
*To whom correspondence should be addressed.   e-mail: tahara@nihs.go.jp

INTRODUCTION

Semi-volatile organic compounds (SVOCs) have a boiling 
point of 240–400°C and are characterized by a lower vapor 
pressure than volatile organic compounds.1) The sources of 
SVOCs are plasticizers, flame retardants, and insecticides in 
furniture, building materials, and household products, and are 
ubiquitous in any indoor environment.2) Therefore, SVOCs 
contaminate indoor air through gradual and continuous emis-
sions.3)

Moreover, some SVOCs can cause illnesses, such as sick-
building syndrome and asthma.4–5) In Japan, the name “sick-
house syndrome” has become popular because of the high inci-
dence of health hazards, particularly in residential areas.6) As a 
countermeasure for indoor air pollution, guideline values for 
indoor air concentrations were set for five SVOCs from 2000 
to 2002. The five SVOCs included two phthalates, di-n-bu-
tyl phthalate (DnBP) and di-2-ethylhexyl phthalate (DEHP), 
and three insecticides: fenobucarb, diazinon, and chlorpyrifos. 
Fenobucarb is a carbamate insecticide, whereas diazinon and 
chlorpyrifos are classified as organophosphorus insecticides. 
These substances cause cholinesterase inhibition and affect the 
brain and nervous system.7–9) In Japan, chlorpyrifos was wide-

ly employed as a termite control building material until it was 
banned in 2003 because of its high neurotoxicity.10)

Over 20 years have passed since guideline values for indoor 
concentrations have been established in Japan. The Committee 
on Indoor Air Pollution (CIAP) established the current, offi-
cial sampling, and analytical method for chemical substances 
in indoor air in 2001.11) The Ministry of Health, Labour and 
Welfare (MHLW) of Japan continually reviews the values and 
considers new chemical substances for inclusion. For instance, 
in 2019, the MHLW revised the guideline values for DnBP and 
DEHP to lower values.12) However, a review of the analyti-
cal method of SVOCs in indoor air remains largely unestab-
lished. The current official method is only a tentative proposal 
because it has yet to be validated, although sampling and ana-
lytical methods are provided.

There are two common methods for measuring the concen-
tration of SVOCs in indoor air: solvent extraction (SE) and 
thermal desorption (TD).13,14) The SE method can be conduct-
ed using a variety of adsorbents and requires no special equip-
ment other than gas chromatograph. However, this method has 
poor sensitivity and efficiency. In contrast, in the TD meth-
od, compounds collected in a dedicated adsorbent tube, such 
as “Tenax®,” are introduced directly into the gas chromato-
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Semi-volatile organic compounds (SVOCs), which can cause indoor air pollution, include plasticizers, insec-
ticides, and flame retardants. In Japan, the Ministry of Health, Labour and Welfare has set guidelines for 
indoor air concentrations of di-n-butyl phthalate and di-2-ethylhexyl phthalate in plasticizers and fenobucarb, 
diazinon, and chlorpyrifos in insecticides. However, this analytical method has only been tentatively proposed 
for more than 20 years. In this study, we attempted to construct an analytical method for insecticides for which 
guideline values have been established based on recently standardized sampling and extraction methods for 
phthalates in indoor air. The results of the recovery tests for the insecticides were excellent, with recovery rates 
and relative standard deviations in the ranges 88%–104% and 1.4%–7.5%, respectively. Furthermore, the lim-
its of detection and quantification were less than 1/50 of the current guideline values. Additionally, inter-labora-
tory validation was conducted at five research institutions. By excluding outliers with the Grubbs test, the accu-
racies were in the ranges of 81.9%–126.3%, 76.8%–121.7%, and 76.7%–112.8% for chlorpyrifos, diazinon, and 
fenobucarb, respectively. The target ranges for repeatability (RSDr) and reproducibility (RSDR) were 30% and 
35%, respectively, and the validation results met these criteria. Based on these results, we propose the developed 
method as the standard test method for insecticide-originated pollutants in indoor air in Japan.
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graph. This method requires no extraction and is highly sen-
sitive; however, the equipment is expensive and reanalysis is 
difficult. Thus, among both methods, SE is considered a ver-
satile approach and is currently the most utilized for indoor air 
analysis.

Based on the above, we decided to use the versatile SE 
method and review the official methods for insecticides 
according to technological advances in sampling and analyt-
ical instruments. Kagawa et al. recently devised a “standard 
test method for phthalates” (SMP) in indoor air based on SE.14) 
In the SMP, an air-sampling cartridge consisting of a quartz 
filter and a styrene–divinylbenzene copolymer (SDB) cartridge 
was utilized. Furthermore, this method is simple, and extrac-
tion can be achieved using acetone alone. Thus, the sampling 
and extraction of phthalates using an SDB cartridge may pro-
mote insecticide analysis, for which guidelines for indoor air 
concentrations have been established. In this study, we devel-
oped an analytical method for insecticide detection based on 
the SMP.

MATERIALS AND METHODS

General Chemicals and Equipment   Chlorpyrifos, diazinon, 
and fenobucarb were purchased from AccuStandard Co. (CT, 
USA). Chlorpyrifos-d10 (Kanto Chemical Co., Tokyo, Japan) 
was used as an internal standard. Acetone for the pesticide res-
idue and polychlorinated biphenyl tests were purchased from 
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). AERO 
LE Cartridge SDB400HF was purchased from GL Science Inc. 
(Tokyo, Japan), and Minipump MP-∑300NII (Sibata Scientific  

Technology LTD., Tokyo, Japan) was used as the air-sampling 
pump.

Analytical Methods   Details of the analyses are present-
ed in Table 1. All gas chromatograph–mass spectrometer  
(GC–MS) quantitative analyses were performed in selected-
ion monitoring mode, and the quantification and confirma-
tion ions are shown in Table 2. The calibration curve ranges 
were set to 1–100 ng/mL for chlorpyrifos and 4–400 ng/mL 
for diazinon and fenobucarb. The concentration of the internal 
standard was 100 ng/mL for chlorpyrifos-d10.

Air Sampling and Extraction   The cartridge was attached 
to a sampling pump and indoor air was aspirated at 1 L/min 
for ​​​​​​​24 h (1.44 m3). The quartz filter and adsorbent were trans-
ferred to a 10 mL centrifuge tube and sonicated in 5 mL ace-
tone for 20 min. Subsequently, the sample was centrifugaed 
(1740 × g, 10 min), and 1 mL of the supernatant was collect-
ed in a GC vial, to which 100 µL of the internal standard was 
added (Fig. 1). To address the poor sensitivity of GC–MS,  
2 mL of supernatant remaining after centrifugation was con-
centrated to 0.5 mL with N2 gas. The supernatant was concen-
trated using a graduated concentration tube. After concentra-
tion, 50 µL of the internal standard was added, and GC–MS 
analysis was performed (Fig. 1).

Recovery Tests and Calculation of Limits of Detection 
(LOD) and Quantitation (LOQ)   The standard mixture of 
chlorpyrifos (0.1 µg/mL), diazinon (0.35 µg/mL), and fenobu-
carb (0.5 µg/mL) were prepared and loaded into the cartridge 
(100 µL). Chlorpyrifos (10 ng), diazinon (35 ng), and fenobu-
carb (50 ng) were applied to SDB cartridges. In this study, 
all the standards were dissolved in acetone. Spiked cartridg-
es were aspirated at 1 L/min for 24 h. At that time, air aspira-
tion (n = 6) and without air aspiration (n = 3) were performed 
and analyzed by GC–MS. The LOD and LOQ were estimat-
ed to be three-fold and ten-fold the standard deviation of the 
concentration obtained in the recovery test (Table 3). For the 
blank test, the cartridge without addition was aspirated at  
1 L/min for 24 h.

Interlaboratory Validation of the Analytical Methods 
for the Insecticides   Interlaboratory validation of the analyt-
ical methods for insecticides was conducted at five Institutes: 
The National Institute of Health Sciences (Kanagawa, Japan), 
Hokkaido Institute of Public Health (Hokkaido, Japan), 
Tokyo Metropolitan Institute of Public Health (Tokyo, Japan),  
Yokohama City Institute of Public Health (Kanagawa, 
Japan), and Kanagawa Prefectural Institute of Public Health  
(Kanagawa, Japan). These Institutes are listed in no specif-
ic order. Mixture standards, internal standards, and cartridges 
were distributed to each institute and their concentrations were 
masked. Precision was expressed as repeatability (RSDr) and 
reproducibility (RSDR). A series of tests was conducted, and 
the recovery rates were determined.

Briefly, 100 µL of the standard mixture was spiked into a 
cartridge and allowed to dry at room temperature for at least 

Table 1.   The Analytical Method for Three Insecticides

GC
Instrument Thermo Fisher Scientific Trace-1310
Column VF5-MS 30 m x 0.25 mm, i.d., 0.25 µm

Oven temperature 80°C (5 min) –20°C/min–120°C–
6°C/min–250°C–30°C/min–310°C (2 min)

Carrier gases Helium, 1 mL/min (constant flow)
Injection mode Splitless mode
Injection volume 2 µL
Inlet temperature 280°C

MS
Instrument Thermo Fisher Scientific TSQ8000
Interface temperature 280°C
Ion-source temperature 280°C

Table 2.   �Quantification and Confirmation Ions (m/z) for the Insecticides 
and Its Internal Standard

Quantification ion Confirmation ion
Fenobucarb 121 151
Diazinon 179 137
Chlorpyrifos 314 197
Chlorpyrifos-d10 324 200

Table 3.   Evaluation of Insecticides Under the Analytical Conditions Using the SMP

Without air aspiration (n = 3) With air aspiration (n = 6)
Recovery (%) RSD (%) Recovery (%) RSD (%) LOD (µg/m3)* LOQ (µg/m3)* Guideline value (µg/m3)#

Fenobucarb 108 3.5 104 7.5 0.0071 0.024 33
Diazinon 84.3 5.8 90.9 1.4 0.0012 0.0040 0.29
Chlorpyrifos 77.7 4.4 88.0 3.2 0.00060 0.0020 1 for adults, 0.1 for children
* LOD and LOQ were calculated assuming a volume of 1.44 m3 of indoor air collected at 1 L/min for 24 h.
# Guideline values for indoor air concentration in Japan.
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30 min. ​Seven spiked samples were prepared and five sam-
ples were passed through indoor air at 1 L/min for 24 h. The 
remaining two samples were left to stand for 24 h. Blanks 
were prepared as cartridges with and without air aspiration. 
The decision on the concentration process was left to the 
judgment of each institution, considering the condition of the 
instrument. The GC–MS analysis conditions for each laborato-
ry are listed in Table 4. Homogeneity of the test samples was 
verified before distribution (data not shown).

Statistical Analysis   Twenty-five data items (five portions 
evaluated at five laboratories) were used in the calculations  
(α = 5.0%). The outliers were identified by performing a 
Grubbs test from the concentration data (n = 25) of all labora-
tories (Table S2). The use of the statistical test to identify out-
liers was following references 17 and 18.

RESULTS AND DISCUSSION

Evaluation of the Air-Sampling and Extraction Methods 
Based on the SMP   Our group examined the SMP in indoor 
air in Japan.14,15) Adapting the SMP to the extraction method 
for insecticides would simplify and improve its analysis effi-
ciency. However, the guideline values for the three insecticides 
range from 0.1 to 33 µg/m3, which are lower than the values 
for phthalates (17–100 µg/m3), raising concerns about insuffi-
cient sensitivity due to the adoption of the SMP. We examined 
the extraction-based analysis method for insecticides using the 
SMP (Fig. 1).

The guideline values for insecticides were 0.1, 0.29, and  
33 µg/m3 for chlorpyrifos (for children), diazinon, and fenobu-
carb, respectively. The concentration (ng/mL) correspond-
ing to 1/10 of the guideline value was calculated. The concen-
trations below 1/10 of the guideline value were 1.0, 4.0, and  
4.0 ng/mL for chlorpyrifos, diazinon, and fenobucarb, respec-
tively, and standard solutions of each concentration were ana-
lyzed by GC–MS. For all cases, good peaks were observed, 
with signal-to-noise (S/N) ratios exceeding 100 (Table S1). 
The calibration curves were set in the range of 1–50 ng/mL for 
chlorpyrifos, and 4–200 ng/mL for diazinon and fenobucarb. 
Good linearity was obtained, with a coefficient of determina-
tion (R2) exceeding 0.99 (Table S1).

Next, we evaluated the performance of the analytical meth-
od by conducting a recovery test. Notably, air-sampling car-
tridges collect many compounds, which may affect quan-
tification accuracy. Furthermore, matrix effects, such as 
ionization-enhancing or -suppressing effects, are frequently 
observed, particularly during MS quantitation. Thus, we evalu-
ated the recovery rate with and without aspiration into the car-
tridge to accurately quantify the trace amounts of insecticides 
in the air. Without air aspiration into the cartridge, the recov-

Fig. 1.   Air Sampling and Extraction Method for Insecticides in Indoor Air 
Using the “Standard Test Method for Phthalates (SMP).”

Table 4.   GC–MS Analysis Conditions at the Different Laboratories in the Interlaboratory Validation

Laboratory 1 Laboratory 2 Laboratory 3 Laboratory 4 Laboratory 5

GC Agilent Technologies 
7890A

Thermo Fisher Scientific 
Trace-1310 Shimadzu GC-2010 Plus Agilent Technologies 

7890B Shimadzu GC-2010 Plus

Column VF5-MS 30 m x 0.25 
mm, i.d., 0.25 μm

VF5-MS 30 m x 0.25 
mm, i.d., 0.25 μm

DB5-MS 30 m x 0.25 
mm, i.d., 0.25 μm

VF5-MS 30 m x 0.25 
mm, i.d., 0.25 μm

VF5-MS 30 m x 0.25 
mm, i.d., 0.25 μm

Oven temperature

80°C (2 min) –20°C/
min–120°C–
6°C/min–250°C–30°C/
min–320°C (2 min)

80°C (5 min) –20°C/
min–120°C–
6°C/min–250°C–30°C/
min–310°C (2 min)

80°C (2 min) –25°C/
min–200°C–
40°C/min–280°C (7 min)

80°C (3 min) –10°C/
min–110°C–
8°C/min–260°C (2 min)

80°C (5 min) –20°C/
min–120°C–
6°C/min–250°C–30°C/
min–310°C (2 min)

Carrier gases Helium, 1 mL/min 
(constant flow)

Helium, 1 mL/min 
(constant flow)

Helium, 1 mL/min 
(constant flow)

Helium, 12 psi (constant 
flow)

Helium, 1 mL/min 
(constant flow)

Injection mode Splitless mode Splitless mode Splitless mode Splitless mode Splitless mode

Injection volume 2 µL 2 µL 2 µL 2 µL 2 µL

Inlet temperature 280°C 280°C 250°C 280°C 280°C

MS Agilent Technologies 
5975C

Thermo Fisher Scientific 
TSQ8000

Shimadzu  
QP-2010 Ultra

Agilent Technologies 
5977A

Shimadzu  
QP-2020

Interface temperature 280°C 280°C 280°C 280°C 280°C

Ion-source temperature 250°C 280°C 280°C 250°C 280°C

Concentration process No Yes No Yes Yes
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ery rate was in the range of 78%–108%, and the relative stand-
ard deviation (RSD) was in the range of 3.5%–5.8% (mean of  
n = 3). With air aspiration, the recovery range was 88%–104% 
and the RSD range was 1.4%–7.5% (mean of n = 6). Thus, the 
analytical method based on SMP yielded good results (Table 3).  
The LOQ and LOD were calculated based on the recovery 
test results. The LOQs of chlorpyrifos, diazinon, and fenobu-

carb were 0.002, 0.004, and 0.024 µg/m3, respectively, and the 
LODs were 0.0006, 0.0012, and 0.0071 µg/m3, respectively, 
which were well below the 1/50 guideline value (Table 3).

Based on the SMP, the analytical method for insecticides 
was established to be very robust, as evidenced by the calibra-
tion curve, recovery rate, LOQ, and LOD. Finally, the concen-
tration process was evaluated (Fig. 1). The results showed that 
the recoveries (mean of n = 3) were 99.2% (4.4% for RSD), 
87.0% (5.5% for RSD), and 81.3% (1.5% for RSD) for chlor-
pyrifos, diazinon, and fenobucarb, respectively. Recovery tests 
confirmed that the analytical results were equivalent regard-
less of the presence or absence of concentration. Therefore, 
the concentration process compensates for the poor sensitivi-
ty of the GC–MS.

Interlaboratory Validation of the Analytical Method of 
the Insecticides   We developed a test method based on the 
SMP for insecticides, for which the guideline values for indoor 
air concentrations in Japan have been established. The perfor-
mance of the method was further evaluated through interlabo-
ratory validation. The ranges of accuracy (recovery rate) and 
precision (RSDr and RSDR) values in this test were determined 
by referencing the “guidelines for the validation of the testing 
method for drinking water.”16)

Before evaluating the results of the interlaboratory valida-
tion, we performed a Grubbs test and excluded outliers.17,18)  
In this test, one data set from Laboratory 5 was excluded 
(Table S2). In Laboratory 5, the recovery rate exceeded 151% 
in one of the five times, which is very high compared to the 
data from other institutions. We compared it to Laboratory 3, 
which has almost the same instrument as Laboratory 5. Since 
the recovery rate of Laboratory 5 varied more than that of 
Laboratory 3, the condition of the instrument and the deteri-
oration of consumables such as GC columns and liners may 
have been factors.

The accuracies excluding outliers are shown in Fig. 2. For 
the case with air aspiration to the cartridges, the recovery rate 
ranges were 81.9%–126.3%, 76.8%–121.7%, and 76.7%–
112.8% for chlorpyrifos, diazinon, and fenobucarb, respective-
ly. In addition, the RSDr and RSDR values for each test are pre-
sented in Table 5. The target precision results were RSDr less 
than 30% and RSDR less than 35%. The data from all institu-
tions ranged from 2.0% to 9.7% for RSDr and from 14.7% to 
17.9% for RSDR. As a result of the interlaboratory validation, 
we reached a certain standard using the Grubbs test to exclude 
outliers. Statistical methods such as the Grubbs test may be 
effective in interlaboratory validation, where a certain number 
of outliers may occur due to differences in analytical instru-
ments and conditions at each institution.

In conclusion, we have developed an analytical method for 
insecticides based on the SMP. The SE method employed in 
the SMP is easier to reanalyze than the TD method. For the 
SVOCs analyzed in this study, the SMP maintained suffi-

Table 5.   Interlaboratory Validation of the Analysis Method for the Three Insecticides (n=5)

RSDr (%)
RSDR (%)

Laboratory 1 Laboratory 2 Laboratory 3 Laboratory 4 Laboratory 5
Fenobucarb 3.2 7.4 3.8 4.0 2.7 15
Diazinon 4.2 4.0 9.7 3.0 8.4 17
Chlorpyrifos 4.5 5.8 5.0 2.0 5.5* 18
* Data for chlorpyrifos in Laboratory 5 were calculated with n=4.

Fig. 2.   The Accuracy of the Interlaboratory-Validation Results for the 
Three Insecticides; white bar: with air aspiration, black bar: without air as-
piration, error bars: the standard deviation of the recovery rate obtained at 
each laboratory, dashed lines: 70-130% of the target range. Air aspiration  
(n = 5) and without air aspiration (n = 2) were performed. Data for chlorpy-
rifos in Laboratory 5 was calculated, excluding outliers.
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cient sensitivity and extraction efficiency; the simplicity of the 
method allowed for SE advantages. Finally, the interlaborato-
ry validation was conducted using analytical instruments from 
five institutions. Certain criteria were achieved by excluding 
outliers with the Grubbs test. We propose a method based on 
the SMP as the “standard test method for insecticides in indoor 
air” to the CIAP, and we believe that the MHLW will soon 
notify the public.
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