic acids 
or hydroxyacids. Volatile fatty acids with carbon numbers 
IC4 have been abundantly reported in the urban atmo- 
sphere (13) whereas mid-chain ketocarboxylic acids, 
including 4-oxocarboxylic acids (30), and hydroxy fatty 
acids, including 4-hydroxyacids (29), have been detected 
in the marine atmosphere. These bifunctional carboxylic 
acids may serve as precursor compounds of succinic acid 
in the atmosphere. 

Malonic acid has been detected in the automobile engine 
exhausts as well as other diacids (6), suggesting that the 
C3 diacid is partly derived from the incomplete combustion 
of fossil fuels. However, the chain-length distribution 
patterns of LMW diacids in the aerosol samples are 
different from those reported in the motor exhausts, i.e., 
malonic acid is less abundant than succinic acid in the 
automobile exhausts (C3/C4 ratios: 0.25-0.44, av 0.35, ref 
6) but higher in the Tokyo aerosol samples (C3/C4 ratios: 
0.56-2.9, av 1.6), especially in the summer. This suggests 
that the atmospheric diacids are mostly derived from the 
secondary atmospheric production rather than from direct 
primary emissions from auto exhausts. Because malonic 
acid is thermally less stable than succinic acid due to its 
structure, the degradation of malonic acid in the com- 
bustion process is probably more significant than its 
production. As seen in Figure 7, the C3/C4 ratios show a 
clear seasonal trend with a summer maximum. The higher 
concentrations of malonic acid over succinic acid suggest 
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Flgure 8. Seasonal changes in the maleic (cis) to fumaric (trans) acid 
ratios in the urban aerosol samples from Tokyo, 1988-1989. 

that major portions of malonic acid are secondarily 
produced in the atmosphere by photoinduced reactions: 
the C3 diacid is in part produced from the C4 diacid 
(Scheme I). The C3/C4 ratios may be used as indicators 
of enhanced photochemical production of dicarboxylic 
acids in the atmosphere. 
Cisltrans Configuration of Unsaturated Dicarlbox- 

ylic Acids in Urban Atmosphere. In the urban aerosol 
samples, we detected three aliphatic unsaturated diacids: 
maleic, fumaric, and methylmaleic acids; however, meth- 
ylfumaric acid was not detected. Maleic acid (cis con- 
figuration) showed the highest concentration in the 
summer sample (16.6 ng m-3, July 19, 1988) whereas 
fumaric acid (trans configuration) Yhowed a maximum in 
the winter sample (15.2 ng m-31 January 17,1989). On a 
yearly basis, cis configuration is more abundant than trans 
configuration: maleic to fumaric acid (M/F) ratios were 
0.81-3.93 with an average of 1.9. The predominance of cis 
configuration should be associated with the chemical 
structure of precursor compounds (unsaturated hydro- 
carbons). The maleic acid is probably produced by 
photochemical oxidation of benzene, whose cis configu- 
ration is preserved in the structure of the oxidation 
product. This seems to be supported by the laboratory 
photooxidation of aromatic hydrocarbons such as benzene 
and toluene (24-26) in which maleic anhydride was 
detected. The maleic acid may further be isomerized 
photochemically to trans configuration (fumaric acid) in 
the atmosphere under a solar radiation. By contrast, 
methylmaleic acid may be formed by the oxidation of 
toluene; however, this species is unlikely to be isomerized 
to the corresponding trans configuration due to the 
presence of a methyl group, which interferes with the 
isomerization. This is consistent with the result that 
methylfumaric acid was not detected in the aerosol samples 
studied. 

The higher M/F ratios were obtained for the samples 
collected in summer-autumn, whereas lower ratios were 
seen in winter-spring samples as shown in Figure 8. The 
M/F ratio is probably controlled by the production of 
maleic acid and the subsequent transformation to fumaric 
acid. It is likely that, because photochemical production 
of maleic acid is enhanced in the summer, its production 
is much faster than the cis-to-trans isomerization, thus 
the M/F ratios are maintained to be higher. By contrast, 
the production of maleic acid in winter is probably 
depressed, thus the cis-to-trans transformation reaction 
may prevail in the production of maleic acid. It was found 
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that the M/F ratios positively correlate with oxidant 
concentration ( r  = 0.59) and with ambient temperature ( r  
= 0.51)) suggesting that the production of maleic acid is 
enhanced when oxidant concentrations and temperature 
are higher. Because of the double bond, unsaturated 
dicarboxylic acids in the atmosphere are further oxidized 
by ozone and other oxidizing agents to produce a smaller 
diacid: oxalic acid. 

Summary and Conclusions 

The present capillary GC and GC-MS study of Cz-Cio 
dicarboxylic acids in the urban Tokyo aerosol samples, 
employing dibutyl ester derivatization technique, has 
shown the presence of a homologous series of Cz-Clo diacids 
and the predominance of oxalic acid (Cz), followed by 
malonic (C3) or succinic (C4) acid throughout the four 
seasons. The CzC4 dicarboxylic acids were found to 
account for ca. 80% of the total diacid (C2-Clo) concen- 
trations (90-1370 ng m-3). Concentrations of higher 
diacids generally decreased with an increase in the carbon 
numbers except for adipic (C6) and azelaic (Cg) acids, which 
are relatively abundant. The dicarboxylic acids comprised 
from 0.06 to 11% of the total aerosol mass with higher 
values in the summer. 

The dicarboxylic acids showed a strong seasonal trend 
with a maximum concentration in the summer and a 
minimum in the winter season, suggesting that secondary 
production is more significant than primary emission in 
the summer season. The characteristic molecular distri- 
butions of diacids also suggest the importance of photo- 
chemical secondary production of LMW diacids. Total 
diacids comprised up to 1.8 % of total aerosol carbon (TC). 
A strong correlation ( r  = 0.71) was found between total 
dicarboxylic acid carbon/TC and the oxidant (mostly 
ozone) concentration for the 1988-1989 aerosol samples, 
confirming that diacids are significantly produced in the 
atmosphere by gas-to-particle conversion. The correlation 
coefficient was found to be highest for C2 diacid ( r  = 0.80) 
and decreased with an increase of carbon numbers of the 
diacids. The results indicated that oxalic acid is prefer- 
entially produced in the atmosphere, being consistent with 
our finding that oxalic acid is the most abundant diacid 
species (av 52% of the total diacids). 

As a source of LMW dicarboxylic acids, anthropogenic 
gaseous hydrocarbons were considered oxalic, maleic, and 
methylmaleic acids are produced from the atmospheric 
oxidation of aromatic hydrocarbons such as benzene and 
toluene whereas c4-C~ diacids are from cycloalkenes. By 
contrast, azelaic acid can be produced by the oxidation of 
particulate unsaturated fatty acids containing a double 
bond at the Cg position. The higher diacids (>C4) may be 
partly produced by both homogeneous and heterogeneous 
reactions of LMW fatty acids, hydroxy fatty acids, and 
ketocarboxylic acids in the atmosphere. The hydroxy 
diacid (malic acid) was proposed as an intermediate in the 
production of oxalic and malonic acids from succinic acid. 
This study suggested that the diacids once produced in 
the atmosphere are further oxidized to result in smaller 
diacids, leading to the accumulation of oxalic acid in the 
atmosphere. 
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