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In the present study, we constructed a membrane inlet assembly for selective permeation of volatile airborne organic
compounds for subsequent analysis by time-of-flight mass spectrometry. The time-dependent diffusion of analytes
through a 75 pm thick polydimethylsiloxane membrane was measured by monitoring the ion signal after a step change
in the sample concentration. The results fit well to a non-steady-state permeation equation. The diffusion coefficient,
response time, and sensitivity were determined experimentally for a range of polar (halogenated) and nonpolar (aromatic)
compounds. We found that the response times for several volatile organic compounds were greatly influenced by the
alkyl chain length as well as the size of the substituted halogen atoms. The detection limits for benzene, ethylbenzene,
and 2-propanol were 0.2 ppm, 0.1 ppm, and 3.0 ppm by volume, respectively, with a linear dynamic range greater than
three orders of magnitude. These results indicate that the membrane inlet/time-of-flight mass spectrometry technique
will be useful for a wide range of applications, particularly for in situ environmental monitoring.
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Introduction

Over the last few decades, semipermeable membranes have
found applications in a variety of separation processes, such
as desalination, dialysis, ultrafiltration, gas separation, dehumi-
dification, osmosis, reverse osmosis, and electrodiallysis.l'3 In
these applications, the membrane primarily functions as a sepa-
rator of two bulk phases, and controls mass transfer between
the phases. An important advantage of membrane separation
techniques is that they allow the simultaneous extraction and
enrichment of analytes, and typically facilitate selective extrac-
tion at trace levels while consuming only small quantities of
solvent. Consequently, a sample matrix may be brought into
continuous contact, providing a means for continuous, auto-
mated, real-time processing with an on-line interface to analy-
tical instruments.*

Recent work on membrane introduction mass spectrometry
(MIMS) has shown that it is one of the simplest, most effi-
cient, and sensitive techniques for real-time on-site analysis of
volatile organic compounds (VOCs) and other analytes pre-
sent in air and water matrices.”® MIMS benefits from the selec-
tive transport of analytes through a semipermeable membrane,
which is usually a hydrophobic silicone polymer. Silicone is
useful because it allows selective permeation of volatile orga-
nic analytes, while the primary components of air are mostly
blocked. This difference in permeability is important because
it facilitates direct monitoring (without sample preparation) of
volatile analytes over a wide range of concentrations in com-
plex gaseous mixtures. The analytes are thus transferred without
extraction or pretreatment steps from the sample directly into
the ion source of a mass spectrometer, in which they are ioniz-

ed and detected normally at trace levels.”"" The membrane
also serves as a physical barrier between the atmospheric pre-
ssure and the vacuum inside the mass spectrometer, which
greatly reduces the pumping requirements of the instrument.

Time-of-flight mass spectrometry (TOFMS) differs fundam-
entally from mass spectrometry techniques that use scanning
instruments, such as qualdrupole,lz'14 ion trap,ls'17 and magnetic
sector'® analyzers, in that the formation of discrete ions and
the mass dispersion is accomplished in the time domain rather
along a spatial axis. Because a complete spectrum is generated
in each cycle, the relative intensities of ions in the source are
accurately represented, even if source conditions change during
the experiment. This dynamic range and rapid delivery of full
mass spectra in TOFMS represent a large advantage over scann-
ing instruments. TOFMS also has an intrinsic duty-cycle ad-
vantage that increases with the observed dynamic range in
mass. Additionally, TOFMS is characterized by outstand-
ing transmission, and, due to its simple setup, it is robust and
insensitive to vibrations, which is particularly important for
field applications.

Several reports have described analytical measurement of
VOCs using MIMS, but only a few studies™ " have characteriz-
ed the correlation between molecular properties, membrane
properties, detection limits, and response times. In addition,
systematic comparisons of molecular parameters that affect the
performance of silicone membrane interfaces are scarce. The
purpose of this study was to describe an analytical technique
that employs a membrane inlet for direct air sampling coupled
to a TOFMS for the analysis of VOCs. We analyzed several
aromatic and halogenated hydrocarbons to determine the factors
affecting membrane performance. We also determined the de-
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tection limits and response times for representative substances.
Experimental Section

A schematic of the membrane inlet assembly, which was
constructed on a standard 2 3/4 inch Conflat flange, is shown
in Figure 1. The assembly consisted of two sections (upper and
lower) of the aluminum interface body, a sheet membrane,
and a transfer capillary tube. Two 3 mm diameter holes allowed
the gas sample to be flushed through the flow chamber, in which
the analytes directly contacted the membrane surface. It should
be apparent that larger flow chambers provide worse probe
efficiencies with respect to response sensitivity and sampling
frequency.”® To maximize the contact between the analyte and
the membrane, the dimensions were adjusted to minimize the
ratio of sample volume contacting the membrane relative to the
membrane surface area. The membrane material was a 75 um
thick silicone elastomer (7-4170), obtained from Dow Corning
Corporation (Midland, MI, USA).

The membrane was suspended in a flat geometry between
two support discs (25.0 mm OD and 4.0 mm ID) and was sealed
with Viton o-rings mounted at both ends of the interface body.
The effective membrane area was 12.6 mm”, which provided
an acceptable compromise between sensitivity and quantity of
air admitted to the high vacuum of the MS chamber (5 x 10
Torr). The membrane inlet assembly was located outside the
home-built TOF mass spectrometer,”>* 7 cm away from the
center of the ion source. The transport of permeated analytes
from the membrane assembly to the electron ionization source
of the TOF mass spectrometer occurred through a 0.5 mm ID
deactivated fused silica tube. In order to heat and maintain the
membrane assembly at a constant temperature, a cartridge hea-
ter and a K-type thermocouple were inserted into the small holes
of the assembly body, and a temperature controller (Watlow,
96B0-FAAA-00-GR) was used to heat the heating element with
a periodic 24 VDC pulse.

The basic membrane parameters were determined by measur-
ing the time dependence of the ion signal from the mass spec-
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Figure 1. Schematic of the membrane inlet assembly designed for sam-
ple introduction to a TOFMS.
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trometer. The sample modulation was achieved with two flow
channels, one connected to fresh air, and one containing the
sample of low concentration organic compound in air. The
flow channels were connected to a three-way magnetic valve
(Cole-Parmer, A-98622-12) placed in front of the membrane
inlet. When the gas sample is introduced into the membrane
inlet, the signal increased rapidly after a short lag period, then
apparently leveled off. The response time, taken as the time
required for the signal intensity to rise from 10% to 90% of'its
maximum value, was determined as a function of time after the
valve was opened to allow the analyte through the membrane.
The ion signal was averaged by a gated integrator/boxcar avera-
ger (Stanford Research Systems), where the boxcar gate was
positioned at the arrival time of an ion of interest in the TOF
spectrum. Sample flow over the membrane was regulated by
means of a gear pump (Cole-Parmer, A-07600-00) placed at the
outlet of the membrane assembly. The typical sample flow rate
was 300 mL/min.

Gaseous standard samples were generated in ppm volume
concentrations by injecting microliter quantities of mixtures
or individual components into a Tedlar bag prefilled with a
known volume of clean dry air, then transferring aliquots into
aseries of additional bags. In the case of mass tuning of TOFMS,
helium gas was used to dilute the mixture sample. The bags
were maintained at ambient temperature (25 = 1 °C) over the
course of the tests. Spectrophotometric grade benzene, toluene,
ethylbenzene, o-xylene, and halogenated benzene compounds
from Sigma-Aldrich were used without further purification.

Results and Discussion

The identification of each analyte in the unknown samples
required precise discrimination between ions observed in the
full mass spectrum. A typical 70 eV electron impact TOF mass
spectrum obtained for the membrane introduction of a sample
mixture, containing 100 ppm toluene, 150 ppm fluorobenzene,
50 ppm chlorobenzene, 150 ppm bromobenzene, and 100 ppm
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Figure 2. A typical 70 eV electron impact time-of-flight mass spectrum
of a sample containing toluene (100 ppm), fluorobenzene (150 ppm),
chlorobenzene (50 ppm), bromobenzene (150 ppm), and iodobenzene
(100 ppm) using the membrane inlet method. This spectrum was averag-
ed over 500 pulses, which corresponds to 10 s acquisition time.
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iodobenzene in helium, is displayed in Figure 2. This spectrum
is in good agreement with the mass spectrum of each component
from the NIST Standard Reference Database.” For example,
toluene produced distinct ions at m/z 91 and m/z 92, with each
corresponding to C;H; and C;Hg ' respectively. The presence
of the halogenated benzene components were also confirmed
from their parent ions and isotope ratios at m/z 96 (CsHsF), m/z
112 (C¢HsCl-35), m/z 114 (CsHsCl-37), m/z 156 (CsHsBr-79),
m/z 158 (CesHsBr-81), and m/z 204 (CsHsl), respectively. The
peak at m/z 77 in the mass spectrum is attributed to the frag-
mentation and the resulting phenyl cation (C¢Hs'). The peak
corresponding to H,O' (m/z 18) resulted from trace water vapor
that permeated the membrane. In spite of a relatively low con-
centration of analytes in the mixture, the observation of these
significant peaks demonstrated that the high solubility of sub-
stituted benzene molecules in the hydrophobic silicone mem-
brane led to enrichment of the analyte after selective permeation
through the membrane.

The permeation of a substance through the membrane is de-
fined by a process that includes: (i) adsorption of the analyte
to the membrane surface; (ii) diffusion through the membrane
body; and (iii) release from the inner surface into the vacuum
of the mass spectrometer.”’ The second step of diffusion through
the membrane is known to be the rate-determining process,
whereas partitioning at the high-pressure surface and desorp-
tion from the low-pressure surface are considered to be instan-
taneous.’’ Thus, the permeation process across the membrane
delays the response of the mass spectrometer to the analyte
present in the sample. The time-dependent signal includes a
measure of the time taken to achieve a maximum signal re-
sponse to a sample of fixed concentration (i.c., to achieve a
steady-state composition). For real-time sampling and analysis,
it is, therefore, necessary to account for the membrane response.

Figure 3 shows the detection response of benzene samples
of different concentrations (50 and 500 ppm), which represents
the convolution of transmission time through the membrane
after sample introduction and the time to reach steady-state
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Figure 3. Response time measurements of (a) 50 ppm and (b) 500 ppm
benzene samples obtained using a 75 pm sheet membrane at room tem-
perature. The solid lines correspond to the simulation results of non-
steady-state permeation theory (Eq. 1) using the first five terms (n =
1-5). The signal intensities were normalized to facilitate the comparison.

Bull. Korean Chem. Soc. 2010, Vol. 31, No. 10 2793

detection levels at room temperature. The time dependence of
the ion intensity was obtained from the gate integration of the
largest peaks for benzene (m/z 78) in the TOF spectrum. The
sample modulation was controlled via an alternating valve
that switched between the sample and background streams.
The response time, required for the signal intensity to rise from
10% to 90% of its maximum value, was 22.9 s, and was in-
dependent of the sample concentration, indicating that the num-
ber of analytes in the sample matrix did not affect the permea-
tion process.

Non-steady-state permeation can be described by Fick’s di-
ffusion equation. For a step change in concentration, the mathe-
matical solution for the time-dependent flow J(¢) through a
sheet membrane of thickness ¢ is:’>™

J(1)=J, {1+2-§T:[(-1)" ~exp(—(n7r/€)2 Dtﬂ} (1)

where Ji is the steady-state flow of an analyte in the extract
stream, and D is the diffusion coefficient of the analyte in the
membrane polymer. The permeation process exhibits an asy-
mptotic approach to the steady state. The best fit is presented
in Figure 3, which shows permeation through a sheet membrane
when each analyte concentration was instantaneously changed
from 0 to a steady-state level. Each experimental curve fit well
to Eq. (1) using the first five terms (n = 1-5). The diffusion coe-
fficient of benzene was determined to be D=6.6 x 10~ cm’/s.
This value was, however, rather low compared to our previous
measurement of D=2.2 x 10° cm?/s, observed for the 127 mm
thick Silastic” (polydimethylsiloxane) silicone rubber sheet
membrane (Dow Corning Corp.).34 The difference in diffusion
coefficients, despite the thinness of the films, probably resulted
from the chemical compositions of the two membranes.

To understand how the diffusion rate is affected by the size
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Figure 4. Response time measurements for four analytes obtained using
a 75 pm sheet membrane at room temperature: 1, benzene (22.9 s); 2,
toluene (37.0 s); 3, ethylbenzene (83.3 s); and 4, o-xylene (102.5 s). The
smooth lines correspond to the simulation results. The signal intensities
were normalized to facilitate the comparison.
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Figure 5. Normalized diffusion response curves for (1) fluorobenzene,
(2) chlorobenzene, (3) bromobenzene, and (4) iodobenzene at room
temperature.

and geometry of analyte molecules, we characterized the time-
dependent ion intensities of benzene, toluene, ethylbenzene,
and o-xylene (500 ppm each) at room temperature (see Figure 4).
The observed response times steadily decreased as the length
of the aliphatic chain increased. The van der Waals interactions
between the nonpolar alkyl group of the aromatic molecule
and the membrane polymer strengthened for longer carbon
chain lengths; thus, the diffusion through the membrane slowed.
Ketola ef al. obtained similar response times when analyzing
VOCs in air with a 100 mm silicone sheet membrane.” The
longer response time of o-xylene compared to that of benzene
could also be explained by the large critical diameter of o-xylene
(7.4 A compared to that of benzene, 6.7 A).* Despite simila-
rities in chemical composition, molecules with small diameters
diffused faster inside the membrane matrix. These results are
consistent with the fact that, if an analyte molecule interacts
only weakly with the polymer or filler, the diffusion rate of the
molecule depends mainly on the molecular geometry and less
on the chemical properties. The measured diffusion coefficients
of toluene, ethylbenzene, and o-xylene were determined to be
3.6x10 " cm?/s, 1.6 x 107 ecm?/s, and 1.3 x 10 cm’/s, respec-
tively.

As the analyte stream permeated the sheet membrane material,
different compounds adsorbed to varying degrees and diffused
at different rates. Thus, in real sampling and analysis situations,
the diffusion rate determines the response time of the analysis,
which in turn affects the precision of sample concentration de-
termination during real-time measurements. Figure 5 shows the
normalized response curves for fluorobenzene, chlorobenzene,
bromobenzene, and iodobenzene (500 ppm each). These com-
pounds were chosen because although they are volatile, their
polarity decreases their ability to permeate the silicone mem-
brane.” The diffusion rate of halogenated benzene decreased
with the size of halogen atom on the aromatic ring; atomic
radii of F, Cl, Br, and I are 0.50, 1.00, 1.15, and 1.40 A. Notably,
the observed response curves depend more on the variation of
the molecular size than on the variation of the dipole moment
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Table 1. Diffusion coefficient (cmz/ s) and response time #19.90% (8) for
selected VOCs at 25 °C

Chemical

Compounds Formula D f10-90%"
Benzene CoHs 6.6 x 107 229
Toluene C7Hg 3.6 %107 34.7
Ethylbenzene CsHyp 1.6x 107 85.2

o0-Xylene CsHio 13x107 136.5
Fluorobenzene CsHsF 6.2x 107 232
Chlorobenzene CsHsCl 25%x107 54.5
Bromobenzene CeH;sBr 13x107 108.5

Todobenzene CeHsl 54x10° 187.6
Methanol CH;0H 3.4 %107 40.0
Ethanol C,H;OH 47 %107 28.3

2-Propanol C;H;0H 6.8x107 20.0
1-Butanol C4HoOH 4.0x% 10" 23.65

“The response times were not concentration-dependent.

(fluorobenzene, 1.60 D; chlorobenzene, 1.69 D; bromobenzene,
1.70 D; iodobenzene, 1.70 D).38 These results demonstrate that
it is the size of substituents rather than the polarity of the analyte
that influences the diffusion rate. The slow diffusion rate of
iodobenzene compared to benzene and aliphatic iodoalkanes
presumably arose from the fact that iodobenzene molecules
stuck to the surface of the membrane and did not evaporate as
readily into the vacuum.

The diffusion coefficients and response times required for
the signal intensity to rise from 10% to 90% of its maximum
value (#10.90%) are summarized in Table 1 for all samples in-
vestigated. Measurement errors arose from (i) adsorption of
organic compounds to the vacuum chamber walls as they issued
from the membrane, and (ii) the time required for the sample
to travel from the sampling cylinder to the membrane surface
(< 1s). Both of these errors would result in smaller measured
diffusion coefficients for molecules containing higher numbers
of carbon atoms. The aromatic compounds benzene (22.9 s),
toluene (34.7 s), ethylbenzene (85.2 s), and o-xylene (136.5 s)
gave slower responses than iodomethane (187.6 s), primarily
due to their molecular size. Finally, the D and #10.90% values
obtained here are in good agreement with previously reported
results. %>

The response times for aromatic compounds fell steadily as
the length of the carbon chain increased. Regardless of polarity,
rapid diffusion was observed for compounds with the weakest
membrane interactions. The polydimethylsiloxane membrane
used in the current experiment is a hydrophobic polymer that
interacts most strongly with compounds bearing methyl or
alkyl groups via van der Waals interactions. The strength of
interaction was proportional to the number of methyl groups
or to the length of the alkyl chain of the analyte, and stronger
interactions increased diffusion through the membrane. Further-
more, the response times of halogenated compounds notably
increased from fluorobenzene to iodobenzene, demonstrating
that the analyte-polymer interaction was more strongly affected
by the analyte size and total number of substituents (halogen
atoms) than by the analyte’s structure or polarity.
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Figure 6. Response time measurements of 50 ppm benzene samples
at different membrane temperature.
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Figure 7. Results of a typical calibration measurement of benzene (o),
ethylbenzene (A ), and 2-propanol (m) in air using the MIMS.

The effect of temperature on membrane introduction during
environmental monitoring was evaluated by measuring the in-
strument response time as a function of membrane tempera-
ture. Figure 6 shows the typical response times of a 50 ppm
benzene sample measured at three temperatures: 30, 60, and
80 °C. There appeared to be a slight decrease in response time
with increasing temperature, in agreement with the results of
Maden ez al."* The result clearly showed that increasing the
temperature significantly improved the response time. However,
at higher temperatures, additional air molecules were admitted
to the mass spectrometer, producing an erratic response that
may be detrimental to the accuracy and precision required for
quantitative analysis. Experience with this membrane interface
suggests 50 °C is optimal for nearly all applications.

In addition to the diffusion rate, the sensitivity of the mem-
brane inlet system was also an important factor for the trace
analysis. The detection limits and linearity ranges of the mem-
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brane inlet system were measured by examining samples of
air containing varying concentrations of benzene, ethylbenzene,
and 2-propanol. By considering the response time of each sam-
ple, peak intensity was measured at the time of maximum per-
meation after the gas sample is introduced into the membrane
inlet: benzene (30 s); ethylbenzene (90 s); 2-propanol (25 s).
This allowed us to estimate the sensitivity that could be ob-
tained by use of the membrane inlet. Figure 7 shows the rela-
tionship between sample concentration and peak intensity for
benzene (m/z 78), ethylbenzene (m/z 106), and 2-propanol
(m/z 45) for each mass spectrum. Each calibration point repre-
sents the average peak intensity obtained by sampling each
concentration 3-5 times. The data fell approximately on a st-
raight line, indicating reasonable linearity and instrumental
stability. Error bars indicate one standard deviation from the
average intensity. The linear dynamic range for benzene, ethyl-
benzene (0.2 - 100 ppm), and 2-propanol (4 - 1000 ppm) were
typically around three orders of magnitude. These wide dyna-
mic ranges of the membrane inlet method are in good agreement
with the dynamic ranges previously reported for other VOCs.”

The permeability of an analyte depends on the product of
the solubility and diffusion coefficients, whereas the diffusion
rate depends only on the diffusion coefficient. In a recent charac-
terization of a silicone membrane using a proton transfer reac-
tion mass spectrometer, Mérk and coworkers found that, for a
homologous series of nonpolar compounds, the solubility in-
creased and the diffusion rate decreased as the length of the
carbon chain increased.*’ The lower limits for detection of ben-
zene, ethylbenzene, and 2-propanol in the present experiment
were approximately 0.2 ppm, 0.1 ppm, and 3.0 ppm. The low
detection limit for simple aromatic compounds suggests that
nonpolar compounds may have a higher permeability through
the membrane. Given that 2-propanol has a larger diffusion co-
efficient and aromatic compounds have better silicone perme-
ability (the product of the solubility and the diffusion coeffi-
cient), benzene and ethylbenzene must be significantly more
soluble in the silicone membrane. Similarly, analytes with lon-
ger alkyl chains have been shown to result in lower detection
limits because the increase in solubility is larger than the di-
ffusion coefficient decrease for lengthier alkyl chains.** This
implies that permeability is largely determined by the solu-
bility of the analytes in the membrane.

Conclusion

In the present study, we comprehensively examined the
transient diffusion characteristics that affect mass transport of
analytes through a 75 pm silicone sheet membrane by TOFMS
detection of VOCs in air samples. During evaluation of the
inlet assembly performance, the time-dependent diffusion cha-
racteristics, which fit well to a non-steady-state flow equation,
revealed that the diffusion rate decreased with increasing size
of the molecule and carbon chain length of the analyte. Re-
presentative aromatic hydrocarbons had detection limits at the
sub-ppm level, whereas polar alcohol compounds had higher
detection limits due to the hydrophobic nature of the silicone
membrane. The integration of both the sample concentrating
capabilities of membrane inlet techniques and the prompt res-
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ponse and wide dynamic range of TOFMS, demonstrated here,
will provide a powerful technique for field detection of airborne
samples.
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