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Abstract Microwave-assisted thermal desorption (MAD)
coupled to headspace solid-phase microextraction (HS-
SPME) has been studied for in-situ, one-step, sample
preparation for PAHs collected on XAD-2 adsorbent, before
gas chromatography with mass spectrometric detection. The
PAHs on XAD-2 were desorbed into the extraction
solution, evaporated into the headspace by use of micro-
wave irradiation, and absorbed directly on a solid-phase
microextraction fiber in the headspace. After desorption
from the SPME fiber in the hot GC injection port, PAHs
were analyzed by GC-MS. Conditions affecting extraction
efficiency, for example extraction solution, addition of salt,
stirring speed, SPME fiber coating, sampling temperature,
microwave power and irradiation time, and desorption
conditions were investigated. Experimental results indicated
that extraction of 275 mg XAD-2, containing 10-200 ng
PAHs, with 10-mL ethylene glycol-1 mol L' NaCl
solution, 7:3, by irradiation with 120 W for 40 min (the
same as the extraction time), and collection with a PDMS—
DVB fiber at 35 °C, resulted in the best extraction
efficiency. Recovery was more than 80% and RSD was
less than 14%. Optimum desorption was achieved by
heating at 290 °C for 5 min. Detection limits varied from
0.02 to 1.0 ng for different PAHs. A real sample was
obtained by using XAD-2 to collect smoke from indoor
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burning of joss sticks. The amounts of PAHs measured
varied from 0.795 to 2.53 ng. The method is a simple and
rapid procedure for determination of PAHs on XAD-2
absorbent, and is free from toxic organic solvents.
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Introduction

Polycyclic aromatics hydrocarbons (PAHs) are well known
toxic and hazardous pollutants and highly potent carcino-
gens that can cause tumors in some organisms. PAHs are
produced by incomplete combustion or pyrolysis of organic
materials containing carbon and hydrogen [1]. Occupation-
al exposure to PAHs has been shown to be associated with
an increased risk of cancer in coke oven, foundry, and
aluminium production workers [2, 3]. There has also
recently been concern about interference of PAHs with
hormone systems, their potential effect on reproduction,
and their ability to depress immune function [4].

When monitoring workplace or indoor air, XAD-2 is
commonly used as adsorbent for sampling non-polar
pollutants, for example PAHs [5-8]. After sampling,
appropriate pretreatment of the XAD-2 sample is required,
including desorption with organic solvent (e.g. cyclohex-
ane), cleaning, and concentration by purging evaporation,
before chromatographic analysis [6, 9—15]. Although such
pretreatment efficiently yields precise results, it is tedious,
time consuming, and requires use of toxic organic solvents
and expensive equipment.

Methods of pretreatment that take a short time with little
or no use of organic solvents have recently been developed.
Solid-phase microextraction (SPME) has several advan-
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tages over conventional extraction techniques [16—19]. It
has been used for successful extraction of many volatile and
semivolatile organic compounds, including PAHs, from
different matrixes [20-26]. Headspace SPME (HS-SPME)
was developed later and has been successfully used to
eliminate interference problems [27-29]. HS-SPME has
been reported to be efficient only for the analytes with high
and medium Henry coefficients, however [30]. Although
HS-SPME has been used to extract PAHs, with preheating
of the samples to enhance extraction of PAH, it was,
however, still time-consuming [31-34].

We have recently investigated use of microwave
heating to enhance the evaporation of semi-volatile
analytes for HS-SPME sampling before GC analysis
[35-39]. Microwave-assisted desorption (MAD) coupled
with HS-SPME sampling has also been successfully used
for determination of aniline in silica gel [40]. MAD coupled
to MA-HS-SPME has the potential to become an alternative
pretreatment step for isolation of PAHs from XAD
adsorbent. Because the optimum conditions for MAD-HS-
SPME depend on the characteristics of the adsorbent and
the desorption solution and the boiling point and polarity of
analyte, it is necessary to investigate the MAD-HS-SPME
technique for a wide range of high-boiling-point PAHs.

In this study we have systematically investigated the
applicability of microwave-assisted desorption (MAD) and
in-situ HS-SPME (MAD-HS-SPME) coupled to GC-MS
for simple, rapid, sensitive, and solvent-free analysis PAHs
on XAD-2 adsorbent.

Experimental
Chemicals and reagents

Eight PAHs standards including naphthalene (NaP), ace-
naphthylene (AcPy), acenaphthene (AcP), fluorene (Flu),
phenanthrene (PhA), anthracene (AnT), fluoranthene
(FluA), and pyrene (Pyr), and d'®-anthracene (d'°-AnT)
as internal standard, were purchased from Dr Ehrenstorfer
(Augsburg, Germany) and stored at 4 °C. Working
solutions (10 ug mL™" in acetone) were prepared weekly
by appropriately dilution of the stock solutions with acetone
(Mallinckrodt, Paris, Kentucky, USA). All standards and
working solutions were stored at 4 °C in silanized brown
glass bottles with Teflon-lined caps.

XAD-2 adsorbent tubes were purchased from SKC
(Model No 226-30-6, front 270 mg, back 140 mg).
Amberlite XAD-2 resin (surface area 370 m”> g ', mean
particle size 551 um) were from Supelco (Bellefonte, PA,
USA). They were pre-cleaned with dichloromethane by
Soxhlet extraction for 20 h before use. Deionized water for
all aqueous solutions was produced by use of a Barnstead
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(New York, USA) Nanopure water system. All chemicals
and solvents were of ACS reagent grade.

GC-MS

GC-MS was performed with a Varian 3800 system
equipped with Saturn 2000 mass detector (MS) and a
split/splitless injector. Compounds were separated on a
fused silica DB-5 capillary column (30 mx0.25 mm i.d.,,
1.0 um film thickness; J&W Scientific, Folsom, CA, USA).
Helium was used as carrier gas and purge gas at flow rates
of 1.0 and 20 mL min "', respectively. The gas chromato-
graph was operated in splitless mode with a desorption time
of 5 min; the injector temperature was 300 °C. The oven
temperature was maintained at 50 °C for 1 min then
programmed at 10° min to 300 °C which was held for
5 min. The ion trap, manifold, and transfer line temper-
atures were 230, 60, and 300 °C, respectively. Mass spectra
in EI mode was obtained at an electron energy of 70 eV.
Saturn GC-MS Workstation 5.5 software was used for data
acquisition.

MAD/HS-SPME

The microwave oven used in this work was a modified
version of the domestic NE-V32 inverter system (2450
MHz, Panasonic, Canada) with a maximum power of 720
Watts, equipped with a temperature-control cooling system
(YIH DER BL-720, Taiwan). A home-made microwave
stirrer was used to stir the samples at 2400 rpm during
extraction. After modification, microwave power of 78, 94,
102, 120, 137, and 154 W was used in this study. The
sampling system was set up as shown in Fig. 1. Aluminium
foil was attached to the inner and outer wall of the
microwave oven at the interface between the microwave
body and the headspace sampling apparatus to prevent
leakage of irradiation. During the experiments a microwave
leak detector (MD-2000; Less EMF, NY, USA) was used to
check safety aspects of the equipment.

The SPME device, consisting of the holder and fiber
assembly for manual sampling, was obtained from Supelco
(Bellefonte, PA, USA) and was used without modification.
The fibers selected in this study were 1 cm long and coated
with different materials (65-um PDMS-DVB, 85-um PA,
and 100-um PDMS). Before use the fibers were condi-
tioned under nitrogen in the hot injection port, as
recommended by the manufacturer. The needle on the
SPME holder was set at its maximum length of 4 cm in the
GC injector port. A desorption temperature of 290 °C held
for 5 min was used to achieve the highest sensitivity for
PAHs. All analyses were performed with a 25-mL flask
with ground-glass joints containing 275 mg XAD-2 and
10 mL extraction solution.
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Fig. 1 Assembly of the MAD/
HS-SPME system
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Preparation of XAD-2 spiked sample

XAD-2 samples spiked with different quantities of PAHs
were prepared by adding 27.5 g XAD-2 adsorbent to
100 mL of standard solutions of different PAHs (in acetone)
at concentrations of NaP (0.01 pug mL '), AcPy and AcP
(0.02 ug mL "), Flu (0.03 ug mL "), PhA and AnT (0.1 pg
mL™"), FluA and Pyr (0.2 ug mL™"), individually. After the
solutions had been thoroughly mixed, acetone was removed
to dryness by use of an evaporator. The XAD-2 adsorbents
spiked with 10 ng NaP, 20 ng AcPy and Acp, 30 ng Flu,
100 ng PhA and AnT, and 200 ng FluA and Pyr per
275 mg, individually, were obtained.

Procedure

Spiked or unspiked XAD-2 samples (275 mg) were mixed
with 10 mL extraction solution (ethylene glycol-1 mol L™
NaCl, 7:3) in a 25-mL flask with ground-glass joint. After
swirling, the flask was placed in the microwave oven and
connected to the HS-SPME system. An SPME device with
a fiber was inserted into the hollow part of the condenser
which was connected to a circulated cooling water system
to control the sampling temperature. The PAHs were

desorbed into the extraction solution, with stirring at
2400 rpm, then vaporized and absorbed on the SPME fiber
in the HS by direct microwave irradiation at 120 W for
40 min. After collection of the PAHs the fiber was desorbed
in the GC injector for GC—MS analysis.

Real sample collection

Samples of smoke from indoor burning of joss sticks were
collected with an air sampling device containing a filter and
an adsorbent tube connected by silicone rubber tubing to a
battery-powered pump (SKC Model 222) at a flow rate of
1.4 L min~' for 5 h. The samples were stored at 4 °C until
analysis.

Results and dscussion

Fiber selection

The mixed-polymer bipolar PDMS-DVB (65-um) fiber
was evaluated for headspace sampling of PAHs in addition

to the polyacrylate (PA, 85-um) and polydimethylsiloxane
(PDMS, 100-um) fibers regarded as most appropriate for
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Fig. 2 Efficiency of extraction of PAHs on different SPME fibers.
Conditions: microwave irradiation at 120 W for 40 min, circulating
water temperature 35 °C

PAH [34-37, 41]. A spiked sample described in the section
“Preparation of XAD-2 spiked sample” was analyzed in
triplicate by use of each fiber. The efficiencies of extraction
of PAHs (related to peak areas) by use of the different
fibers under the action of microwave irradiation (120 W,
40 min) and HS-SPME at 35 °C are illustrated in Fig. 2.
Efficiency of extraction of NaP, AcPy and AcP was higher
for the bipolar PDMS-DVB fiber than for the PDMS fiber
and almost the same for the other five PAHs. Efficiency of
extraction of all eight PAHs by the PDMS-DVB fiber was
higher than that by the polyacrylate fiber. The PDMS-DVB
fiber was therefore selected for the studies.

Optimization of microwave irradiation conditions

Microwave irradiation was used to assist extraction of
PAHs from the XAD-2 adsorbent and to promote vapori-

Fig. 3 Chromatogram obtained, 1.25
by use of the proposed method,
from XAD-2 spiked with PAHs.
Peaks: /: NaP; 2: AcPy; 3: AcP;
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zation of the PAHs into headspace for SPME sampling.
Microwave irradiation at 78, 94, 102, 120, 137, or 154 W
was used for 20-60 min. The experimental results indicated
that efficiency of extraction of two and three-ring PAHs
was best when low-power irradiation was used for a short
time whereas four-ring PAHs were best extracted by use of
high-power irradiation for longer times. The overall
optimum efficiency of extraction of PAHs from XAD-2
was achieved by use of 120 W for 40 min.

Effect of temperature of the circulating water system

Because absorption is an exothermic process, absorption of
PAHs on to the fiber was not favored by high temperature.
Although use of a low temperature was thermodynamically
helpful for absorption of the PAHs it did not promote
transport of PAHs vapor to the sampling zone. Circulating
water was therefore used to control the sampling zone
temperature. When temperatures from 25-50 °C were
investigated optimum absorption was achieved at 35 °C.
This temperature was thus used in the circulating water
system.

Effect of extraction solution

In this study the sample was PAHs collected on or added to
XAD-2 adsorbent. XAD-2 has strong affinity for PAHs, i.e.
the partition ratio of PAHs between air and XAD-2 is
extremely low, so it was difficult to achieve headspace
SPME sampling for PAHs from XAD-2. Microwave
irradiation was used to promote PAHs direct desorption
from XAD-2 into the headspace but very few PAHs were
detected after HS-SPME sampling. This indicated the
microwave energy absorbed by the XAD-2 was not
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Table 1 Calibration data for analysis of PAHs in XAD-2 adsorbent
by use of MAD/HS-SPME

PAH Calibration Linearity (R%) RSD (%) LOD (ng)
range (ng) (n="7)

NaP 0.1-20 0.9980 13 0.02
AcPy 0.2-50 0.9953 5 0.03

AcP 0.2-50 0.9986 9 0.03

Flu 0.3-100 0.9953 7 0.05

PhA 0.8-100 0.9975 3 0.1

AnT 0.8-100 0.9961 6 0.1

FluA 4-400 0.9972 11 1.0

Pyr 4-400 0.9965 14 1.0

sufficient to desorb PAHs. Potential highly microwave-
absorbing solutions (10 mL H,O, ethylene glycol, glycerol,
and 7:3 and 5:5 solutions of ethylene glycol in water were
thus examined for extraction of PAHs from XAD-2 into
solution, and the PAHs were vaporized into the headspace,
with the help of microwave irradiation. The experimental
results showed that extraction with 7:3 ethylene glycol—
H,O resulted in the best recovery. In our study the
temperature of this ethylene glycol-H,O solution reached
130 °C during microwave irradiation. Although the
temperature of MAD of PAHs with ethylene glycol or
glycerol could exceed 130 °C, PAHs were barely collected
on the SPME fiber. This was because the high viscosity of
the extraction solution and the high solubility of the
analytes in the extraction solution hindered evaporation of
the analyte. Both factors should be considered when
selecting the extraction solution for MAD-HS-SPME.

Salting-out effect

Salting-out is often used to enhance extraction of aqueous
neutral organic species on to SPME fibers [17]. Aqueous
NaCl (0-2.0 mol L") was added to the extraction solution
to determine the effect on the efficiency of HS-SPME. The
efficiency of extraction of most PAHs increased on addition
of NaCl up to 1.0 mol L™ but more than this had an
adverse effect, especially for Nap. Thus salting-out with
low concentrations of NaCl enhanced vaporization of the
PAHs but high concentrations blocked desorption from
XAD-2, because the PAHs were salted-out on to XAD-2 in
water of high-salt content.

Effect of speed of stirring the sample solution

Agitation was used to facilitate mass transport between the
bulk of the aqueous sample and the fiber, and thus shorten
equilibration times [17]. In MAD/HS-SPME PAHs were
first extracted from the XAD-2 into the bulk solution,
which would be affected by agitation. From our experi-
mental results agitation apparently increased the efficiency
of extraction of PAHs for stirring speeds up to 2400 rpm.
Precision then became worse because the stirring was not
smooth.

Thermal desorption conditions

Because of the wide boiling-point range of the PAHs, the
temperature of thermal desorption in the GC injection port
was optimized to achieve sensitive quantification and
prevent memory effects. The efficiency of desorption of the
PAHSs was optimum when the fiber was heated at 290 °C for
5 min. After desorption, no significant PAH signals appeared

Fig. 4 Chromatogram obtained 3
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Table 2 Amounts of PAHs in a real sample, and recovery

PAH  Quantity Amount added  Recovery RSD

detected (ng) (ng) (%) (%)b
NaP  2.53 2 101 8
AcPy 232 2 85 7
AcP N.D.2 2 95 9
Flu 0.795 2 87 5
PhA 1.70 10 80 7
AnT N.D.? 10 88 4
FluA N.D.? 40 108 14
Pyr N.D.* 40 90 10

% Not detected
bp=3

in the chromatogram after re-injection. Thus, no further
regeneration of the fiber was required between runs.
Although, according to the manufacturer the operating
temperature of the PDMS-DVB fiber should not be
>270 °C, the fiber was used more than 100 times in our
MAD/HS-SPME system.

Validation of the method

To test the suitability of the method for quantitative
determination of PAHs on XAD-2, XAD-2 samples spiked
with standards were used for calibration after being
subjected to the complete overall treatment procedure, i.e.
MAD/HS-SPME, thermal desorption, and GC-MS analy-
sis. A chromatogram obtained, under the conditions
described in the section “GC-MS”, from PAH standards
added to XAD-2 is shown in Fig. 3. Calibration plots for
quantities of PAHs in the ranges listed in Table 1 were
found to have good linearity with correlation coefficients
(R?) in the range 0.9953-0.9986. Calibration plot data are
listed in Table 1. Detection limits were calculated on the
basis of three times the average background noise divided
by the detection sensitivity (slope of the calibration plot)
and varied from 0.02 to 1 ng. Precision was estimated by
performing seven extractions of XAD-2 samples spiked
with all the PAHs at levels used for the calibration plots.
Precisions ranged from 3 to 14% RSD.

Application to a real sample

To examine the suitability of the method for determination
of PAHs in real samples a sample was collected as
described in the section “Real sample collection” and
analyzed by use of the proposed method. The chromato-
gram obtained from the PAHs in the sample is shown in
Fig. 4. Although many unknown species were observed,
four PAHs (NaP, AcPy, Flu, and PhA) were identified in the
XAD-2 sample. Recovery was tested to investigate the
effect of the real sample matrix by spiking an XAD-2
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Table 3 Comparison of results obtained by use of the proposed
method and by ultrasound-assisted extraction (SE) with organic
solvents

PAH MAD/HS-SPME* SE/CS,* SE/CH;COCH;* SE/CH,ClL*
NaP 6364 305.6 2872 375.4
AcPy 14780 4524 4425 462.4
AcP 16760 336 375.3 394.2
Flu 15430 419.7 443 487.1
PhA 8963 353.1 3321 398.7
AnT 7457 335 342.6 358
FluA 2419 2702 295.4 310.4
Pyr 2101 2253 216.3 2253

Peak areax 10° (n=3)

adsorbent tube with 2 ng Nap, AcPy, Acp and Flu, 10 ng
PhA and AnT, and 40 ng FluA and Pyr and subjecting the
tube to the proposed MAD/HS-SPME extraction/thermal
desorption/GC—MS analysis. Recoveries of the PAHs
varied from 80 to 108%, as listed in Table 2. This accuracy
is acceptable in environmental analysis.

Comparison of the proposed MAD/HS-SPME method
with other methods

To compare the efficiency of extraction of the proposed
MAD/HS-SPME method with conventional pretreatment
methods for desorption from XAD-2, three organic sol-
vents, acetone, carbon disulfide, and dichloromethane
(2 mL of each) were used separately to extract PAHs from
spiked XAD-2 (275 mg) in 5-mL vials with ultrasonication.
The extract (1 pL) was analyzed by GC-MS after
extraction for 40 min. Analytical results for spiked XAD-
2 samples pretreated by the MAD/HS-SPME method and
by conventional ultrasound-assisted liquid—liquid extrac-
tion are listed in Table 3. The efficiencies of extraction of
PAHs obtained by use of the proposed method were
apparently much higher than those obtained by conven-
tional ultrasonication extraction with organic solvents.

Conclusion

MAD/HS-SPME is proposed as an alternative pretreatment
method for PAHs collected on XAD-2 adsorbent in air-
quality monitoring. The optimum conditions have been
established. Results from suitability tests indicate the
proposed method is a simple, rapid, convenient, sensitive,
and toxic-organic-solvent-free procedure for isolation of
PAHs from XAD-2 before GC—MS determination.
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