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Microwave-assisted headspace solid-phase microextraction (MA-HS-SPME) was developed as a
simple and effective method for fast sampling of volatile organic compounds (VOCs) from Eucalyptus
citriodora Hook (E. citriodora) leaves. During microwave heating, a simple shielding device made of
aluminum foil was used to protect the SPME fiber from microwave irradiation while allowing the sample
to be heated. A room temperature water bath was also used to allow microwave heating to be
conducted in a more controlled manner. The inner heating caused by microwave irradiation
dramatically accelerated the emission of VOCs from the sample, but no marked change in headspace
temperature in the sample vial was found. Under optimum conditions, the extraction efficiencies
obtained with microwave heating were much higher than those obtained without microwave heating
for all fibers used, namely, 7-µm polydimethylsiloxane (PDMS), 100-µm polydimethylsiloxane (PDMS),
65-µm polydimethylsiloxane/divinylbenzene (PDMS/DVB), and 75-µm carboxen/polydimethylsiloxane
(CAR/PDMS). The improvement of extraction efficiency using MA-HS-SPME allowed more VOC
events to be detected, with more balanced extraction of VOCs of lower and higher molecular masses.
Moreover, a good linear relationship was found between sample size and GC-FID response (total
peak area of VOCs), indicating the usefulness of MA-HS-SPME for quantitative analysis of individual
volatile compounds in E. citriodora leaves.
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INTRODUCTION

Over the past years, headspace solid-phase microextraction
(HS-SPME) has been widely employed for the analysis of
volatile organic compounds (VOCs) in a variety of complicated
matrices such as environmental, food, and biomedical samples
(1-7). To facilitate HS-SPME, it is essential to have target
analytes transferred from the sample matrices into the headspace.
Usually, adequate agitation allows good recovery of VOCs from
aqueous samples, as does an increase in sample salt concentra-
tion or proper adjustment of pH (8). However, when HS-SPME
is used for samples for which a strong association between native
analytes and sample matrix exists, heating may be required to
enhance the release of analytes into the headspace phase.
Moreover, an increase in the extraction temperature is generally
beneficial in speeding the achievement of extraction equilibrium.
However, high-temperature extraction may also cause significant
deterioration of the coating/sample distribution coefficient,
resulting in a decrease in the equilibrium amount of analytes
extracted.

To prevent loss of sensitivity during heating, an internally
cooled SPME device has been previously developed in our
laboratory, which was found to be effective for the quantitative
extraction of many volatile analytes from a range of matrices
(9). However, it involved the use of liquid carbon dioxide and
was not compatible with commercial SPME fibers. Recently,
Page and Lacroix (10) have designed a heating/cooling jacket
device for HS-SPME volatile detection in vegetable oils, in
which HS-SPME was first conducted for 45 min at 100°C by
heating with steam and then continued for 10 min at 0°C when
ice water was used to cool the SPME fiber. Whereas the use of
cooling devices helps to increase the sensitivity of analysis, the
use of SPME fibers with new coatings has allowed for extraction
at higher temperatures. With the development of strongly
adsorptive SPME fibers/coatings such as carboxen/polydimeth-
ylsiloxane (CAR/PDMS) and divinylbenzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS), it has been reported that
SPME fibers retain their function at relatively high temperatures
(40-90°C) for the extraction of some VOCs (10-12).

Microwave heating was studied in this work to facilitate HS-
SPME of VOCs from solid samples. Specifically, we explored
a method to accelerate the evaporation of VOCs fromEucalyptus
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citriodora Hook (E. citriodora) leaves while allowing SPME
of the VOCs to be carried out at low temperatures in the
headspace and avoiding the use of complicated devices for
conditions control. Microwave heating involves internal heating
based on conduction and dielectric polarization caused by
microwave irradiation (13). It therefore not only is more efficient
when compared to traditional heating but also may result in an
external temperature much lower than that of the sample with
the control of the time and output power of microwave
irradiation. Recently, microwave-assisted techniques have been
described as time saving, energy saving, and highly efficient
and have been widely used for sample preparation and chemical
syntheses (14-19). We have developed a method for the
generation of standard gas mixtures of VOCs or semi-VOCs
based on the use of microwave heating (20). Moreover,
researchers have combined SPME with microwave-assisted
extraction (MAE) for sample preparation and sampling as the
combination utilizes the powerful ability of MAE for releasing
analytes from solid sample matrices and the rapidity, sensitivity,
and selectivity of SPME for the extraction of analytes (21-
25). No studies have been reported previously that involve the
combination of microwave heating with HS-SPME.

E. citriodora leaves were selected as model samples in this
work on the basis of the following considerations: (1)Euca-
lyptusis among the important vegetations for biogenic emissions
in wide regions of the world. Biogenic emissions from plants
are among the main sources of VOCs in the atmospheric
environment and play an important role in the carbon cycle
between the biosphere and atmosphere (26). (2) Bioemissions
from E. citriodora leaves contain a wide range of VOCs.
Eucalyptusessential oils may be categorized into three classes
of commercial importance: the medical oils, which contain
substantial amounts of eucalyptol; the industrial oils, containing
terpenes, which are used for flotation purposes in mining
operations; and the aromatic oils such asE. citriodora, which
are characterized by their aroma (27). (3) Traditional procedures
for the preparation ofEucalyptusleaf powders for fragrance
compound analysis are quite complicated and tedious. (4) SPME
has been shown to be a useful tool to monitor VOCs emitted
by living leaves ofE. citriodora trees and has also been used
for the analysis of fragrance compounds from leaves of different
species ofEucalyptustrees (28-33).

EXPERIMENTAL PROCEDURES

SPME Fibers.Four kinds of commercial SPME fibers provided by
Supelco (Bellefonte, PA), namely, 7-µm polydimethylsiloxane (PDMS),
100-µm polydimethylsiloxane (PDMS), 65-µm polydimethylsiloxane/
divinylbenzene (PDMS/DVB), and 75-µm carboxen/polydimethyl-
siloxane (CAR/PDMS), were used.

Sample Collection and Storage.The leaves ofE. citriodora were
freshly collected from living trees in a greenhouse of the University of
Waterloo (20-25 leaves were collected at each sample time). Leaves
were immediately cut into small pieces (∼5 × 5 mm2) and homog-
enized. Controls were analyzed without storage, and the remaining
samples were tested following storage at 4°C. To avoid release of
bio-VOCs and to protect the sample from contamination during storage,
the small pieces ofE. citriodora leaves were carefully wrapped in clean
aluminum foil sealed with Teflon tape and were placed in 100-mL
capped glass bottles.

Microwave-Assisted HS-SPME (MA-HS-SPME) Setup.A do-
mestic microwave oven (Samsung model MW5490W, 1000 W) was
used as the microwave source. The power output ranged from level 1
(lowest) to level 10 (highest). A 40-mL glass vial (∼8.5-cm high) was
used to holdE. citriodora leaves, which was capped with an open top
with a Teflon-faced septum. When HS-SPME was conducted, the SPME
fiber was exposed to the headspace above the leaves. As the SPME

holder was not required for this work, the tensing spring was removed
from the fiber assembly. A simple device was designed to shield the
SPME fiber from microwave irradiation (Figure 1).

Measurement of Headspace Temperature Inside the Sample Vial.
A thermocouple (Omega, Stamford, CT) was employed to measure the
temperature change caused by microwave heating in the headspace
inside the sample vial. Two small holes with a diameter of∼1.5 mm
were made on the Teflon-faced septum in the sample vial. Two layers
of Teflon tape were used to seal the holes and then fixed during
microwave heating. Immediately following microwave heating, the
thermocouple was inserted into the sample vial through the small holes
on the Teflon-faced septum by piecing the Teflon tape. The tips of the
thermocouple were positioned at a height in the sample vial similar to
the height of SPME fiber. Finally, the thermometer reading was
recorded when the thermocouple was stable. The whole procedure for
each temperature measurement lasted 30-40 s.

GC-FID and GC-MS Analysis. For general analysis, a Varian
model 3400 GC equipped with a flame ionization detector (FID) was
employed, using an SPB-5 capillary column (30 m× 0.25 mm× 1
µm) from Supelco (Bellefonte, PA). Hydrogen was used as carrier gas
at 30 psi. The column was programmed from 50 to 250°C at 10 °C/
min. The detector was maintained at 280°C. For PDMS and PDMS/
DVB fibers, the injector was controlled at 250°C and the desorption
time was 1 min, whereas the CAR/PDMS fiber was desorbed for 2
min at 300°C.

For compound identification, a 6890 series GC system equipped with
a 5973 mass selective detector (MSD) was used (Agilent, Palo Alto,
CA). The conditions for the GC system were as follows: HP-MS5
column (30 m× 0.25 mm× 0.25µm); helium at 10 psi as carrier gas
(constant pressure mode); splitless injection; inlet temperature at 300
°C; and the column/oven at 50°C initially and ramped to 250°C at 10
°C/min. The conditions for the MSD were as follows: TIC mode; EM
voltage at 1600 V; Aux-2 temperature at 280°C; quadruple temperature
at 150°C; and MS source temperature at 230°C.

RESULTS AND DISCUSSION

Protecting the SPME Fiber from Microwave Irradiation.
The major challenge in coupling microwave heating with HS-
SPME was prevention of damage to the SPME fiber by
microwave irradiation. Microwaves are unable to penetrate or
be absorbed by metal materials, but both the septum-piercing
needle and the fiber attachment tubing of the commercial SPME
fiber were composed of steel and had sharp shapes. Point
discharge would therefore occur when the fiber was put under
microwave irradiation, leading to fiber damage.

Figure 1. Shielding device for MA-HS-SPME used in domestic microwave
oven: 1, commercial SPME fiber; 2, 40-mL glass vial; 3, open top with
a Teflon-faced septum; 4, E. citriodora leaves (small pieces via cutting);
5, bilayer shelter; 6, aluminum foil shelter; 7, water bath; 8, ceramic holder;
9, tap water.
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Figure 1 illustrates a simple shielding device designed to
protect the SPME fiber from microwave irradiation. A thin layer
of Styrofoam covered with aluminum foil formed a removable
bilayer shelter (5), which embraced the upper part of the glass
vial but allowed the bottom part with a height of∼2.5 cm to
accept microwave irradiation. Another shelter (6) was a one-
end-capped tube made of aluminum foil and was easily removed
from the SPME fiber. A circular glass container (diameter)
15 cm; height) 6.5 cm) containing 300 mL of tap water was
used to protect the fiber from the vertical reflection of
microwave from the bottom face inside the oven. The water
was at room temperature initially and was replenished for each
run. When microwave heating coupled with SPME was
conducted, the vial loaded with sample was placed over the
water (7) supported by a ceramic holder (8). The timing of the
SPME procedure commenced from exposure of the SPME fiber
to the headspace in the sample vial. It typically took∼10 s
from starting timing to the beginning of microwave heating.
SPME generally continued for an additional 50 s after the end
of microwave heating.

It was demonstrated that no point discharge or damage to
SPME fibers occurred with the use of the simple shielding
device during MA-HS-SPME.

Sample Behavior.The amount of VOCs emitted fromE.
citriodora leaves varied among leaves. To gather representative
results of VOCs, at least 20 pieces ofE. citriodora leaves,
including young and old ones, were picked each time. As not
all of the sample could be analyzed immediately after collection,
some of the samples had to be stored prior to analysis. However,
bioemission activity does not stop during sample storage.Figure
2 shows that the VOC concentration in the headspace phase
above 0.5 g of ground leaves ofE. citriodora (cut into ca. 5×
5 mm2 per piece) changed dramatically during sample storage
at room temperature. This variation was attributed to bioemission
as well as sorption-desorption of VOCs between the gas phase,
the E. citriodora leaf matrix, and the inner wall of the vial.

To minimize VOC emission fromE. citriodora leaves during
storage, the sample was stored at 4°C. Figure 3 shows that
storage at 4°C for 0.5-19.5 h did not cause a significant
increase in VOC emissions fromE. citriodora leaves. The
relative standard deviation (RSD) of the total GC-FID area of

the VOCs for five tests corresponding to different sample and
storage times was 7.7%.

According to a preliminary experiment, the freshE. citriodora
leaves decreased by 58.0% in weight following exposure to air
for 48 h at room temperature. It was believed that the lost
materials comprised mainly moisture and small quantities of
VOCs. The high moisture inE. citriodora leaves make them
effective at absorbing microwave energy. Low-temperature
storage ofE. citriodora leaves did not significantly affect
microwave-assisted evaporation of VOCs (Figure 3). The RSD
of total the GC-FID area of these tests was 3.2%, lower than
that obtained without microwave heating.

Temperature Control and Microwave-Assisted Evapora-
tion of VOCs. During microwave heating, the temperature of
the headspace is generally lower than that of the sample matrix
before the thermal transfer equilibrium between sample matrix
and its headspace phase is reached. For traditional heating
systems, it is difficult to produce such a temperature difference
without the use of a special cooling system.

The temperatures of the headspace aboveE. citriodora leaves
were tested immediately following a microwave irradiation for
2 or 3 min in a commercial microwave oven.Table 1 indicates
that microwave heating yielded a much lower headspace
temperature inside the sample vial when the water bath was

Figure 2. Change in bio-VOC concentration in the sample vial during
storage of E. citriodora leaves at room temperature. 0.500 g E. citriodora
leaves was stored in a 40-mL vial at room temperature (24.5 °C). The
SPME fiber used was 100-µm PDMS, and sampling was conducted using
HS-SPME and a 3-min extraction time.

Figure 3. Bioemission of E. citriodora leaves after storage at low
temperature. After storage in a refrigerator at 4 °C, a 0.500-g aliquot of
E. citriodora leaves was weighed and transferred into a 40-mL vial. The
sample was warmed for 40 min at room temperature (24.5 °C) prior to
HS-SPME or MA-HS-SPME. The SPME fiber used was 100-µm PDMS,
and HS-SPME extraction was for 3 min. For cases with microwave heating
(MH), the power output was at level 4 (medium-low), the heating time
was 2 min, and a shielding device was used as shown in Figure 1.

Table 1. Changes in Headspace Phase Temperature in the Sample
Vial with Microwave Heatinga

temperature of headspace phase (°C)

with water bath without water bathoutput level of
microwave irradiation 2-min MH 3-min MH 2-min MH 3-min MH

4 (medium-low) 26.5 ± 1.3 38.3 ± 3.8 41.8 ± 2.6 84.5 ± 3.3
7 (medium-high) 35.1 ± 2.2 67.6 ± 3.1 62.0 ± 1.8 91.5 ± 3.7

a 0.500 g of E. citriodora leaves in a 40 mL sample vial; water bath, 300 mL;
initial temperature, 24.5 °C. The shielding device as shown in Figure 1 was used,
but the one-end-capped shelter (part 6 in Figure 1) was avoided. Number of parallel
tests: n ) 3.
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used compared to when the water bath was not used. The water
bath absorbed excessive microwave irradiation inside the oven,
thus allowing microwave heating to be conducted in a more
controlled manner. It is interesting to note that a 2-min
microwave heating at medium-low output caused a slight
increase of the headspace temperature (∼2 °C) when the water
bath was employed, whereas the temperature increase was 17
°C without the water bath. In contrast, microwave heating at
medium-high output yielded an 11°C increase in the headspace
phase temperature when the water bath was used. A 3-min
microwave heating introduced a marked change of the headspace
temperature for all cases studied. For example, when the
microwave output was set at medium-low and the water bath
was used, a 14°C increase in headspace temperature was
observed.

HS-SPME of VOCs was found to be compatible with
microwave heating through the use of a simple device designed
to protect the SPME fiber. To avoid a marked increase of the
headspace phase temperature, a 2-min microwave heating at
medium-low output and a 3-min total extraction time (i.e., 10
s prior to microwave heating, 2 min while microwave heating,
and 50 s after microwave heating) were employed.Figure 3
demonstrates that with the use of a 100-µm PDMS fiber for
the extraction of VOCs fromE. citriodora leaves, the total peak
area (based on GC-FID results) of the extracted VOCs obtained
with microwave heating was 3.1 times greater than that obtained
without microwave heating. The results indicate that it is
possible to dramatically increase the sensitivity of VOC analysis
using MA-HS-SPME.

HS-SPME of VOCs with Different Fibers. Four kinds of
SPME fibers, 7-µm PDMS, 100-µm PDMS, 65-µm PDMS/
DVB, and 75-µm CAR/PDMS, were investigated for HS-SPME
analysis of VOCs fromE. citriodora leaves. When the extraction
time was set as 3 min without microwave heating, the extraction
amounts of VOCs were very similar whether a 100-µm PDMS,
65-µm PDMS/DVB, or a 75-µm CAR/PDMS fiber was used.
However, a 7-µm PDMS fiber yielded a much lower extraction
amount, only 8.8-10.3% compared with those obtained by using
other fibers. With 2 min of microwave heating at medium-low
during a 3-min HS-SPME extraction time, the extraction
amounts increased to 4.4, 3.1, 2.9, and 2.9 times as much as
those obtained without microwave heating for the 7-µm PDMS,
100-µm PDMS, 65-µm PDMS/DVB, and 75-µm CAR/PDMS
fibers, respectively (Figure 4). Microwave heating was found
to be beneficial for extraction efficiency using all four SPME
fibers when they were used for VOC extraction, demonstrating
the suitability of all the fibers for MA-HS-SPME.

The emissions fromE. citriodora leaves were composed of
two separate groups (Figure 5). Group 1 (G1) contained
compounds with retention times of<10 min, corresponding to
compounds with lower molecular masses, and group 2 (G2)
contained compounds with retention times of>10 min, corres-
ponding to compounds with higher molecular masses. The ratio
of total GC-FID peak area of the two groups was constant and
closely related to SPME fiber type. The ratios of total peak area
of G1 compounds to G2 compounds were found to be 1.1, 9.1,
9.5, and 15.3 for 7-µm PDMS, 100-µm PDMS, 65-µm PDMS/
DVB, and 75-µm CAR/PDMS fibers, respectively, when 3-min
SPME of VOCs fromE. citriodora leaves was carried out at
room temperature (Figure 6). Among these fibers, the 7-µm
PDMS fiber yielded the most balanced extraction of G1 and
G2 VOCs. It is understandable due to its thin coating film. The
equilibrium time of VOC extraction with the 7-µm PDMS fiber
was much shorter compared to other kinds of fibers, although

a 3-min SPME at room temperature is likely nonequilibrium
extraction. Thus, this fiber is especially beneficial for high
molecular weight compound extraction as these compounds
typically take a longer time to reach equilibrium status when
other kinds of SPME fibers are used. The ratio (G1/G2) was as
high as 15 when the 75-µm CAR/PDMS fiber was employed
as the molecular sieve, Carboxen coating is reported to be highly
efficient in trapping volatiles.

In addition to its dramatic increase in VOC total extraction
amount, microwave heating was also highly efficient at improv-
ing the balance of extracted compounds of the two groups. The
ratios of total peak area of G1 compounds to G2 compounds

Figure 4. Efficiency of HS-SPME of VOCs from E. citriodora leaves with
different SPME fibers. 0.500 g of E. citriodora leaves in a 40-mL vial was
subjected to HS-SPME extraction for 3 min. For cases with microwave
heating (MH), the power output was at level 4 (medium-low), the heating
time was 2 min, and a shielding device was used as shown in Figure 1.

Figure 5. GC-FID chromatograms of bio-VOCs from E. citriodora leaves.
0.500 g of E. citriodora leaves in a 40-mL vial was used. The SPME fiber
used was 7-µm PDMS, and HS-SPME extraction was for 3 min. For
cases with microwave heating (MH), the power output was at level 4
(medium-low), the heating time was 2 min, and a shielding device was
used as shown in Figure 1.
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(G1/G2) changed to 0.89, 4.6, 4.8, and 6.7 for the 7-µm PDMS,
100-µm PDMS, 65-µm PDMS/DVB, and 75-µm CAR/PDMS
fibers, respectively, with 2 min of microwave heating at
microwave output level 4 (medium-low) during a 3-min HS-
SPME extraction of VOCs fromE. citriodora leaves (Figure
6). This may be due to the well-distributed evaporation by inner
heating with microwave irradiation, achieved by all VOCs
investigated.

Comparison of HS-SPME of VOCs with Microwave
Heating and with Traditional Heating. Jia et al. (2) clearly
demonstrated that the amount of flavor compounds extracted
from orange juice by HS-SPME using a 100-µm PDMS fiber
decreased with the increase of extraction temperature from 25
to 80 °C. It was also reported that the higher the extraction
temperature, the shorter the time to reach equilibrium. However,
recent studies have demonstrated that CAR/PDMS and
DVB/CAR/PDMS fibers, two relatively new commercial fibers
having SPME extraction mechanisms classified as adsorption,
possess an unusual ability to resist the negative effects of
increasing extraction temperature (10-12). Thus, it is meaning-
ful to make a comparison of HS-SPME of VOCs from
E. citriodora leaves with microwave or traditional heating by
using the 75-µm CAR/PDMS fiber.

MA-HS-SPME was carried out in same way as described
above. HS-SPME efficiency, measured by total GC-FID peak
area, increased with the increase in the power output of
microwave heating (Figure 7). When microwave heating was
at its highest level, the efficiency of HS-SPME of VOCs was
5.6 times greater than that obtained without heating. Traditional
heating also markedly improved the HS-SPME efficiency, but
no significant difference was observed between water bath
temperatures of 70 and 90°C. The extraction efficiencies
obtained in these cases were slightly higher than those values
obtained with microwave heating at medium-low output level,
∼3.2 times greater than those obtained without heating. In short,
the efficiency of HS-SPME of VOCs with microwave heating
at the highest output level was>170% more efficient when
compared to traditional heating at a water bath temperature of
70 or 90°C. This is understandable because, as discussed above,
microwave heating is highly beneficial to HS-SPME due to the

high efficiency of inner heating and the temperature difference
between sample matrix and headspace phase.

Qualitative and Quantitative Analysis of VOCs.Qualitative
analysis of VOCs fromE. citriodora leaves was conducted. For
all four kinds of SPME fibers investigated, MA-HS-SPME
detected more VOCs compared to HS-SPME without micro-
wave heating (Table 2). For example, 100 VOC events were
detected using a 100-µm PDMS fiber coupled with MA-HS-
SPME, whereas only 53 VOC events were detected without the
use of microwave heating (the threshold value for GC-FID
detection was set as 500 counts). This result could be attributed
to increased bioemissions caused by microwave-assisted evapo-
ration.

Sample size is generally an important factor that should be
carefully controlled during quantitative analysis. To ensure all
E. citriodora leaves inside the sample vial were exposed to
microwave irradiation, the maximum sample size was 1 g.
Figure 8 shows a strong linear relationship between a sample
size of 0.1-0.8 g and GC-FID response when a 100-µm PDMS
fiber was used with the selected extraction conditions. This

Figure 6. Effect of microwave heating on the ratio of HS-SPME efficiency
(group 1 VOCs to group 2 VOCs). 0.500 g of E. citriodora leaves in a
40-mL vial was subjected to HS-SPME extraction for 3 min. For cases
with microwave heating (MH), the power output was at level 4 (medium-
low), the heating time was 2 min, and a shielding device was used as
shown in Figure 1.

Figure 7. Comparison of HS-SPME efficiencies obtained with microwave
heating and with water-bath heating. 0.500 g of E. citriodora leaves in a
40-mL vial was used. The SPME fiber used was 75-µm CAR/PDMS,
and HS-SPME extraction was for 3 min. For microwave heating (MH),
the power output was at level 4 (medium-low), the heating time was 2
min, and a shielding device was used as shown in Figure 1. For cases
with water-bath heating, the heating time was 2 min.

Table 2. GC-FID Peaks of Bio-VOCs from E. citriodora Leaves
Extracted by HS-SPME with and without Microwave Heatinga

HS-SPME conditions

GC-FID
peaks

of group 1

GC-FID
peaks

of group 2

total
GC-FID
peaks

7-µm PDMS without MH 15 ± 0 22 ± 1 37 ± 1
with MH 18 ± 1 32 ± 1 50 ± 1

100-µm PDMS without MH 30 ± 1 23 ± 0 53 ± 1
with MH 64 ± 0 36 ± 1 100 ± 1

65-µm PDMS/DVB without MH 38 ± 1 24 ± 1 62 ± 1
with MH 65 ± 1 36 ± 0 101 ± 1

75-µm CAR/PDMS without MH 43 ± 1 23 ± 0 65 ± 1
with MH 68 ± 1 36 ± 1 104 ± 1

a E. citriodora leaves (0.500 g) were stored in a 40-mL vial for 40 min prior to
HS-SPME or MA-HS-SPME. Extraction time ) 3 min. Microwave heating (MH):
2 min at power output level 4 (for cases MH applied). Threshold value of GC-FID
peak ) 500 (counts). Number of parallel tests: n ) 3.
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implies that MA-HS-SPME is potentially useful for quantitative
analysis of individual fragrance compounds inE. citriodora
leaves.

Due to natural emission and microwave-assisted evaporation
of VOCs fromE. citriodora leaves, their concentrations in the
headspace inside the sample vial vary between time points
during MA-HS-SPME extraction. Inner standards spiked into
the samples are necessary for quantitative analysis of the VOCs.
In this work, a standard solution ofR-pinene, eucalyptol, and
γ-terpinene in methanol was spiked into theE. citriodora leaves.
A syringe was used to spray the standard solution onto the
leaves. The recovery of the spiked standards had a RSD of 45%
(n ) 3) (data not given here). Because MA-HS-SPME dem-
onstrated strong reproducibility (described above), this variation
was likely caused by the nonhomogeneous nature of the standard
spiking. Therefore, a focus in future work will be to define a
method in which standards can be more homogeneously
distributed in E. citriodora leaves. Also, standardization of
incubation time of standards with samples will need to be
carefully considered in order to achieve representative results.
Most recently, Ezquerro et al. developed a multiple HS-SPME
for the quantitative determination of VOCs in multilayer
packagings (34), which might be adapted to MA-HS-SPME with
some modification.

Conclusion.MA-HS-SPME has been developed via on-line
combination of microwave heating and SPME for extraction
of VOCs fromE. citriodora leaves. The devices employed were
simple in design and easily obtainable. No complicated heating/
cooling devices were involved for temperature control. Increas-
ing extraction efficiency of MA-HS-SPME was obtained
compared to HS-SPME without microwave heating. MA-HS-
SPME also yielded a more balanced extraction for VOCs with
lower and higher molecular masses. This method was shown
to be fast and effective for VOC sampling ofE. citriodoraand
shows promise for use in more diverse samples.
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