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Abstract

Atmospheric concentrations of 4-oxopentanal (4-OPA) in both gas and particulate phase were measured at the

experimental forest, 200 km north of Sapporo, Japan, from August 13 to 15, 2001. 4-OPA was collected using an

annular denuder sampling system and measured with a gas chromatography employing benzylhydroxyl oxime deriv-

atization. Its gas phase concentrations ranged from 180 ngm�3 (44 pptv) to 1570 ngm�3 (384 pptv), whereas those in

the particulate phase were from below the detection limit (25 ngm�3) to 207 ngm�3. The particulate 4-OPA accounted

for 28% (particle/(gas + particle)) of the total concentration as the maximum at 06:00 on August 15th (average: 10%).

The particulate concentrations of 4-OPA were found to be comparable to those of pinonic acid, indicating that 4-OPA

is also an important constituent of organic aerosols in the forestal atmosphere. Here, we report, for the first time, the

concentrations of 4-OPA in both gas and particulate phase and its diurnal variations in the forestal atmosphere.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Semi-volatile organic compounds (SOCs) such as

oxidation products of monoterpenes, isoprene and other

reactive volatile organic compounds have important

roles in the atmospheric chemistry. Some SOCs are

produced by atmospheric oxidants such as OH, ozone

and NO3 via the oxidation of their precursors. Most

SOCs is reactive and they contribute to numerous at-

mospheric chemical reactions. Organic aerosols scatter
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the solar radiation (White, 1986; Arnon and Kopeika,

1996; Andreae and Crutzen, 1997; Hoffmann et al.,

1997), and can act as a cloud condensation nuclei (CCN)

(Andreae and Crutzen, 1997; Hoffmann et al., 1997;

Kavouras et al., 1998). The CCN activity of aerosols

depends on the size and water solubility (Saxena and

Hildemann, 1997). The radiation scattering effect of

aerosols also depends on their size and chemical com-

position (Andreae and Crutzen, 1997; Hoffmann et al.,

1997). Therefore, sources, compositions and emission

rates of SOCs are very important issues for atmospheric

chemistry.

The SOCs are not only directly emitted from their

sources, but also formed from gaseous compounds by

atmospheric oxidation (Hatakeyama et al., 1989; Hoff-

mann et al., 1997; Griffin et al., 1999; Kawamura and

Sakaguchi, 1999; Matsunaga et al., 1999; Hoppel et al.,
ed.
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Fig. 1. Formation pathway of 4-OPA. The precursors of 4-OPA can be oxidized by OH, ozone and NO3, and converted to 4-OPA.
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2001; Jang and Kamens, 2001; Matsunaga et al., 2003).

The global emission rate of the biogenic SOCs is one

order magnitude greater than that of anthropogenic

SOCs (Guenther et al., 1995; Andreae and Crutzen,

1997). Many SOCs are produced by oxidation of gas-

eous precursors or directly emitted from their sources.

However, there is a particular compound that is pro-

duced by the oxidation of compounds in solid phase

via heterogeneous reactions. One example is 4-oxo-

pentanal (4-OPA; CH3C(O)CH2CH2CHO) (Fruekilde

et al., 1998). 4-OPA is produced specifically by the

oxidation of 6-methyl-5-hepten-2-one (6-MHO; CH3-

C(CH3)@CHCH2CH2C(O)CH3), which is hetero-

geneous oxidation product of squalene and similar

terpenoids present on the surface of plant leaves and

other parts (see Fig. 1, Fruekilde et al., 1998). Therefore,

4-OPA can be regarded as originating from the bio-

sphere, and is expected to be abundant in the forestal

atmosphere. In this study, we report the analytical re-

sults of 4-OPA in both gaseous and particulate phase.

The lifetime of 4-OPA is relatively long (Fruekilde et al.,

1998), therefore, it can be an important component of

the biogenic aerosols. We also discuss the diurnal dis-

tribution of 4-OPA and its atmospheric chemical

implication in relation to the formation of forestal or-

ganic aerosols.
2. Experimental

Samples of gaseous and particulate 4-OPA in the

forestal atmosphere were collected at a rural site in the

Uryu Experimental Forest of Hokkaido University

(approximately 200 km north of Sapporo, rural area)

from August 13 to 15, 2001 using the annular denuder

sampling system (ADSS). The experimental forest is a

mixed forest dominated by Quercus crispula and Picea

glehnii mast, and the sampling site is located approxi-

mately 1 km inside the nearest forest boundary. The

samples were collected every 4 h (00:15–03:45, 04:15–
07:45, 08:15–11:45, 12:15–15:45, 16:15–19:45 and 20:15–

23:45, local time) with a flow rate of 4 lmin�1, and

the total volume of the each sample air was 840 l. One

set of sample (gas and particle) was collected at each

interval.

The ADSS consists of two multichannel annular de-

nuders (URG-2000-30 · 242-3CSS, URG Corp., Chapel

Hill, NC) and 47 mm quartz fiber filter in the Teflon

filter pack (URG-2000-30FG, URG Corp.). The annu-

lar denuders were coated with O-benzylhydroxylammo-

niumchloride which was used as the collection reagent.

The quartz fiber filter was also soaked with the same

reagent. The first denuder adsorbs gaseous carbonyls

including 4-OPA, which were immediately derivatized to

benzylhydroxyl oximes on the inner surface of the de-

nuder (Matsunaga and Kawamura, 2000). On the other

hand, carbonyls associated with the particles pass

through the first denuder, and are then collected on

the quartz fiber filter in the filter pack. The particulate

carbonyls are in situ derivatized to the oximes on the

filter. The backup denuder collects the oximes that

vaporized from the filter (Possanzini et al., 1983; Gundel

et al., 1995; Eatough et al., 1999). In order to avoid

the degradation of trapped oximes and production of

4-OPA from its precursors in the ADSS, nitrogen

oxide (2%) was mixed with the sample air and intro-

duced to the ADSS at a flow rate of 0.4 mlmin�1. The

concentration of nitrogen oxide in the mixture was 2

ppmv. The mixing of 2 ppmv of NO in the sample air

flow can reduce the atmospheric oxidants OH, ozone

and NO3 to about 1–2% of their initial concentra-

tions (Mochida et al., 2003). Thus, the degradation of

the derivative and production of 4-OPA should be

negligible.

Oximes were extracted from the denuders with ethyl

acetate on the sampling site, transferred into 10 ml glass

vials and then stored at approximately )20 �C prior to

GC analysis. The filter samples were transferred into 150

ml glass bottles and stored at )20 �C, and were later

extracted in a laboratory three times with approximately
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5 ml of ethyl acetate under an ultra sonication, just be-

fore the analysis. Because the derivative was in ethyl

acetate solution, and the filters contained a lot of excess

benzylhydroxylammoniumchloride and were acidic,

the microbial degradation of the derivative should be

negligible even if they were stored at room tempera-

ture. Therefore, although the samples were stored at

approximately 0 �C while transportation from the sam-

pling site to the laboratory, this effect should be negli-

gible. The extracts of both denuders and filter samples

were concentrated and then reacted with N ,O-bis(tri-
methylsilyl)-acetamide (SUPELCO), by which the oxi-

mes containing hydroxyl (–OH) or carboxyl (–COOH)

group were further derivatized to TMS ethers or esters

(this procedure is conducted to determine other com-

pounds which include –OH or –COOH). These deriva-

tives were analyzed by a gas chromatography (GC;

Carlo Erba, GC6000) equipped with a fused silica cap-

illary column (J&W, DB-1701 0.32 mm i.d. · 60 m, 0.25

lm film thicknesses) and a flame ionization detector.

Details of the analytical procedure are described else-

where (Matsunaga and Kawamura, 2000). Identification

of 4-OPA was conducted by the comparison of a GC

retention time with that of authentic standard. The

standard was synthesized by the ozonolysis of 6-MHO

(Aldrich). Molecular weight and mass spectrum of the 4-

OPA derivative were also verified with GC/mass spec-

trometer (Thermo Quest, Trace MS) employing CI+ and

EI+ modes. Pinonic acid was measured by the procedure

same as 4-OPA and evaluated the comparison of the GC

retention time with the derivative of authentic standard

(Aldrich).
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Fig. 2. Diurnal variations of the concentrations of gaseous (solid line

the forestal atmosphere, Hokkaido Island, Japan (August, 2001), and

indicate nighttime. Dates and hours in the figure are based on local t
3. Results and discussion

3.1. Formation of 4-OPA

Squalene is common in leaf surface, epidermis of

organism, and sap of vegetation (Fruekilde et al., 1998).

As mentioned previously, this is precursor of 6-MHO

which in turn is oxidized by OH, ozone and NO3 to form

4-OPA. On the other hand, 4-OPA can be produced

from 6-MHO by the oxidation with OH, ozone and

NO3. Because the ozonolysis of their precursors is an

important pathway of the formation of 4-OPA and 6-

MHO, they are produced not only at daytime but also

at nighttime (Fruekilde et al., 1998).
3.2. Gaseous 4-OPA

Fig. 2 shows diurnal variations of 4-OPA in the gas

phase together with ambient temperature at the sampling

site. The concentrations of gaseous 4-OPA started to

increase early in the morning and showed a maximum in

the afternoon, and then decreased during nighttime. The

diurnal variation of gaseous concentrations is probably

caused from vaporization of the precursor (6-MHO)

from leaf surfaces or other sites where 6-MHO had been

produced by oxidation. Vaporization of 6-MHO can be

enhanced by higher temperature, and oxidation of gas-

eous 6-MHO may increase the concentration of gaseous

4-OPA. Because the oxidation of C@C double bond is

generally fast, this reaction may need 1–2 h. On the other

hand, there is another emission process of the gaseous
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Table 1

Concentration of 4-oxopentanal (4-OPA) and pinonic acid in gaseous and particulate phase, and the ratios of particulate 4-OPA to

pinonic acid

Concentrations

(ngm�3)

Gas phase Particle phase

Maximum Minimum Median Average Maximum Minimum Median Average

4-OPA 1570 (384) 180 (44) 598 (146) 677 (165) 207 BDL 43.3 62.7

Pinonic acid 164 (21.7) BDL BDL 37 (4.9) 781 BDL 194 212

Ratios of 4-OPA to

pinonic acid (%)

87.1 BDL 29.6 34.7

BDL: Below detection limit, the detection limits were approximately 15 ngm�3 for gas phase and 25 ngm�3 for particles, respectively.

(Number) indicates the gaseous concentrations described in pptv.
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4-OPA, that is the vaporization of 4-OPA from plant

surfaces. 4-OPA can be also produced on the surfaces

from its precursors, and it can vaporize. The high

ambient temperature should enhance this vaporization.

Thus, the increase in the gaseous concentration of 4-OPA

may not always caused only by production of 4-OPA

from 6-MHO. Atmospheric lifetime of 4-OPA has been

estimated to be approximately 17 h (Fruekilde et al.,

1998). Therefore, rapid decrease of gaseous 4-OPA at

nighttime can not be explained only by the chemical

degradation. Most of the gaseous 4-OPA is removed

from the forestal atmosphere by the dry and wet depo-

sition and/or transported out of the canopy. Removal of

4-OPA probably includes the gas-to-particle conversion

of 4-OPA through the atmospheric oxidation. In addi-

tion, we found that gaseous concentrations of 4-OPA

(several hundreds pptv) were comparable to those of

isoprene and monoterpenes.
3.3. Particulate 4-OPA

4-OPA was also detected in the particle phase. Being

similar to the gas phase, concentrations of particulate 4-

OPA also increased from the early morning to the

afternoon, and then decreased at nighttime. Particulate

4-OPA is probably derived from the gas-to-particle

conversion (secondary aerosol formation) and/or peeling

of 4-OPA from the vegetation leaf and other surfaces

(primary aerosol formation). However, wind speed at

the sampling site was below detection limit in most of

the time through sampling period, thus, peeling of 4-

OPA may not be important as a source of particulate 4-

OPA in this observation.

Despite the relatively high vapor pressure (Makar,

2001), significant amounts of 4-OPA exist in the par-

ticulate phase. Condensation of aldehydes may be

accelerated by the formation of acetal, hemi-acetal and

gem-diol (Grosjean and Wright, 1983; Jang and Ka-

mens, 2001). The potential sinks of particulate 4-OPA

include dry deposition (coarse particle), transport out-

side of the canopy, and degradation on the particles.

Because atmospheric lifetime of fine particles ranges
from few days to a week, 4-OPA (the lifetime is 17 h)

should be further oxidized to more polar compounds

such as carboxylic acids on the aerosols. The conversion

of gaseous 4-OPA to the particles and the subsequent

oxidation of 4-OPA on the particles may lead to the

increase in the atmospheric aerosol mass. Changes in

aerosol mass largely affect the optical properties the

atmosphere. In addition, polar compounds such as low

molecular weight (�C9) dicarboxylic acids are generally

water soluble, thus the degradation of 4-OPA on the

particles may lead to enhance CCN capability of the

particles.

Table 1 shows the concentrations of 4-OPA and pi-

nonic acid in both gas and particle phase. The concen-

tration of particulate 4-OPA is comparable to that of

pinonic acid (see Table 1), which is one of the most

abundant species contributing to biogenic organic

aerosols in the forestal atmosphere (Kavouras et al.,

1998; Kavouras et al., 1999). In addition, particulate 4-

OPA accounted for 0.0–4.5% of total carbon in the

aerosol samples which were simultaneously collected at

the sampling site. This carbon fraction is also compa-

rable to that of pinonic acid (0.0–17%). This study

suggests that 4-OPA is another important organic

compound that may play an important role in tropo-

spheric and climate change chemistry.
4. Conclusion

4-OPA was analyzed, for the first time, in the

atmosphere from Quercus crispula and Picea glehnii

mast mixed forest in both gas and particle phase. Its gas

phase concentration showed a clear diurnal variation

with a daytime maximum, suggesting a production of

4-OPA in the gas phase reaction. Particulate 4-OPA

is probably produced by the gas-to-particle conversion

and/or peeling from the vegetation surfaces where it

is produced. Concentrations of particulate 4-OPA are

comparable to those of pinonic acid. In addition, gas-

eous concentrations of 4-OPA were significantly high

(several hundreds pptv, may be same order with iso-
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prene and monoterpenes), and it is likely that it is fur-

ther oxidized to more polar and condensable com-

pounds. Thus, this oxidation process should potentially

contribute to the growth of organic aerosols. 4-OPA was

found as one of the most abundant organic species in the

biogenic aerosols in the forestal atmosphere, suggesting

that this compound may have an influence on the optical

characteristics of aerosols.
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