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 for Analysis of Air Samples

Tae-Kyu Kim, Kyung-Hoon Jung, Seung-Kyo Yoo,† and Kwang-Woo Jung‡,*

Department of Chemistry, Korea Advanced Institute of Science and Technology, Daeduk Science Town, Daejeon 305-701, Korea
†Withtech, Inc., Moonji-dong 104-15, Yusung-gu, Daejeon 305-380, Korea

‡Department of Chemistry and Institute of Basic Science, Wonkwang University, Iksan, Chonbuk 570-749, Korea
*E-mail: kwjung@wonkwang.ac.kr

Received November 10, 2004

A miniaturized time-of-flight mass spectrometer with an electron impact ionization source and sheet membrane
introduction has been developed. The advantages and features of this mass spectrometer include high
sensitivity, simple structure, low cost, compact volume with field portability, and ease of operation. A mass
resolution of 400 at m/z 78 has been obtained with a 25 cm flight path length. Under optimized conditions, the
detection limits for the volatile organic compounds (VOCs) studied were 0.2-10 ppm by volume with linear
dynamic ranges greater than three orders of magnitude. The response times for various VOCs using a silicone
membrane of 127 µm thickness were in the range 4.5-20 s, which provides a sample analysis time of less than
1 minute. These results indicate that the membrane introduction/time-of-flight mass spectrometer will be useful
for a wide range of field applications, particularly for environmental monitoring.
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Introduction

Miniature and field-portable mass spectrometers have
played a prominent role in a variety of in situ analysis
applications, including environmental analysis, process
monitoring, forensics, space applications, and chemical and
biological agent detection.1-3 Because of their high chemical
specificity and exquisite sensitivity, molecular weights and
structural information are both available through the
appropriate choice of ionization methodology, which means
they provide unambiguous identification of sample com-
ponents. The mass spectrometer of choice is generally a
quadrupole device,4-6 an ion trap,7-9 or less frequently, a
magnetic sector instrument.10 The technique of time-of-
flight mass spectrometry (TOFMS) has also attracted much
attention because of its potential for use in numerous field-
portable and remote sampling applications. TOFMS has the
advantages over scanning technologies of unlimited mass
range, simple design, and rapid delivery of full mass
spectra,11-14 and thus looks promising for realization of these
goals. A transportable TOFMS with a converging annular
geometry and an electron impact (EI) source has recently
been designed for environmental monitoring of VOCs.15 The
mass resolution of this instrument is 270 at m/z 91 (toluene),
with a dynamic range of over 10000. Cornish and Cotter
have also developed a miniature TOFMS that uses laser
desorption and ionization for biological detection.16

The major difficulty encountered in the use of mass
spectrometry for the detection and identification of pollu-
tants in the atmosphere arises in the introduction of the
sample from atmospheric pressure to the high vacuum of the
ion source. Direct expansion of the air into the vacuum
chamber of the instrument can be employed and has the

advantage that the sampling is relatively unbiased with
respect to the molecular properties of the sample con-
stituents.17,18 However, an appreciable quantity of air and
water vapor are also then admitted. An improvement in the
sensitivity of a MS can be achieved by using the selective
permeation of certain semipermeable membranes to effec-
tively concentrate the volatile organic samples with respect
to the permanent atmospheric gases.

Recent work on membrane introduction mass spectro-
metry (MIMS) has shown that it is one of the simplest, most
efficient, and most sensitive techniques for the purpose of
on-line or on-site analysis of VOCs and other analytes
present in air and water matrices.19-26 The principle of the
MIMS technique lies in the fact that volatile and semi-
volatile organic compounds have been found to selectively
permeate through hydrophobic membranes such as poly-
dimethylsiloxane (PDMS), also known as silicone, much
more quickly than water and other polar substances.27 Such a
membrane also functions as an efficient interface between
the matrix and the high vacuum of the mass spectrometer.
The VOCs migrate from the environmental sample to the
membrane, concentrate in and diffuse through the mem-
brane, and evaporate from the membrane surface directly
into the high vacuum ion source region of the mass
spectrometer, in which they are ionized and detected,
normally at trace levels.

The first applications of MIMS to air analysis were
reported in the early 1970s,28,29 but little attention to real-
time monitoring of environmental samples was paid until the
1990s. The purpose of this paper is to describe experiments
with a membrane inlet for direct air sampling coupled to a
TOFMS for the analysis of VOCs. The characteristics of the
present system that differentiate it from existing technolo-
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gies are the use of a simple membrane interface into the
miniaturized linear type TOFMS without the need for
preconcentration steps, a rapid analysis cycle, and a simple
geometry that is easy to operate. Detection limits and
response times for representative substances have been
determined. Direct comparisons are made between the
performance of a conventional direct sample inlet and
membrane introduction by fitting both to a TOFMS. The
compactness of the time-of-flight analyzer and of the
necessary ancillary equipment makes it suitable for con-
structing a mobile membrane inlet mass spectrometer for on-
site processing and real-time environmental analysis.

Experimental Section

Time-of-Flight Mass Spectrometer. A schematic di-
agram of the miniature MI-TOFMS is shown in Figure 1. It
consists of a TOF analyzer (25 cm flight path), mounted on a
4.5 in. cube, the sample inlet system, the electron impact
ionizer, and the electronics for the ion source and for data
acquisition. Vacuum is maintained in this system with a
turbomolecular pump (Varian Turbo-V70, 70 L/s N2) backed
by a 40 L/min mechanical pump. The system unit has
dimensions of 50 × 40 × 30 cm3, not including the
mechanical pump. The pressure in the mass spectrometer
with the membrane introduction interface in place is ≤ 1.3 ×
10−6 Torr. The linear double-stage TOFMS is based on the
Wiley-McLaren configuration30 and is operated with a
pulsed acceleration field.

Electrons for ionizing the sample gas in the source region
are produced continuously by an electrically heated tungsten
filament mounted on a ceramic base. The electron beam is
focused by a pierce element and a single lens into the ion
source through an 1 × 10 mm2 aperture. Ions are created by
electron bombardment at 70 eV. The ionization region is
maintained field free during the ionization by applying a
constant potential (1000 V) to the repelling and extracting
electrodes. Triggered by the start signal, the resulting ions

are then extracted toward the detector by applying a 150 V
negative-going pulse to the extracting electrode, which was
chosen in order to optimize the space focusing condition.
The extracting electrode is pulsed by means of HV push-pull
MOSFET switch (Behlke Electronic GmbH, HTS21-03-
GSM) with a rise time of less than 20 ns. Ions are detected
with a chevron microchannel plate detector. The ion signal is
fed directly into a transient digitizer (National Instruments,
PCI-5112), which is programmed for automated data acqui-
sition and signal averaging. The mass spectra were recorded
with a repetition rate of 50 Hz.

Because the ions are all accelerated to the same energy, the
velocity of each ion will depend upon its mass to charge
ratio. Hence the flight time of the ion also depends on this
ratio. One of the main advantages of this technique is that a
complete spectrum is generated each cycle. Thus the relative
intensities of ions in the source are accurately represented,
even if source conditions change during the experiment.
This is in contrast to scanning spectrometers such as
quadrupole, ion trap, and magnetic sector type devices.
Additionally, TOFMS has outstanding transmission, and due
to their simple setup are very robust and insensitive to
vibrations, which is particularly important for field
applications.

Membrane Interface. Two sample introduction modes
for introducing chemical vapors and air samples into the
mass spectrometer were used in this work for system testing.
The first method used an effusive molecular beam inlet with
an adjustable leak valve to introduce the desired gaseous
sample into the ion source. This configuration does not
deliberately concentrate any compounds. The advantages of
using a capillary inlet for gaseous sample introduction
include very fast response times (of the order of seconds),
simplicity and ruggedness, and suitability for long-term
monitoring experiments.

In the second sampling mode, a membrane inlet system
was attached to the opposite side of the electron impact
ionizer. The basis of this technique is the selective transport

Figure 1. Schematic view of the time-of-flight analyzer-based membrane inlet mass spectrometer: EB, effusive beam; E, extracting
electrode; R, repelling electrode; M, membrane; MCP, microchannel plate.
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of analyte molecules across a semipermeable membrane into
the ion source of the mass spectrometer. The analyte stream
flows over a sheet of membrane material, which is usually a
silicone rubber. The analyte is adsorbed onto the membrane
material and diffuses through the membrane along a
concentration gradient towards the mass spectrometer inlet.
This combination of adsorption and diffusion means that the
permeation coefficient depends on the compound and the
membrane material. In particular, the permeation coeffi-
cients of nitrogen and oxygen in silicone membranes are
very low compared with, for example, those of small organic
molecules. The difference between the permeation rates
leads to an enrichment effect, which allows trace analysis of
the VOCs in air samples.

A circular silicone sheet (Dow Corning Corp., Midland,
MI, USA) membrane with a thickness of 127 µm is
positioned between two machined duralumin blocks and
sealed with Viton o-rings (Figure 1). The effective membrane
area is 12.6 mm2. This area provides an acceptable compro-
mise between sensitivity and the amount of air admitted into
the vacuum chamber. The membrane interface is connected
by a Swagelock union to a 0.0625 in. o.d. × 0.021 in. i.d.
transfer tube, which is inserted 2 in. into the center of the
TOFMS ion source to ensure a maximum density of analyte
molecules in the ionization region. Air flow over the
membrane was regulated by means of a small air sampling
pump placed at the sample outlet of the membrane assembly.
The pumping speed can be varied up to 300 mL/min, and the
pump was powered with a regular 9 V battery.

Gaseous standards for the VOCs were made using a
home-built gas calibration device at a concentration range of
0.1-104 ppm for mass calibration and external quantification.
Room air, passed through a water trap, was used to supply
the sample dilution system. All of the chemicals (analytical
grade, Aldrich Chemical) for system testing and calibration
were used as received without further purification.

Results and Discussion

Figure 2 shows the TOF mass spectrum obtained for the
effusive beam inlet sampling of benzene vapor (Psample = 2.0
× 10−6 Torr) at 70 eV impact energy. This spectrum was
averaged over 500 pulses taking a data point every 4 ns. The
mass spectrum clearly shows the parent ion (m/z 78) at 7.43
µs and the air components corresponding to N2

+ (m/z 28) and
O2

+ (m/z 32) at 4.57 µs and 4.86 µs respectively. The peak
width at half height can be used to estimate the resolution of
the mass spectrometer. The peak width for the C6H6

+ ion
represents 9.25 ns FWHM. The resolution is defined as R =
T/2∆T, where T is the total flight time of the ion packet and
∆T is the FWHM of the peak. In this case the resolution is
400 at 78 amu, indicating that this instrument is adequate for
the analysis of the majority of VOCs in air samples.

As described in the experimental section, two methods for
introducing chemical vapors into the mass spectrometer
were used in this work. In order to understand the effects of
these sample introduction methods on detection sensitivity,

mass spectra were obtained for a benzene sample. Figure 3a
shows the background spectrum of ambient air obtained
with the MI-TOFMS. Most of the ion peaks at lower m/z
values result from air and water vapors that have permeated
through the membrane. The O2 and N2 peaks observed in
each spectrum can be used for mass calibration; hence no
external standards are needed during air sampling. When the
sample consisting of 1600 ppm benzene in air was intro-
duced by effusive beam (Figure 3b), no significant differ-
ence between the mass spectrum and the background spec-
trum was detected. However, in the membrane introduction

Figure 2. Typical 70 eV electron impact time-of-flight mass
spectrum of a benzene sample using the effusive beam inlet
method. The spectrum is averaged for 500 shots at 4 ns per
channel.

Figure 3. Comparison of MI-TOF mass spectra of (a) background,
(b) 1600 ppm benzene in air using the effusive beam inlet, and (c)
1600 ppm benzene in air using membrane introduction.
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mode, a very distinct feature appears, as shown in Figure 3c.
The benzene sample produces several significant peaks of
C3H3

+ (m/z 39), C4H2
+ (m/z 50), C4H3

+ (m/z 51), C4H4
+ (m/z

52), and C6H6
+ (m/z 78) ions; the most significant peak is

that of C6H6
+ ion. This result demonstrates that the higher

solubility of benzene molecules in the silicone membrane
than of inorganic air components leads to the enrichment of
the benzene concentration after sample permeation through
the membrane. The advantage of membrane introduction is
thus more sensitive detection by the TOFMS instrument,
compared with the effusive beam inlet under similar
conditions, which indicates membrane introduction should
be used in environmental air sampling.

For identification of each analyte in actual samples, mass
discrimination between the observed ions in the full mass
spectrum is desired. In order to test the system with a
multicomponent sample, a mixture of volatile organic ana-
lytes was prepared, containing chlorobenzene, 1,2-dichloro-
ethane, o-xylene, each at 500 ppm in air. A membrane
introduction TOF mass spectrum of this mixture is shown in
Figure 4, which is in good agreement with the 70 eV
electron impact mass spectrum of each component from the
NIST Standard Reference Database.31 For example, o-xylene
(denoted as X) produces distinct ions with m/z 91 and m/z
106, corresponding to C7H7

+ and C8H10
+ respectively. The

presence of the chlorobenzene (denoted as C) component
can also be confirmed from its parent ion with m/z 112,
whereas 1,2-dichloroethane (denoted as D) produces a
characteristic ion fragment C2H3Cl+ (m/z 62). These results
demonstrate that the MI-TOFMS can be used in qualitative
analysis of air samples.

To measure the detection limits and linearity ranges of the
different inlet configurations, samples with various concen-
trations of toluene vapor in air were examined. This

comparison allows us to estimate the sensitivity obtainable
using a membrane inlet. Figure 5 shows the relationship
between the sample concentration and the signal intensity of
the (M-H)+ ion (m/z 91) for each mass spectrum. The upper
plot shows the results for toluene concentrations from 1 to
2000 ppm in air, using membrane introduction. The data
points fall approximately on a straight line and indicate
reasonable linearity and instrument stability. The lower plot
shows the results for toluene concentrations from 100 to
9000 ppm in air, obtained using the effusive beam inlet. The
lower limit for detecting toluene was reduced from 35 ppm
for the effusive beam inlet to 0.2 ppm with membrane
introduction. The detection limits of this instrument can be
further improved by increasing the electron impact current
and the detector sensitivity. This result implies that
membrane introduction significantly enhances sensitivity
over that of the effusive beam inlet by two orders of
magnitude. If this also holds for other chemical species, it
would be possible to detect ppb levels of atmospheric gases
with a membrane introduction time-of-flight mass spectrom-
eter. As can be seen in Figure 5, the linear dynamic range of
the membrane introduction method extends well beyond 3
orders of magnitude. These wide dynamic ranges are in
good agreement with the dynamic ranges measured for other
VOCs in earlier studies.32,33

In order to determine the basic membrane parameters, the
time dependence of the signal from the mass spectrometer
was investigated. The sample modulation was controlled
with an alternating valve that switches between the sample
stream and the background stream. Typical time versus
signal intensity profiles for introduction with a 127 µm
membrane are shown in Figure 6 along with the temporal
responses for methanol, benzene, toluene, and o-xylene. The
time dependence of the ion intensity for each analyte was
obtained from the gate integration of the largest peak in the

Figure 4. Membrane introduction time-of-flight mass spectrum of
a sample containing 500 ppm of each of chlorobenzene (denoted as
C), 1,2-dichloroethane (denoted as D), and o-xylene (denoted as X)
in air. The flow rate of the sample was 300 mL/min. Pressure in the
vacuum chamber was below 5 × 10−6 Torr.

Figure 5. Calibration curves for toluene in air. ■ , membrane
introduction (concentration range 1-2000 ppm); □ , effusive beam
inlet (concentration range 100-9000 ppm). The high selectivity of
the silicone membrane results in a detection limit of 0.2 ppm versus
35 ppm for the effusive beam inlet.
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time-of-flight mass spectrum of each sample. The response
time is the time taken for the signal intensity to rise from 10
to 90% of its maximum value:

t10-90% = 0.237(l2/D)

where l and D are the membrane thickness and the diffusion
coefficient respectively.34 From this equation it can be seen
that the response time is inversely proportional to the
diffusion coefficient. The signal increases rapidly after a
short lag period and then apparently levels off. The
measured response times varied considerably for different
substances and were in the range 4.5-20 s. This observation
is consistent with the findings of Ketola and coworkers33 that
the response times of various VOCs range from 12 to 27 s
for a 100 µm silicone sheet membrane. The aromatic
compounds of benzene (9 s), toluene (15 s), and o-xylene
(20 s) resulted in slower responses than methanol molecule
(4.5 s), primarily due to their molecular size. The rapid
response times obtained for VOCs indicate that rapid
concentration changes in the environmental air sample can
easily be monitored by the MI-TOFMS method. This is also
very important for the rapid determination of VOCs at trace
levels in air samples.

Detection limits, linear dynamic ranges and response
times for the various VOCs are summarized in Table 1. The
detection limits for most compounds are low, especially for
aromatic compounds which have detection limits at the sub
ppm level. The more polar compounds have higher detection
limits, as expected because of the hydrophobic nature of the
silicone membrane.35 For example, acetone has a detection
limit of 4.2 ppm and iodomethane has a detection limit of
9.8 ppm at room temperature, higher than those of benzene,
toluene, and o-xylene. The noise limiting the sensitivity was

mostly due to fluctuations in the background rather than to
instrumental noise, so detection limits better than those
shown in Table 1 should be achievable with a cleaner
vacuum system and improved ion collection efficiency. The
linear dynamic ranges were over three orders of magnitude,
which are even wider than the linear dynamic ranges of
effusive beam sample introduction.

Conclusion

We have shown in this study that volatile organic sub-
stances in air can be analyzed with a miniature membrane
introduction/time-of-flight mass analyzer with a good
resolution (400 at m/z 78) and sensitivity that is comparable
to those of conventional full-sized TOF instruments. The
detection limits for the volatile organic compounds studied
were in the range 0.2-10 ppm with linear dynamic ranges
greater than three orders of magnitude. The major advan-
tages of the MI-TOFMS system are its small instrumental
volume, simple geometry, and ease of operation, especially
when pumps of minimum size are used. The whole system is
easily portable and its maintenance is simple and rapid. In
addition, this mass spectrometer provides fast responses,
whereas conventional analytical methods always require the
use of sample enrichment processes before measurement.
The use of more efficient ionization such as laser ionization
should yield a significant reduction in the sample concen-
tration required to achieve the same signal intensity. There-
fore, the MI-TOFMS can be used for long-term continuous
monitoring of environmental, biological and chemical
processes.
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