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Methyl tert-butyl ether (MTBE) is commonly used as chemical additive to increase oxygen content and
octane rating of reformulated gasoline. Despite its impact on enhancing cleaner combustion of gaso-
line, MTBE poses a threat to surface and ground water when gasoline is released into the environment.
Methods for onsite analysis of MTBE in water samples are also needed. A less common technique for
MTBE detection from water is ion mobility spectrometry (IMS). We describe a method for fast sampling
and screening of MTBE from water by solid phase microextraction (SPME) and IMS. MTBE is adsorbed

ﬁfg V;;fﬂ:ity spectrometry from the head space of a sample to the coating of SPME fiber. The interface containing a heated sam-
IMS ple chamber, which couples SPME and IMS, was constructed and the SPME fiber was introduced into the
Solid phase microextraction sample chamber for thermal desorption and IMS detection of MTBE vapors. The demonstrated SPME-IMS
SPME method proved to be a straightforward method for the detection of trace quantities of MTBE from waters

including surface and ground water. We determined the relative standard deviation of 8.3% and detec-
tion limit of 5mgL-! for MTBE. Because of short sampling, desorption, and detection times, the described
configuration of combined SPME and IMS is a feasible method for the detection of hazardous substances
from environmental matrices.

Water analysis
Methyl tert-butyl ether

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

MTBE is a common automotive fuel oxygenate used for improv-
ing the octane rating and burning of gasoline and reducing airborn
toxic hydrocarbon pollutants. Its content in gasoline is typically
1-5% by volume although some countries use concentrations up
to 15% by volume. In Europe, about 2 million tons of MTBE is
annually added to gasoline [1]. In spite its technical advantages
and effects on better air quality, MTBE as a highly water soluble
and slowly degradable chemical can cause considerable contami-
nation problems in surface and groundwater, e.g., when gasoline
is leaked from storage tanks or flowed over during transport or
refueling [2]. Due to lack of attention to gasoline spills, leaking
storage tanks are threatened to pollute water resources in many

Abbreviations: 2,6-DtBP, 2,6-di-tert butyl pyridine; GC, gas chromatography;
GC-MS, gas chromatography mass spectrometry; IMS, ion mobility spectrometry;
LOD, limit of detection; MTBE, methyl tert-butyl ether; PDMS/CAR, polydimethyl-
siloxane/carboxen; PTFE, polytetrafluoroethylene; RIP, reactant ion peak; SPME,
solid phase microextraction.
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regions worldwide. Consequently contaminated ground water sup-
ply stations have been closed and various regions are under
control. For instance, in contaminated sites near refueling sta-
tions in Finland, MTBE concentrations up to 300 mgL~! have been
measured [3].

Various estimations of harmfulness of MTBE are available. The
hazardous nature of MTBE is emphasized by findings showing that
high concentrations of MTBE causes cancer in rats and mice [4,5].
Carcinogenic effects of MTBE on human health, however, are still
not clear. US EPA has listed MTBE as a possible human carcinogen at
high concentrations [6,7] and by late 2006 in the United States the
usage of MTBE has largely been banned in gasoline. Other problems
caused by MTBE are its unpleasant odor and taste even at very low
concentrations. Although MTBE degrades relatively fast during its
vaporization into air, its degradation in soil or water is very slow.
For this reason the damages in odor and taste can provide a severe
hazard, especially for drinking water supplies. Consequently, MTBE
is categorized as a minor toxin in Europe and only concentrations
exceeding the taste and odor thresholds (40 and 15 wg L) are typi-
cally regarded as unacceptable [2]. Additionally, MTBE significantly
strengthens the toxic effects and expedites the expression of the
toxic response of pesticides often in the same waters than MTBE
|8]. Therefore, MTBE contamination in surface water can cause irre-
trievable toxic effects on an aquatic ecosystem.
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Various efficient physico-chemical treatments for the toxic
organic contaminants have been developed in recent years [9-16].
Although MTBE is a hazardous chemical and treatment tech-
nologies for removal of MTBE have been widely explored and
reported [17-20], most of the public water systems do not include
equipment that could completely remove it. Therefore, a grow-
ing demand for methods to monitor MTBE and related compounds
exists. Especially techniques that can be used in field for fast mon-
itoring of water contamination are needed.

MTBE has been generally detected by gas chromatography
(GC) or gas chromatography mass spectrometry (GC-MS) by
direct injection or with the combination of some enrichment
and advanced injection technique suitable for volatile organic
compounds [21-24]. One of the most widely used methods for
the extraction of MTBE prior to the analysis has recently been
headspace SPME [25-28]. SPME is a fast and relatively sensitive
technique to concentrate various organic compounds from liquid
samples at low cost [29,30]. Selective extraction of analytes by
immersing the SPME fiber of high affinity into the sample matrix or
sampling from the headspace above the sample followed by ther-
mal desorption of analytes in the heated inlet of chromatographic
system make SPME straightforward method that usually requires
no sample purification before analysis.

The combination of SPME and IMS has only been reported a
few times, e.g., in studies of drugs, herbicides, and warfare agents
[31-36]. SPME enables chemical detection in a water matrix by IMS
that is otherwise limited to detection of gas phase samples. The IMS
technique separates and characterizes ionized organic compounds
based on drift velocities of ions in an electric field under atmo-
spheric conditions [37]. Ionization of analyte vapor takes place via
ion-molecule reactions in the reaction region from where the ions
in small portions are introduced into the drift region for separation
under the influence of a uniform weak electric field. In IMS, ions of
different mass, shape, and electrical property are characterized by
drift time and mobility coefficient.

IMS is an ideal technique for real time screening of vapors of
chemical substances, because of its fast response, portability, and
low cost and power requirements, offering an advantage of early
detection of potential contaminants directly in the environment.
IMS alone or in combination with some other separation method
has been used for the detection of chemical warfare agents [38-42]
and explosives [43-46]. In recent years, IMS has also found its
place in monitoring of environmentally relevant compounds such
as toxic industrial materials [47-53].

For MTBE determination in water, some approaches combining
extraction and IMS have been introduced. In 2002, water adsorb-
ing material in an evacuated vial was successfully used for MTBE
extraction from distilled or drinking water prior to injection of the
gaseous MTBE into an ion mobility spectrometer [54]. In the follow-
ing year, MTBE from distilled water was measured on a laboratory
scale by the combination of membrane extraction unit with flow of
nitrogen and ion mobility spectrometer with 63Ni ionization source
showing a detection limit of about 20 mg L~ [47]. Later, the combi-
nation of membrane extraction by peristaltic pumps and IMS was
used to extract MTBE from environmental ground water at lower
concentration levels [49]. An ion mobility spectrometer was also
combined with the dynamic headspace system consisting of a set
of Drechsel bottles and Tenax trap for the measurement of MTBE
in spiked tap water and regenerated ground water [55].

We describe for the first time the combination of SPME and
IMS in sampling and screening of MTBE from water. The aim is
to show that commercially available SPME fiber and ion mobility
spectrometer could be an alternative method for straightforward
measurement of MTBE. The suitability of the method was tested
by changing variables such as extraction time, concentration,
temperature, and water matrix. The approach was applied to envi-

ronmental surface and ground water samples. The detection limit
and repeatability were investigated. The results were compared
with data obtained using a gas generator from which the MTBE
vapors were directly introduced to IMS detector.

2. Materials and methods
2.1. Chemicals

MTBE (>99.5%) was obtained from Merck (Darmstadt, Germany)
and its aqueous solutions for the SPME-IMS experiments were pre-
pared in water at known concentrations ranging from 2.5 up to
500 mgL-1. Ultrapure laboratory water as well as local surface and
ground water were used for the investigations. 2,6-Di-tert butyl
pyridine (2,6-DtBP) (>97%) was purchased from Sigma-Aldrich
(Steinheim, Germany). 2,6-DtBP was used as a calibration refer-
ence in ion mobility calculations since it produces well defined
monomer ions of known reduced mobility [56]. Filtered air was
used as a carrier gas and nitrogen (99.9990%) as a drift gas in ion
mobility measurements.

2.2. SPME

SPME fiber assembly containing a partially crosslinked 75 pm
stationary phase of polydimethylsiloxane/carboxen (PDMS/CAR)
and SPME fiber holder were obtained from Supelco (Bellefonte,
PA, USA). The PDMS/CAR fiber coating has been previously eval-
uated to have efficient extraction characteristics in the detection of
MTBE and other related ethers [57]. Prior to the first use, the fiber
was conditioned at 300 °C for 1 hin a GC injector port and cooled to
room temperature. All sampling was performed in 15 mL glass vials
with polytetrafluoroethylene/silicone (PTFE/silicone) septa screw
top caps (Supelco, Bellefonte, PA, USA). Before extraction, the sam-
ples of 10 mL in volume were heated for at least 30 min at 30°Cina
water bath using a heated magnetic stirrer to reach the equilibrium
between aqueous solution and gas phase of the headspace. For the
microextraction process, the fiber in the needle of the holder was
passed through the septum and exposed to the headspace above
the sample (Fig. 1a). Times ranging from 30s to 10 min were used
for the extraction. Thereafter the SPME fiber was retracted into the
needle and withdrawn from the sample vial. The SPME fiber was
cleaned at 250°C for 1 min between each analysis and blank runs
were performed to test the purity of the fiber.

2.3. Thermal desorption and emission

The SPME fiber in the needle of the holder was introduced into
the thermally controlled sample chamber through the septum and
the fiber was exposed for thermal desorption of MTBE (Fig. 1b).
The sample chamber was constructed in the laboratory and con-
sisted of a stainless steel container of i.d. of 50 mm and height of
75 mm. A heating rope (Omega Engineering, Inc., Leichestershire,
England) and an insulating belt were coiled around the sample
chamber. The chamber was heated using a power supply unit
adjusted by a temperature controller (Omron Corporation, Hoofd-
dorp, The Netherland). The temperature was recorded by a sensor
placed in the sample chamber. Thermal desorption of MTBE was
tested at temperatures from 35 to 55°C, and the highest desorp-
tion was obtained at 50 °C. Relatively low temperature range was
chosen because it can be easily applied for onsite measurements.
A transfer line to the ion mobility spectrometer was heated to the
same temperature as the sample chamber.

Pure MTBE and 2,6-DtBP calibration references were emitted
using the permeation standards consisting of about 0.5 mL of sam-
ple in 1.5 mL vials with rubber/TEF septum caps. The permeation
standard was placed in the thermostatic container similar to the
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Fig. 1. Schematic model of the measurements with SPME system. Absorption of MTBE vapors in SPME fiber (a) and thermal desorption of vapors (b).

sample chamber except that it contained no septum inlet for the
SPME needle. The temperature was set at 35 °C for the emission of
MTBE and at 40°C for 2,6-DtBP. The chemical emission rate was
determined by the measurement of the mass drop of the sample
source by weighing. The emission values were used for the calcu-
lation of experimental vapor concentrations.

2.4. Introduction of samples into calibration system

The dilution of sample was performed by a gas generator con-
sisting of thermostatic sample chamber and a two-stage dilution
system with four adjustable mass flow controllers (Bronkhorst
High-Tech BV, Ruurlo, The Netherlands) (Fig. 2) [58]. The dilution
system included a vacuum pump, filters, mixer, and mass-flow con-
trollers. Firstly, the vapors of MTBE were flushed from the sample
chamber by filtered air at the constant flow of 0.19Lmin~! and

thereafter part of the stream was removed by the vacuum pump.
The stream bypassing the vacuum pump was diluted with a known
flow of filtered air and mixed. In order to keep the flow rate of car-
rier gas constant in the input of the IMS detector, part of the gas
stream was removed before the inlet of the detector. The gas gen-
erator enabled obtaining the eventual dilutions of samples from 2.5
to 100-fold.

For the ion mobility measurements of MTBE obtained by thermal
desorption from a SPME fiber, the stream of vapor was diluted 8.5-
fold by adjusting the filtered air flows. For the investigations of the
calibration relationships of gaseous MTBE, the vapors of MTBE were
diluted from 2.5 to 100-fold. The concentration of diluted vapor was
calculated using the equation:

(1)
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Fig. 2. Introduction of sample into IMS.
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where ¢ corresponds to the emission rate of MTBE vapor from the
permeation standard in the measurement conditions, and R corre-
sponds to the dilution of the sample given by the gas generator. The
dilutions resulted in gas phase concentrations of MTBE from 0 to
1390ngL-'.

2.5. lon mobility spectrometer

Eiceman and Karpas described in detail the principle of IMS
and its operation [37]. Carrier gas with gaseous analytes is pushed
through an ionization source where the analyte molecules are ion-
ized via ion-molecule reactions at atmospheric pressure. Product
ions are passed via shutter grid into the drift region where they
are separated according to their size and charge under the electric
field. In the detector, the ions induce current which is recorded
as a time dependent signal. The IMS detector in this study was
the Ni-IMS (G.A.S., Dortmund, Germany) which is a stationary
ion mobility spectrometer with a radioactive nickel-63 ionization
source, 6 cm long drift region, and a unidirectional flow system.
Nitrogen was used as the IMS drift gas. The detector was operated
in the positive ionization mode at a temperature of 50 °C and a drift
voltage of 3.5kV. The spectra were collected in a drift time range
from 3 to 23 ms with a shutter grid open for 150 s and the sam-
pling frequency of 50 kHz. lon signals were processed using digital
averaging of 128 scans per spectrum. Each measurement was per-
formed in an identical manner, ensuring comparability of the data.
Instrument and data acquisition were controlled by the GASpector
software (version 3.99.035 DSP) (G.A.S., Dortmund, Germany).

2.6. Data processing and integration

The mobilities K of analyte ions were calculated using the equa-
tion:

l

E- tCOTT ’

K=

(2)

where [ corresponds to the length of drift tube (6 cm), E the electric
field strength (313.4Vcm1), and teorr the corrected drift time (s)
of the ion. The drift time is corrected by subtracting the half width
of the shutter grid pulse from the measured drift time of the ion
teorr =tg — 0.5 Alsputrer [59]-

Furthermore, the reduced mobility values (Ky) can be calculated
using the equation:

KOref

Ko =K
0 Kyes

(3)

where Kis the measured mobility, Ko is the known reduced mobil-
ity value of 2,6-DtBP calibration reference (1.42 cm?V-1s-1) [56],
and K is the experimental reduced mobility value for 2,6-DtBP.

For the data processing in quantitative evaluation, the peaks cor-
responding to the reactant ion, monomer, and dimer were counted.
Integration of the ion peaks was done using a laboratory made Inte-
gratorO1 program that allows calculation of both integrals from
peaks in single drift time spectrum and two-dimensional integrals
using more than one drift time spectrum [60]. We selected the
drift time spectra with the maximum abundance of detected MTBE
dimer, because the peak areas change during the acquisition time
of the sample from the SPME fiber (Fig. 3) [34]. The peaks cor-
responding to the ion species were chosen with respect to drift
time and spectrum number. The integration included reduction of
background signal and resulted in the distribution of peak areas
originating from the observed ion species. The data was further
processed and analyzed by Microsoft Office Excel. The results are
the averages of triplicate experiments in each concentration.

Drift time [ms]
1100 1300 1500 1700 1900 2100 23.00

500 7.00 9.00

16 18 20

Number of spectrum
8 10 12 14

6

Fig. 3. Detection profile of MTBE (5 mgL~! in water) by SPME-IMS. The sample was
acquired after five blank spectra. The maximum abundance of MTBE monomer was
detected in the seventh spectrum.

3. Results and discussion

The drift time spectrum reveals a chemical-specific signal from
which we calculated the unique mobility constants in the given
measurement conditions according to Eq. (3). Fig. 4 shows the
drift time spectra obtained from MTBE at concentrations from
34 to 1390ngL-! using the Ni-IMS ion mobility spectrometer.
An increase of the abundance characteristic for MTBE monomer
and dimer ions as a function of concentration was apparent.
The reactant ion peak (RIP) H*(H,0), was observed at the drift
time of 7.22ms (experimental Ky 1.99cm?V-1s-1). The peak at
the drift time of 8.08ms (Kp 1.78cm2V~-1s-1) originated from
MTBE monomer and the peak at the drift time of 9.66 ms (Ky
1.49cm2V-1s-1) from MTBE dimer. The reduced mobility values
are similar to those previously obtained assuming that the MTBE
monomer is in the form M(H,0),;H*, i.e., a protonated cluster of
MTBE and water ions containing a single charge, and the dimer
is in the form M,H", i.e., a protonated MTBE dimer with a single
charge [49].

Fig. 5 shows the calibration relationships of the gaseous MTBE
monomer and dimer as a function of MTBE vapor concentration
ranging from 0 to 1390ngL-!. The curve was obtained from pure
MTBE placed in the permeation standard made from the vial with

5
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2 L LI —
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Drift time [ms]

Fig.4. lon mobility spectra of MTBE at different gas phase concentrations. Peaks can
be assigned to reactant ion (7.22 ms), MTBE monomer (8.08 ms), and MTBE dimer
(9.66 ms).
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rubber/TEF septum. MTBE was emitted through the septum in a
heated sample chamber from which the vapor was directed to the
IMS detector with the help of known flow of filtered air. The peak
area is plotted versus the concentration of MTBE in the gas phase
for the reactant ion, MTBE monomer and MTBE dimer. The slopes
show that at increasing MTBE concentrations up to 350ngL-!, the
formation of the reactant ion was dominant and the abundance
of monomer was higher than the dimer. At MTBE concentrations
greater than 350 ngL~!, the abundance of dimer increased signifi-
cantly whereas the monomer decreased, indicating an equilibrium
between monomer and dimer in the gas phase and the formation
of dimer by the clusterization of monomer species. The abundance
of reactant ion decreased exponentially as a function of MTBE con-
centration, indicating the phenomenon of product ions generation
by collisions between the reactant ions and the sample molecules.
Near the detection limit of gaseous MTBE (20ngL-1), only the
monomer species occurred whereas the signal originating from the
dimer appeared at concentrations higher than 40ngL-1.

Solid phase microextraction times from one minute up to more
than one hour have been previously reported for organic pollutants
[61,62]. We investigated this extraction time influence on the IMS
detector response with the test sample containing 30 mgL~! MTBE
in water. The SPME fiber was exposed to the headspace above the
test sample for 0.5, 1, 2, 3.5, 5, 7.5, and 10 min. Fig. 6 shows the
dependence of the detector response on the extraction time. At
the concentration used, the curves for the IMS detector response
for each detected species (reactant ion, MTBE monomer and MTBE
dimer; the curve for the reactant ion is not shown in the figure)
reached their relative stabilization in a very short time after which
the changes were slow. Within the time frame tested, longer expo-
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Fig. 6. Dependence between the head space extraction time of MTBE and IMS detec-
tor response.
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Fig.7. Dependence between MTBE concentration in water and measured IMS detec-
tor response.

sure time did not change the signal of MTBE dimer more than 5%.
Extraction in few minutes time scale could allow carrying out the
SPME-IMS procedure also in the field conditions. Therefore we
chose the extraction time of 1.5 min for studying the dependence
of IMS detector response on the concentration of MTBE in water
during SPME-IMS experiments.

We investigated the calibration relationship between signal and
concentration of MTBE in water at concentrations ranging from
2.5 to 500mgL-'. The drift time spectrum of MTBE obtained by
SPME-IMS corresponded well with the spectrum obtained by the
usual IMS experiment from the gas phase. Fig. 7 shows the results
by plotting the IMS detector response as a function of MTBE con-
centration. The figure shows that the formation of reactant ion
remained dominant in the whole concentration range despite the
decrease in reactant ion abundance with increasing content of
MTBE. The response of the MTBE dimer remained lower than that
of the monomer. The results indicate that SPME fiber was not over-
loaded in the used concentration range. The linearity range of IMS
methods is known to be relatively short [37] and limited linearity at
high concentrations is also related to SPME fiber [63]. As expected,
the slope of the MTBE dimer was nearly linear at concentrations up
to 250 mgL-! (R2 0.9821) but at higher concentrations the slope of
MTBE dimer started to curve. The slope of the MTBE monomer was
linear at concentrations up to 25 mgL-! (R% 0.9985) and the slope
of reactant ion peaks at concentrations up to 50 mg L~1 (R% 0.9946).
Regarding the whole curves of the detected ion species, polynomial
equations of third degree (R 0.9923 and 0.9996) were fitted to the
curves of reactant ion and MTBE dimer, whereas the logarithmic
equation (R? 0.9912) fit the MTBE monomer.

The desorption and IMS conditions were sufficient enough for
desorbing all MTBE from the fiber even at high concentrations.
As shown by Fig. 3, the detector signal corresponding to analyte
ions appeared after few measurement spectra from introduction
of sample, reached its maximum, and instantly started to fade as
the amount of analyte decreased in the fiber. The fiber was cleaned
between each analysis in order to eliminate carryover in the sub-
sequent measurement. Three replicate analyses were performed at
each MTBE concentration to test the extraction reproducibility and
thermal desorption, and the stability of the ion mobility spectrome-
ter. The drift time spectrum with the highest abundance of detected
ions was selected for calculation of concentration and each mea-
sured spectra consisted of 128 digitally averaged scans. The relative
standard deviation was 8.3% showing good reproducibility.

The applicability of the procedure for real samples was inves-
tigated with surface and ground water spiked with MTBE at four
different concentrations. We also investigated the matrix influence
ontheresponse of IMS signal by comparing the results with the data
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obtained from ultrapure (laboratory) water spiked with MTBE. The
experimental conditions were identical to those used for obtaining
the calibration curve data. Fig. 8 shows a more detailed comparison
of the results for MTBE in different water matrixes. The obtained
quantitative results are in good agreement. Regardless of water
type at each concentration the calculated peak areas are nearly
identical, indicating that the matrix did not significantly influence
on the response of IMS signal. This is probable due to the extraction
procedure taking place in the gaseous phase and thereby minimize
interferences from environmental matrix.

Although the measurement of MTBE by the combination of
SPME and IMS resulted in an unambiguous signal from MTBE in
water, the efficiency of extraction of MTBE was insufficient for the
measurements at the concentration levels of taste or odor thresh-
olds. The limit of detection (LOD) of MTBE was derived from the
smallest monomer peak with a signal-to noise ratio of 3:1 and it
was determined to be in the range of 5mgL-! in water, indicating
the low capacity of the combination of SPME and IMS for the mea-
surements of traces of MTBE. This could be due to lower desorption
temperatures and rates than typically used in SPME procedures for
GC and GC-MS for determining trace levels of MTBE in water sam-
ples [21]. We developed this procedure to be applicable for field
conditions, where it is often necessary to use milder experimental
parameters than in laboratory scale experiments. This method can
be useful when fast detection of the extent of pollution in water
systems is necessary, e.g., in case of accidental spills of MTBE or
MTBE containing gasoline. Better sensitivity has previously been
obtained by dynamic headspace IMS that included the generation
of air stream through the MTBE containing water sample in Drech-
sel bottle and trapping of MTBE vapors in a Tenax trap cooled
with liquid nitrogen [55]. Instrument failures, risk of contamination
of ion source, limited selectivity and significant matrix interfer-
ences, however, are possible due to water vapor generated by direct
vaporization. SPME avoids extractions of higher-boiling pointinter-
ferents. Therefore more selectivity in the analysis can be achieved
with the headspace extraction. The sample volumes needed for
extraction by SPME method are also relatively low compared to
other extraction methods.

4. Conclusions
We have shown that the combination of headspace SPME and

ion mobility spectrometer with 63-nickel ion source is a potential
detection method for MTBE in aqueous matrix. MTBE was detected

from the gas phase at concentration levels of ng L, indicating good
sensitivity of IMS for MTBE vapors. The efficiency of SPME was rel-
atively low as only mgL~! concentrations of MTBE were detected
from water. The special mobile phases or laborious sample prepa-
ration prior to the analysis are unnecessary, however, making this
method worth further development. SPME-IMS could be a suit-
able method for onsite analysis in many applications, because IMS
detector operates under atmospheric pressure conditions and the
screening of pollutants can be performed in few minutes. There-
fore, further evaluation using modified extraction conditions and
improved efficiency of thermodesorption will provide new infor-
mation on the possibilities of SPME-IMS in the detection of lower
concentrations of MTBE and related contaminants from water, the
studies of mixtures of substances, and measurements in field.

Acknowledgements

This work was financially supported by the Academy of Finland
(decision no. 124009), Tekes, and European Community (Marie
Curie Transfer of Knowledge Fellowship of the Sixth Framework
Program under contract no. MTKD-CT 2006-042637).

References

[1] S.D. Richardson, Anal. Chem. 79 (2007) 4295-4324.

[2] RA. Deeb, K.-H. Chu, T. Shih, S. Linder, I. Suffet, M.C. Kavanaugh, L. Alvarez-
Cohen, Environ. Eng. Sci. 20 (2003) 433-447.

[3] European Chemicals Bureau, European Union Risk Assessment Report 19, Tert-
butyl Methyl Ether, European Communities, Luxembourg, 2002.

[4] F. Belpoggi, M. Soffritti, C. Maltoni, Eur. ]. Oncol. 3 (1998) 201-206.

[5] M.G. Bird, H.D. Burleigh-Flayer, ].S. Chun, J.F. Douglas, ].J. Kneiss, L.S. Andrews,
J. Appl. Toxicol. 17 (1997) S45-S55.

[6] Office of Environmental Health Hazard Assessment, Public Health Goal for
Methyl Tertiary Butyl Ether (MTBE) in Drinking Water, Pesticide and Environ-
mental Toxicology Section, California EPA, USA, 1999.

[7] United States Environmental Protection Agency, Oxygenates in Water: Critical
Information and Research Needs, EPA/600/R-98/048, Office of Research and
Development, Washington, DC, 1998.

[8] M.D. Hernando, M. Ejerhoon, A.R. Fernandez-Alba, Y. Chisti, Water Res. 37
(2003) 4091-4098.

[9] K. Pirkanniemi, M. Sillanpdd, Chemosphere 48 (2002) 1047-1060.

[10] J. Ramo, M. Sillanpdd, J. Clean. Prod. 9 (2001) 191-195.

[11] K. Pirkanniemi, S. Metsdrinne, M. Sillanpdd, ]J. Hazard. Mater. 147 (2007)
556-561.

[12] T.Tuutijdrvi, ]. Lu, M. Sillanpdd, G. Chen, Hazard. Mater. 166 (2009) 1415-1420.

[13] A.Bhatnagar, M. Sillanpdd, Adv. Colloid Interface Sci. 152 (2009) 26-38.

[14] A.Bhatnagar, M. Sillanpdd, Chem. Eng. J. 157 (2010) 277-296.

[15] T.D.Pham, R.A.Shrestha, Virkutyte F]., M. Sillanpdd, Electrochim. Acta 54 (2009)
1403-1407.

[16] S.H. Vilhunen, M.E.T. Sillanpdd, . Hazard. Mater. 161 (2009) 1530-1534.

[17] E.Bi, S.B. Haderlein, T.C. Schmidt, Water Res. 39 (2005) 4164-4176.

[18] California MTBE Research Partnership, Treatment Technologies for Removal
of Methyl Tertiary Butyl Ether (MTBE) from Drinking Water. Air Stripping,
Advanced Oxidation Processes, Granular Activated Carbon, Synthetic Resin Sor-
bents, second ed., Center for Groundwater Restoration and Protection, National
Water Research Institute, 2000.

[19] B.Ji, F.Shao, G.Hu, S. Zheng, Q. Zhang, Z. Xu, J. Hazard. Mater. 161 (2009) 81-87.

[20] J. Sutherland, C. Adams, J. Kekobad, Water Res. 38 (2004) 193-205.

[21] T.C. Schmidt, Trends Anal. Chem. 22 (2003) 776-784.

[22] J.L.Pérez Pavon, M. del Nogal Sanchez, C. Garcia Pinto, M.E. Ferndndez Laespada,
B. Moreno Cordero, J. Chromatogr. A 1048 (2004) 133-139.

[23] J. Atienza, P. Aragon, M.A. Herrero, R. Puchades, A. Maquieira, Crit. Rev. Anal.
Chem. 35 (2005) 317-337.

[24] M. Rosell, S. Lacorte, D. Barceld, Trends Anal. Chem. 25 (2006) 1016-1029.

[25] C. Achten, A. Kolb, W. Piittmann, Fresen. J. Anal. Chem. 371 (2001) 519-525.

[26] L.Arambarri, M. Lasa, R. Garcia, E. Millan,]. Chromatogr. A 1033 (2004) 193-203.

[27] ]. Dron, R. Garcia, E. Millan, J. Chromatogr. A 963 (2002) 259-264.

[28] S. Nakamura, S. Daishima, Anal. Chim. Acta 548 (2005) 79-85.

[29] C.L. Arthur, ]J. Pawliszyn, Anal. Chem. 62 (1990) 2145-2148.

[30] H. Lord, J. Pawliszyn, ]. Chromatogr. A 885 (2000) 153-1936.

[31] X.Liu,S.Nacson, A. Grigoriev, P. Lynds, ]. Pawliszyn, Anal. Chim. Acta 559 (2006)
159-165.

[32] J.K. Lokhnauth, N.H. Snow, ]. Sep. Sci. 28 (2005) 612-618.

[33] J.M. Perr, K.G. Furton, J.R. Almirall, J. Sep. Sci. 28 (2005) 177-183.

[34] A. Mohammadi, A. Ameli, N. Alizadeh, Talanta 78 (2009) 1107-1114.

[35] P.Rearden, P.B. Harrington, Anal. Chim. Acta 545 (2005) 13-20.

[36] J.K. Lokhnauth, N.H. Snow, Anal. Chem. 77 (2005) 5938-5946.

[37] G.A.Eiceman, Z. Karpas, lon Mobility Spectrometry, second ed., CRC Press, Boca
Raton, 2005.



744 M. Nousiainen et al. / Talanta 84 (2011) 738-744

[38] LA.Buryakov, J. Chromatogr. B 800 (2004) 75-82.

[39] R.P. Erickson, A. Tripathi, W.M. Maswadeh, A.P. Snyder, P.A. Smith, Anal. Chim.
Acta 556 (2006) 455-461.

[40] A.B.Kanu, P.E. Haigh, H.H. Hill, Anal. Chim. Acta 553 (2005) 148-159.

[41] K. Tuovinen, H. Paakkanen, O. Hanninen, Anal. Chim. Acta 440 (2001) 151-159.

[42] S. Zimmermann, S. Barth, W.K.M. Baether, J. Ringer, Anal. Chem. 80 (2008)
6671-6676.

[43] G.R. Asbury, J. Klasmeier, H.H. Hill Jr., Talanta 50 (2000) 1291-1298.

[44] G.A. Eiceman, J.A. Stone, Anal. Chem. 76 (2004) 390A-397A.

[45] R.G.Ewing, D.A. Atkinson, G.A. Eiceman, G.J. Ewing, Talanta 54 (2001) 515-529.

[46] R.-M. Rdsdnen, M. Nousiainen, K. Perdkorpi, M. Sillanpdd, L. Polari, O. Antta-
lainen, M. Utriainen, Anal. Chim. Acta 623 (2008) 59-65.

[47] J.I. Baumbach, S. Sielemann, Z. Xie, H. Schmidt, Anal. Chem. 75 (2003)
1483-1490.

[48] H. Borsdorf, A. Rimmler, D. Schulze, K.O. Boedu, B. Feist, H. Weif3, Anal. Chim.
Acta 440 (2001) 63-70.

[49] H. Borsdorf, A. Rimmler, ]. Chromatogr. A 1072 (2005) 45-54.

[50] A.B.Kanu, M.M. Gribb, H.H. Hill, Anal. Chem. 80 (2008) 6610-6619.

[51] M. Nousiainen, K. Perdkorpi, M. Sillanpdd, Talanta 72 (2007) 984-990.

[52] J. Puton, M. Nousiainen, M. Sillanpdd, Talanta 76 (2008) 978-987.

[53] M. Utriainen, E. Karpdnoja, H. Paakkanen, Sens. Actuators B 93 (2003) 17-24.

[54] ]. Stach, T. Arthen-Engeland, ]. Flachowsky, H. Borsdorf, Int. J. IMS 5 (2002)
82-86.

[55] R. Pozzi, F. Pinelli, P. Bocchini, G.C. Galletti, Anal. Chim. Acta 504 (2004)
313-317.

[56] A.-K.Viitanen, T. Mauriala, T. Mattila, A. Adamov, C.S. Pedersen, ].M. Mdkeld, M.
Marjamadki, A. Sysoev, J. Keskinen, T. Kotiaho, Talanta 76 (2008) 1218-1223.

[57] C. Achten, W. Piittmann, Environ. Sci. Technol. 34 (2000) 1359-1364.

[58] ]. Puton, S. Holopainen, M. Mdkinen, M. Sillanpdd, Influence of dopant con-
centration on sensitivity of detection in ion mobility spectrometry, in: 18th
International Conference on lon Mobility Spectrometry, Thun, Switzerland, July
25-31, 2009.

[59] G.E.Spangler, Anal. Chem. 65 (1993) 3010-3014.

[60] W. Dziewiecki, S. Holopainen, A. Knap, M. Nousiainen, B. Siodtowski, M. Sillan-
pdd, J. Puton, Anal. Sci. 26 (2010) 983-988.

[61] G.Ouyang, J. Pawliszyn, Trends Anal. Chem. 25 (2006) 692-703.

[62] V.H. Niri, L. Bragg, ]. Pawliszyn, J. Chromatogr. A 1201 (2008) 222-227.

[63] T. Gérecki, ]. Pawliszyn, Field Anal. Chem. Technol. 1 (1997) 277-284.



	Fast detection of methyl tert-butyl ether from water using solid phase microextraction and ion mobility spectrometry
	Introduction
	Materials and methods
	Chemicals
	SPME
	Thermal desorption and emission
	Introduction of samples into calibration system
	Ion mobility spectrometer
	Data processing and integration

	Results and discussion
	Conclusions
	Acknowledgements
	References


