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A rapid and efficient sample preparation method, which is called microwave-assisted
microsolid phase extraction, was developed for the determination of endocrine disrupting
chemicals in atmospheric particulate matter. The endocrine disrupting chemicals included
bisphenol A, diethyl phthalate, dibutyl phthalate, and di(2-ethylhexyl) phthalate. The
endocrine disrupting chemicals were isolated by microwave-assisted extraction following
adsorption by copper(II) isonicotinate using microsolid phase extraction. The endocrine
disrupting chemicals were subsequently determined by high performance liquid
chromatography with an ultraviolet detector. The extraction was optimized for temperature,
time, desorption time, and desorption solvent. Limits of detection (in the range of 2.0–8.5
nanograms per liter), limits of quantification (in the range of 6.6–28.0 nanograms per
liter), and repeatability of the procedure (less than 10 percent) were established.
Diethyl phthalate, diethyl phthalate, and di(2-ethylhexyl) phthalate were determined at
values from 0.57 to 68.8 nanograms per cubic meter in atmospheric particulate matter
collected from an urban area, a business center, and an industrial site in Dongguan,
China. The concentration of bisphenol A was below the detection limit in these samples.

Keywords: Bisphenol A; Di(2-ethylhexyl) phthalate; Dibutyl phthalate (diethyl phthalate); Diethyl phthal-
ate; Microwave-assisted micro-solid phase extraction

INTRODUCTION

Atmospheric particulate matter, also known as particulate matter or atmos-
pheric aerosol, are tiny pieces of solid or liquid matter suspended in the atmosphere.
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Although the amount of atmospheric particulate matter in the Earth’s atmosphere is
low, it may adversely affect air quality, visibility, and human health. Among the
complex components of respirable suspended particles, various organic compounds
are present including alkanes, alkenes, heterocycles, alkanoic acids, polycyclic aro-
matic hydrocarbons, ketones, and esters (Choi et al. 2012; Samy and Hays 2013).
Endocrine disrupting chemicals such as bisphenol A, polychlorinated biphenyls,
diethyl phthalate, dibutyl phthalate, and di (2-ethylhexyl) phthalate have been widely
studied around the world due to their presence in the environment and adverse
effects on wildlife and humans, including disruption to reproductive and immune
systems (Mills and Chichester 2005; Tsutsumi 2005). The endocrine disrupting che-
micals in atmospheric particulate matter may be directly inhaled by humans and may
be toxic even at trace levels (Purdom et al. 1994; Harries et al. 1997). The concen-
tration of each organic component is extremely low, usually in the range of 0.1–
100 nanograms per cubic meter (Choi et al. 2012). Therefore, sample preparation
technology plays an important role in the determination of trace endocrine disrup-
tors in atmospheric particulate matter.

For trace analysis of particulate matter, continuous air sampling for one day by
a large-volume sampler is required, followed by extraction from filters and detection
by chromatography (Rushdi et al. 2014; Sousa et al. 2015). In recent years, ultrasonic
extraction (Prieto-Blanco, López-Mahía, and Campíns-Falcó 2011), microwave-
assisted extraction (Coscollà et al. 2009; Beser, Beltrán, and Yusà 2014), and accel-
erated solvent extraction (Moscoso-Pérez et al. 2008; Lintelmann et al. 2010) have
been applied for organic compounds in particulate matter with improved efficiency.
However, these methods require filtration, cleanup, or preconcentration, which are
laborious, time-consuming, and usually involve large volumes of solvents.

A membrane protected microsolid phase extraction technique is a small device
using an adsorbent within a polypropylene membrane envelope (Basheer et al. 2006).
As the porous membrane afforded protection of the sorbent, no further filtration or
cleanup of the extract was required, simplifying the extraction. The procedure also
offers a reduced analysis time because of the small volume of organic solvent. By
using different adsorbents, microsolid phase extraction has been successfully applied
for determination of polycyclic aromatic hydrocarbons, polybrominated diphenyl
ethers, and organophosphorus pesticides in environmental and food samples
(Ge and Hian 2012; Gu et al. 2012; Huang et al. 2012; Wang et al. 2013).

In the common microsolid phase extraction procedure, the device is stirred in
a hot water bath and mass transfer is achieved by traditional heating (Lee et al.
2012; Zhang, Low, and Lee 2012; Zhou et al. 2012), which was inefficient and time
consuming. The microwave-assisted extraction system provides shorter extraction
time and higher efficiency. More importantly, it allows selective extraction of
analytes from complex matrices (Zhou, Xiao, and Li 2012; Ruan, Xiao, and Li
2014). However, microwave-assisted extraction also has drawbacks. The analyte
partition between the matrix and solvent is static, such that when the equilibrium
is achieved, the analyte could not move to the solvent. Hence, if there was adsorb-
ent to remove the analyte from the extraction solution, the efficiency would be
enhanced. Therefore, microwave-assisted microsolid phase extraction may com-
bine the advantages of microwave-assisted and microsolid phase extraction and
provide higher enrichment.

1356 Z. JIAO ET AL.



In this study, a microsolid phase device using copper(II) isonicotinate as
the adsorbent was coupled with microwave-assisted extraction for simultaneously
separating four endocrine disrupting chemicals from atmospheric particulate matter.
The extraction time, temperature, desorption solvent, and desorption time were opti-
mized. The extracts were determined by high-performance liquid chromatography
(HPLC). The accuracy and precision of the method were evaluated and compared
to traditional microwave-assisted extraction, and its suitability for the determination
of trace levels of these endocrine disrupting chemicals in the particulate matter was
demonstrated.

EXPERIMENTAL

Reagents and Materials

Standards of dibutyl phthalate (96.8 percent), diethyl phthalate(99.9 percent),
di(2-ethylhexyl) phthalate(99.6 percent), bisphenol A(99.6 percent), acetonitrile,
and methanol were purchased from J & K Scientific. The solvents used were analyti-
cal grade for synthesis of materials and HPLC grade for extraction and analysis.
Ultrapure water was produced by a Heal Fore NW System (Shanghai, China).
Accurel polypropylene sheet membrane (0.20 micrometer pore size) was purchased
from Membrana (Wuppertal, Germany).

Preparation of Copper (II) Isonicotinate

The procedure described by Waizump et al. (1998) was modified to prepare the
copper(II) isonicotinate polymer powder using copper nitrate, isonicotinic acid, and
sodium hydroxide (Guangfu Fine Chemical Research Institute, Tianjin, China). A
mixture of isonicotinic acid (0.1mole) and sodium hydroxide (0.1mole) was stirred
in double distilled water, then into which the copper nitrate was added to produce
a blue precipitate that was stirred for three hours. The precipitate was collected by
filtration, dried in an oven at 60 degree Celsius, and ground with a mortar and pestle.
The material was characterized by X-ray diffraction (Figure 1).

Sample Preparation

The total suspended particulate matter was collected from three places in
Dongguan, China. One was collected in an urban area of Songshan Lake, the second
was beside a busy street in the business center, and the third was from an industrial
site. A HV-500F high volume sampler (Sibata, Japan) was used for total suspended
particulate collection on QF20 quartz fiber filters (20.3 × 25.4 centimeters) by using
an aspiration volume of 30 cubic meters per hour over twenty-four hours. Prior to
sampling, filters were preheated at 400 degree Celsius for twelve hours and then
weighed after forty-eight hours of conditioning in a desiccator at constant tempera-
ture (20� 1 degree Celsius) and relative humidity conditions (50� 5 percent),
according to the EN 12341 European Norm. Samples were stored at �18 degree
Celsius until analysis.
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Microwave-Assisted Microsolid Phase Extraction Procedure

A microwave extraction system (Xintuo, Shanghai, China) was used in the
procedure described as follows. Filters were cut into four pieces using a scalpel,
the four pieces were divided to two parts, each part contained two pieces at the
diagonal direction and was extracted separately. The 10 milliliters of methanol and
the microsolid phase extraction device were transferred into a microwave flask. The
microsolid phase extraction device consisted of 10 milligrams copper(II) isonicotinate
in an microporous polypropylene membrane envelope. The size of the microporous
polypropylene membrane envelope was approximately 1.0 centimeter in length× 0.8
centimeter in width. Under a power of 400 watts of microwave irradiation, extraction
was performed at 40 degree Celsius for fifteen minutes and the microsolid phase
extraction devices were rinsed with hexane, and dried on filter paper. For desorbing
the analytes, the microsolid phase extraction device was sonicated with 2.5 microliters
of hexane for twenty-five minutes. The eluate obtained was filtered through a 0.20

Figure 1. X-ray diffraction spectra of the metal-organic framework polymer: (A) simulated and (B)
experimental.
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micrometer membrane and evaporated to dryness under nitrogen. The residue was
dissolved in 100 microliters of hexane and analyzed by HPLC.

HPLC Determination

Determination of diethyl phthalate, dibutyl phthalate, di(2-ethylhexyl) phthalate,
and bisphenol A were carried out on a Summit HPLC system (Dionex). All sample
solutions were passed through a 0.45 micrometer micropore filter before HPLC
analysis. For bisphenol A, separation was performed on a Diamonsil C18 column
(150×4.6 millimeters, i.d., 5 micrometers, J & K Chemical) with a nonlinear gradient
of 75 percent methanol and 25 percent water (volume by volume) at a flow rate of 0.8
milliliter per minute followed by detection at 225 nanometers. For diethyl phthalate,
dibutyl phthalate, and di(2-ethylhexyl) phthalate, theDiamonsil C18 columnwas eluted
with a nonlinear gradient: 90 percent of methanol and 10 percent of water (volume by
volume) at a flow rate of 1.0 milliliter per minute and detected at 225 nanometers.

RESULTS AND DISCUSSION

Microwave-Assisted Extraction and Microsolid Phase Extraction

Microwave-assisted microsolid phase extraction was performed using an
improved extraction vessel. The glass extraction vessel had slender bottom region per-
mitting a small amount of sample and a small volume of extraction solvent to be used
during the procedure. The device also included a condenser, which was placed on the
extraction vessel to allow the solvent to reflux upon microwave irradiation. Copper
(II) isonicotinate was used as adsorbent in the microsolid phase extraction bag that
was placed in the bottom of flask with the sample and extraction solvent. The ana-
lytes were transported into the extraction solvent, enhanced by microwave
irradiation, and then quickly adsorbed by the copper(II) isonicotinate. Matrix inter-
ferences were prevented by the porous membrane; thus cleanup and concentration
were performed in one step, which is an advantage of microsolid phase extraction.

Optimization of Extraction Time

The extraction efficiency depends on the mass transfer of analyte from the sam-
ple solution to the adsorbent. The extraction time is an important parameter to opti-
mize microwave-assisted microsolid phase extraction and was achieved using 20
nanograms per milliliter standards of diethyl phthalate, dibutyl phthalate, di(2-ethyl-
hexyl) phthalate, and bisphenol A. The extraction time was optimized over a range of
five to thirty minutes. The results are shown in Figure 2. The peak areas increased up
to fifteen minutes and remained constant consequently fifteen minutes was deemed
to be the optimum extraction time.

Optimization of Extraction Temperature

The extraction temperature is important for extraction because mass transfer
increases with temperature. In this study, the extraction efficiency increased when
the temperature increased from 30 to 40 degree Celsius. However, above 40 degree
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Celsius, desorption of the analytes from the adsorbent occurred. Consequently, 40
degree Celsius was chosen to be the optimum extraction temperature (Figure 3).

Optimization of Desorption Solvent

After extraction, the analytes were desorbed from the microwave-assisted
micro-solid phase extraction device by sonication in a suitable organic solvent.

Figure 2. Optimization of extraction time profile. The conditions are described in the text.

Figure 3. Optimization of extraction temperature. The conditions are described in the text.
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Solvent desorption was evaluated using ethyl acetate, hexane, dichloromethane,
and methanol. All analytes were better desorbed by hexane than the other solvents
(Figure 4). Hence, hexane was chosen as the desorption solvent.

Optimization of Desorption Time

In the micro-solid phase extraction procedure, the adsorption and desorption
are both significant. In order to achieve complete desorption of endocrine disrupting
chemicals, the time for desorption was investigated in the range of five to thirty
minutes. Figure 5 shows the optimum desorption occurred after twenty-five minutes
which was employed in subsequent experiments (Figure 5).

Method Validation

The linearity of the HPLC system for determination of diethyl phthalate,
dibutyl phthalate, di(2-ethylhexyl) phthalate, and bisphenol A was evaluated using
standard solutions with diphenyl phthalate as the internal standard. The linear
regression analysis of the concentration and the response (analyte peak area/internal
standard peak area) are shown in Table 1. Limits of detection (LOD) and limits of
quantification (LOQ), which were calculated at three and ten times the standard
deviation above the blank sample extract were from 2.0 to 8.5 nanograms per liter
and from 6.6 to 28.0 nanograms per liter, respectively. The limits of detection and
quantification for bisphenol A were higher than dibutyl phthalate, diethyl phthalate,
and di(2-ethylhexyl) phthalate, while lower than in a previous report (Dai et al.
2014).

Figure 4. Optimization of desorption solvent. The conditions are described in the text.
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In order to validate the precision and accuracy of the method, the samples
were fortified with 0.05, 0.50, and 1.0 microgram per milliliter of analytes in blank
filters and analyzed with five replicates. The mean recoveries of diethyl phthalate,
dibutyl phthalate, di(2-ethylhexyl) phthalate, and bisphenol A in the samples were
81.7–119 percent in the fortified samples. The relative standard deviations (RSD)
were less than 10 percent (Table 2). In summary, the method was validated with good
reproducibility and satisfactory accuracy for the determination of phthalate esters
and bisphenol A in atmospheric particulate matter.

The microwave-assisted extraction approach was applied for the extraction of
endocrine disruptors in particulate matter. The results between microwave-assisted
microsolid phase extraction and microwave-assisted extraction were compared.
First, the former was faster and allowed preconcentration and cleanup in one step
(Coscollà et al. 2009; Beser, Beltrán, and Yusà 2014). Second, the recoveries of endo-
crine disrupting chemicals were comparable between the microwave-assisted extrac-
tion microsolid phase extraction and the microwave-assisted extraction methods,

Figure 5. Optimization of desorption time. The conditions are described in the text.

Table 1. Analytical figures of merit for endocrine disrupting chemicals in atmospheric particulate matter

Analyte
Regression
equation

Linear
dynamic range
micrograms
per milliliter

Correlation
coefficient r2

Limit of
detection

(nanograms
per liter)

Limit of
quantification
(nanograms
per liter)

Diethyl phthalate y¼ 0.5549x� 0.0729 0.005–10 0.9992 2.0 6.6
Dibutyl phthalate y¼ 0.8144x� 0.0807 0.005–10 0.9991 3.1 10.2
Di(2-ethylhexyl)

phthalate
y¼ 0.1653x� 0.0079 0.005–10 0.9996 5.7 18.8

Bisphenol A y¼ 1.4484x� 0.0328 0.01–1.0 0.9990 8.5 28.0
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which were all between 80 and 120 percent. Third, the detection limits of 2.0–8.5
nanograms per liter for endocrine disrupting chemicals of the novel method were
lower using microwave-assisted extraction (10–50 nanograms per liter). Fourth,
the microsolid phase extraction method showed better selectivity for endocrine dis-
rupting chemicals than microwave-assisted extraction because the porous propylene
envelope acted as a filter to exclude soluble components. Therefore, the microwave-
assisted micro-solid phase extraction may provide better selectivity than microwave-
assisted extraction for endocrine disrupting chemicals. The microsolid phase extrac-
tion method also uses less organic solvent than the microwave-assisted extraction
approach. In summary, microwave-assisted microsolid phase extraction is compara-
ble or even better than the well-established microwave-assisted extraction in terms of
the accuracy, sensitivity, selectivity, and reduced use of organic solvents for the
determination of endocrine disrupting chemicals in atmospheric particulate matter.

Analysis of Atmospheric Particulate Matter

The developedmethodwas further applied to atmospheric particulatematter col-
lected from three sites (Figure 6). The results showed that diethyl phthalate, dibutyl
phthalate, and di(2-ethylhexyl) phthalate were present from 0.57 to 5.56 nanograms
per cubic meter in atmospheric particulate matter from the urban area, 4.5–11.9 nano-
grams per cubic meter from the business center, and 19.2–68.8 nanograms per cubic
meter from the industrial site. Bisphenol A was below the detection limit in all samples.

Table 2. Recovery and precision in atmospheric particulate matter

Sample site Analyte Concentration

Mean
recovery
(percent)

Relative
standard
deviation
(percent)

Collected at business
center

diethyl phthalate 6.1 nanograms per cubic
meter

81.7 6.8

dibutyl phthalate 4.5 nanograms per cubic
meter

84.2 4.5

di(2-ethylhexyl)phthalate 11.9 nanograms per cubic
meter

81.2 3.6

bisphenol A Not detected 100.7 8.5
Collected at industrial

site
diethyl phthalate 19.2 nanograms per cubic

meter
95.5 8.8

dibutyl phthalate 23.5 nanograms per cubic
meter

86.5 5. 7

di(2-ethylhexyl)phthalate 68.8 nanograms per cubic
meter

110.4 9.2

bisphenol A Not detected 92.3 5.5
Collected at urban area

in Dongguan
diethyl phthalate 0.65 nanogram per cubic

meter
95.2 6.2

dibutyl phthalate 0.57 nanogram per cubic
meter

83.7 7.9

di(2-ethylhexyl)phthalate 5.56 nanograms per cubic
meter

85.4 9.4

bisphenol A Not detected 119.2 8.1
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The concentrations of phthalate esters in atmospheric particulate matter from the
industrial area were much higher than the other two sites due to the industrial pol-
lution. The levels were also higher in the business center compared to the urban area.
The results varied with season, climate, and even sampling time in the same day. This
preliminary study showed favorable extraction efficiency, low detection limits, and
good repeatability, suggesting this method is promising for monitoring air quality.

CONCLUSIONS

An extraction device termed microwave-assisted microsolid phase extraction
was developed and applied for the determination of endocrine disrupting chemicals
in atmospheric particulate matter. By coupling to HPLC with an ultraviolet detector,
good reproducibility (relative standard deviations less than 10 percent) and low
detection limits (from 2.0 to 8.5 nanograms per liter) were demonstrated. Compared
with the well-developed microwave-assisted extraction method, this method offers
advantages in terms of reduced organic solvent consumption, high sensitivity, and
good selectivity for endocrine disrupting chemicals. This approach is a promising
alternative microextraction technique in environmental samples or other samples
with complicated matrices.
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Figure 6. High-performance liquid chromatogram of atmospheric particulate matter from an urban area.
DEP¼ diethyl phthalate, DBP¼ dibutyl phthalate, DEHP¼di(2-ethylhexyl)phthalate.
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