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A simple, highly sensitive analytical method for measuring many kinds of carbonyls in air using a passive
sampler containing a sorbent (silica gel) coated with 2,4-dinitrophenylhydrazine has been developed.
The carbonyls collected by the sampler were extracted with a solvent, and the extracts were subjected to
high-performance liquid chromatography (HPLC; UV detection) without first being concentrated. In this
method, the volume injection is examined, and is found to have a sensitivity at least 20 times that of ordinary
HPLC methods. The air concentrations of nine carbonyls collected by passive sampling over a period of 24 h
were estimated by means of conversion equations derived from the results of active sampling; c ¼ 10½logðyÞ�b�=a,
where c is the carbonyl concentration in air (mg/m3); y is the amount of carbonyl collected by the passive sam-
pler (mg); and a and b are constants for each carbonyl compound. The calculated air concentrations were con-
sistent with the concentrations measured by active sampling. This method may be useful in determining
personal exposure to ambient carbonyls.
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INTRODUCTION

Various carbonyl compounds, including formaldehyde, acetaldehyde, and acrolein, are
known to be toxic, mutagenic, and/or carcinogenic, and, as a result, have been identi-
fied as hazardous air pollutants [1]. Carbonyl compounds are also an important source
of radicals in the chemistry of ozone production [2–4]. Formaldehyde and acetaldehyde
damage the eyes, nose, and respiratory organs, and cause allergies and what is known as
‘sick house syndrome’. In Japan, indoor air guidelines set the allowed values for formal-
dehyde and acetaldehyde at 100 and 48 mg/m3, respectively [5–7]. Six acetaldehydes,
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propionaldehyde, n- and i-butylaldehyde, and n- and i-valeraldehyde, have been desig-
nated as offensive odour substances in Japan [8]. Therefore, the determination of the
occurrences of various species of carbonyl compounds, in addition to formaldehyde
and acetaldehyde, in air is important for assessing the health risks of exposure.

The prevailing method for sampling carbonyls in air is an active sampling method
that utilizes a solid sorbent (silica gel) coated with 2,4-dinitrophenylhydrazine
(DNPH) as the medium on which carbonyl compounds are collected as DNPH deriva-
tives [9–17]. The greatest merit of active sampling is that sufficient air volumes for
analysis of carbonyl compounds are obtained, so that the sampling times can be rela-
tively short (�24 h). Surveys of carbonyl compounds using active samplers have been
conducted in indoor and outdoor air all over the world [18–26].

Passive samplers are also used to collect certain carbonyl compounds. Passive sam-
plers have several advantages over active samplers because the former can be used
where electricity is not available, and they are small, light, and silent, which is especially
important for measuring personal exposure and analysing indoor air. In addition, field
validation is unnecessary, the concentration is integrated continuously without inter-
ruption, and the samplers can be produced at a low cost. However, their applications
have been limited to carbonyl compounds present in relatively high concentrations,
such as formaldehyde, because the sampling rates are low compared with active
sampling rates [27–30]. Therefore, long-term sampling (>72 h) is generally needed to
investigate carbonyl compounds present at relatively low concentrations in air.

We have developed an analytical technique for passive sampling within 24 h to
measure 16 species of carbonyl compounds in the air, and we have confirmed the
adjustability of the technique by using it to survey indoor air.

EXPERIMENTAL

Chemicals

DNPH derivatives of 16 carbonyl compounds (formaldehyde, acetaldehyde, acetone,
acrolein, propionaldehyde, i- and n-butylaldehyde, crotonaldehyde, i- and n-valeralde-
hyde, benzaldehyde, hexaldehyde, o-, m-, and p-tolualdehyde, and 2,5-dimethyl-
benzaldehyde) were purchased from Tokyo Kasai Kogyo (Tokyo, Japan) and used
without purification. The standards were dissolved in HPLC-grade acetonitrile (Wako
Chemicals, Osaka, Japan). The dichloromethane used for extraction was pesticide-
residue-analysis grade (Wako Chemicals, Osaka, Japan); and the dimethyl sulfoxide
(DMSO) and water used for sample preparation were fluorometric-analysis grade
(Wako Chemicals, Osaka, Japan) and HPLC grade (Wako Chemicals, Osaka,
Japan), respectively.

Sampling

To develop a method for measuring multicomponent mixtures of carbonyl compounds
in air by passive sampling, we used a DNPH-coated passive sampler (Sibata Scientific
Technology Ltd, Tokyo, Japan; Fig. 1). The air concentrations for individual carbonyl
compounds collected by passive sampling were calculated from the results of simul-
taneous measurements by active and passive samplers. The active sampler consisted
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of a Waters Sep-Pak XpoSure cartridge (Waters Co., Milford, MA) and a mini-pump
(MP-15CFH, Sibata Scientific Technology Ltd, Tokyo) at a flow rate of 200mL/min.
After sampling was conducted for a predetermined time, the samplers were stored
at �20�C in sealed aluminium bags until extraction. The surveys of indoor air by
means of the passive sampler were performed for 24 h in restrooms (n¼ 3), a library
(n¼ 1), and an office (n¼ 1) in the Shizuoka Institute of Environment and Hygiene.
The indoor temperature during the surveys ranged from 10 to 20�C. No smokers
were present in the rooms during the surveys.

Analytical Method

The sampled material was eluted from the sampler in a 15-mL glass tube with 6.0mL of
dichloromethane. DMSO (30 mL) was then added to the tube to preserve the carbonyls,
and the solvent was evaporated under a N2 stream. The residues were dissolved in
300 mL of acetonitrile, and then 670 mL of water was added. The target carbonyl com-
pounds were analysed with an HPLC system consisting of an LC-10Avp series chroma-
tograph (Shimadzu Co., Kyoto, Japan) and a photodiode array detector (SPD-
M10Avp, Shimadzu Co., Kyoto, Japan) at 360 nm. A Wakosil-DNPH (Wako
Chemicals) column (4.6mm i.d.� 250mm) was used to separate the carbonyl com-
pounds. The column temperature was 40�C, and the flow rate of the mobile phase
was 1.0mL/min. Sample solution (�400 mL) was injected into the HPLC system via
the autosampler, and the sample was conveyed by a mixture of acetonitrile and
water. The changes in the composition of the mobile phase are shown in Table I.

Calculation of Air Concentrations for Passive Sampling

The reactions of DNPH and carbonyl compounds in the samplers proceed irreversibly.
Therefore, the amounts of carbonyl compounds collected by passive sampling reflect
the relative air concentrations, indicating a significant correlation with each other.
To investigate the relationships between the amounts collected by passive sampling
and the air concentrations, we carried out passive and active sampling simultaneously
in a temperature-controlled room (20� 5�C, c.75m3). There was no window in the
room, and so the resulting indoor carbonyl concentrations were relatively high (e.g.
�114 mg/m3 for formaldehyde). The sampling periods were varied (2, 4, 6, 8, and 16 h)

DNPH-coated silica gel

Porous PTFE tube

Aluminum ringPTFE plug

30 mm

Polyethylene filter

FIGURE 1 Schematic of the passive sampler.
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to obtain the various carbonyl concentrations, and conversion equations for each
carbonyl compound were derived from the results.

RESULTS AND DISCUSSION

For passive sampling of carbonyl compounds in the air, increasing the sensitivity of the
analysis is crucial. A high sensitivity can be achieved by using highly sensitive detectors,
large injection volumes, or both. Highly sensitive detectors are expensive and require
longer periods of time, but large injection volumes can be used with widely available
devices. Therefore, we adopted the large-injection-volume method.

Factors Affecting the HPLC Retention Times of Carbonyls

The large-injection-volume method generally produces peaks that are broader than
those obtained by the normal method, so contracting the peak width is the first objec-
tive that must be met. If the injected carbonyl compounds could be held at the front
layer of the column, they could be separated with the contraction in peak width.
Increases in the retention time of the carbonyl compounds would confirm that the com-
pounds had been held at the front of the column. When we investigated the effect of
column temperature (25–50�C), we did not observe any significant increase in the
retention times of carbonyls (data not shown). We next investigated the effects of the
composition of the mobile phase (Fig. 2). The retention times of formaldehyde and
acetaldehyde clearly increased when the acetonitrile composition was decreased, thus
indicating that these compounds were concentrated at the front layer of the column.
The long retention times we obtained by varying the composition of the mobile
phase indicated that this approach would be applicable for the large-injection-volume
method.

Dissolubility and Quantitation of Carbonyls by HPLC Analysis

In the large-injection-volume method, differences between the sample solvent and the
mobile phase give rise to corrupted peak shapes and variable retention times in
HPLC analysis, so the two solvent systems must contain the same components.
Furthermore, the composition of the mobile phase can affect the peak shapes. We
investigated the variance of peak width at half height (half width) with the acetonitrile
proportion in the mobile phase (30–50%) and with the injection volume (10–400 mL; the
HPLC conditions are shown in Table I). We found that the half widths did not increase

TABLE I Experimental conditions for the large-injection-volume method for HPLC analysis of aldehydes

Elution method Elution conditionsa

I 30% A hold 0.1min!up to 50% A in a flash,
hold 2min! 80% A (1%/min) hold 6min! 30% A in a flash

II 40% A hold 0.1min!up to 50% A in a flash, hold 2min! 80% A (1%/min)
hold 6min! 40% A in a flash

III 50% A hold 5.0min! 80% A (1%/min) hold 8min! 50% A in a flash

aCarbonyl concentration, 0.1 mg/mL; A, acetonitrile; B, water.
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with increasing injection volume, whereas the half widths did tend to increase as the
proportion of acetonitrile increased (Table II). These results indicated that an initial
acetonitrile composition of 30% was optimum (method I, Table I). Under these
conditions, the variability in the carbonyl retention times was within 0.12% when the
injection volume was varied from 10 to 400 mL (Table III). In addition, the relation-
ship between the injection volume and the corresponding peak area showed

TABLE II Relationship between injection volume and peak half width of carbonyl compounds

Eluent
method a

Injection
volume
(mL)

Half width (min)b

Formaldehyde Acetaldehyde Crotonaldehyde Benzaldehyde o-Tolualdehyde

I 10 0.14 0.17 0.19 0.20 0.21
20 0.14 0.17 0.19 0.20 0.21
50 0.14 0.17 0.19 0.20 0.21
100 0.14 0.17 0.19 0.20 0.21
200 0.14 0.17 0.19 0.20 0.21
400 0.15 0.18 0.19 0.20 0.21

II 10 0.15 0.17 0.20 0.21 0.21
20 0.15 0.17 0.20 0.20 0.21
50 0.15 0.17 0.20 0.20 0.21
100 0.15 0.17 0.20 0.20 0.21
200 0.16 0.18 0.20 0.20 0.21
400 0.20 0.20 0.20 0.20 0.21

III 10 0.19 0.22 0.21 0.22 0.21
20 0.19 0.22 0.21 0.21 0.22
50 0.19 0.22 0.22 0.21 0.22
100 0.21 0.23 0.22 0.21 0.22
200 0.26 0.27 0.23 0.22 0.22
400 0.41 0.37 0.25 0.22 0.22

a See Table I for elution conditions.
bMeasured at 50% peak height.

1

10

100

40 50 60 70 80 90

Composition of acetonitrile in eluent (%)

R
et

en
tio

n 
tim

e 
(m

in
)

Formaldehyde

Acetaldehyde

FIGURE 2 Relationship between acetonitrile composition (%) in eluent and retention times of 2,4-DNPH
derivatives of carbonyl compounds.
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significant linearity (R2
¼ 0.999–1.000, p<0.01, t-test) for all the carbonyl compounds

(Fig. 3). Under these conditions, the method’s detection limits for carbonyl compounds,
which were defined as three times the standard deviation of the peak area determined
from repeat injections of a dilute standard solution, ranged from 0.026 (acetone) to
0.152 ng (o-tolualdehyde). The dissolubility and the shapes of the carbonyl peaks on
the HPLC chromatogram were also satisfactory, although the acrolein and propional-
dehyde peaks overlapped (Fig. 4).

Application to the Passive Sampler

To estimate the air concentrations of carbonyl compounds from the amounts collected
by the passive sampler, we carried out simultaneous measurements with passive and
active samplers in a temperature-controlled room with relatively high air concentra-
tions of carbonyl compounds, and derived conversion equations for each compound.
The variability of carbonyl compound concentrations was adjusted by sampling
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FIGURE 3 Relationship between injection volumes and peak areas of 2,4-DNPH derivatives of carbonyl
compounds.

TABLE III Relationship between injection volume and retention times of carbonyl compounds

Injection
volume (mL)

Retention time (min)

Formaldehyde Acetaldehyde Crotonaldehyde Benzaldehyde o-Tolualdehyde

10 12.13 14.79 22.76 27.40 31.65
20 12.11 14.77 22.72 27.37 31.63
50 12.14 14.78 22.75 27.39 31.64
100 12.13 14.78 22.74 27.39 31.64
200 12.15 14.79 22.75 27.40 31.64
400 12.12 14.75 22.72 27.37 31.62
CV 0.12% 0.10% 0.07% 0.05% 0.03%
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time (�16 h). Ten carbonyl compounds were collected: formaldehyde, acetaldehyde,
acetone, propionaldehyde, i- and n-butylaldehyde, i- and n-valeraldehyde, benzalde-
hyde, and hexaldehyde. Note that unsaturated aldehydes such as acrolein and crotonal-
dehyde were not determined, because they react with DNPH to form not only one by
one product but also one by two or two by three products [31,32]. The amounts of alde-
hydes collected by passive sampling were linearly correlated with the concentrations
measured by active sampling (curves for formaldehyde and acetaldehyde are shown
in Fig. 5). The regression plot of y (the amounts from passive sampling, mg) vs. x
(air concentrations from active sampling, mg/m3) yielded a conversion equation for
calculating the air concentrations from the passive sampler data:

c ¼ 10½logðyÞ�b�=a, ð1Þ

where c is the concentration of the carbonyl compound in air (mg/m3); y is the amount
of the carbonyl collected by the passive sampler (mg); and a and b are constants.

The values of constants a and b and the correlation coefficients for active and passive
sampling indicated that the relationships were statistically significant ( p<0.01, t-test)
for all the carbonyl compounds obtained (Table IV). Here, we do not examine the
influence of determining concentrations by humidity, because Levin et al. have demon-
strated that humidity does not influence the sampling rate of airborne carbonyls using
the passive sampler [27]. In addition, the conversion equation was created using the

min
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
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FIGURE 4 HPLC chromatogram of 2,4-DNPH derivatives of each carbonyl compound (0.1 mg/mL).
1, formaldehyde; 2, acetaldehyde; 3, acetone; 4, acrolein; 5, propionaldehyde; 6, i-butylaldehyde; 7, n-butyl-
aldehyde; 8, crotonaldehyde; 9, i-valeraldehyde; 10, n-valeraldehyde; 11, benzaldehyde; 12, hexaldehyde;
13, o-tolualdehyde; 14, m-tolualdehyde; 15, p-tolualdehyde; 16, 2,5-dimethylbenzaldehyde. Injection volume,
400mL.
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active sampler; here, the ozone scrubber was not connected to the upstream end of the
sampler, because the reaction with ozone for the passive sampler remained unclear.
That is, the conversion equation could define the carbonyl concentration including
the effect of ozone.

To confirm the reliability of passive sampling for carbonyl compounds in air, we
surveyed indoor air (three restrooms, a library, and an office), again confirming the
accuracy of the method by simultaneously using passive and active samplers. When
laboratory blanks (n¼ 6) were analysed by the established method, formaldehyde,
acetaldehyde, and acetone were detected at 70, 153, and 53 ng, respectively. The
other carbonyl compounds were detected at levels below 10 ng, which suggests that
they have little influence on the indoor surveys. From the surveys, nine species of
carbonyl compounds were determined by means of both passive and active sampling.
The calculated air concentrations were approximately consistent with the concentra-
tions measured by active sampling, whereas the deviations of data between the two

y  = 0.1216x0.9578

R2 = 0.9667

y  = 0.0629x1.0257

R2 = 0.9803
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FIGURE 5 Relationship between the amounts of carbonyl compounds collected by passive sampling
and the air concentrations of carbonyl compounds determined by active sampling: (�) formaldehyde and
(f) acetaldehyde.

TABLE IV Constants for calculation of carbonyl concentrations using Eq. (1)

Compound a b R2

Formaldehyde 0.958 �0.915 0.997
Acetaldehyde 1.026 �1.201 0.980
Acetone 0.745 �0.797 0.960
Propionaldehyde 0.943 �1.261 0.991
i-Butylaldehyde 0.842 �1.421 0.991
n-Butylaldehyde 0.754 �1.290 0.967
i-Valeraldehyde 1.295 �1.381 0.972
n-Valeraldehyde 1.021 �1.502 0.963
Benzaldehyde 0.799 �1.230 0.928
Hexaldehyde 0.844 �1.256 0.984
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samplings were observed in some carbonyl compounds. This may be caused by the
interference of other pollutants, such as ozone, and the extraction. Consequently, by
using the large-injection-volume method under suitable HPLC conditions, we were
able to use a passive sampler to determine not only formaldehyde and acetaldehyde
but also other carbonyl compounds in air. In addition, we were able to estimate the
air concentrations of carbonyl compounds collected in the passive sampler by using
conversion equations derived from the simultaneous surveys using the active sampler.

It is known that, with active sampling of carbonyl compounds in air, ozone in the
sample stream may react with the adsorbed carbonyl compounds [33–38]. This phenom-
enon must be considered in analysing the accuracy of active sampling. However, it
is not clear whether reaction with ozone is a problem for passive samplers. Further
research may be needed to improve the reliability of the passive sampling method for
determining carbonyl compounds in air.
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