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We have developed a gas sensing microfluidic device for the detection and identifica-
tion of aromatic volatile organic compound (VOC) gases, namely, benzene, toluene, and
xylenes (BTX), which are air pollutants. We combined a nanostructured material,
mesoporous silicate, as a gas concentrator and separator, and carried out spectroscopic
measurement with a microfluidic device for gas identification and quantitative detection.
Our method is completely different from conventional methods such as gas chromatogra-
phy (GC)/mass spectrometry(MS) and provides a portable, highly sensitive and selective
gas monitoring system. In this paper, we report an improvement in the performance of our
BTX gas sensor that we realized by optimizing the operating conditions and by using the
properties of mesoporous silicate with uniform nanosized pores. We also successfully
measured mixture BTX gases separately with this device. We were able to realise better
BTX separation with mesoporous silicate than with random-structured silicates. We
successfully analyzed the principle behind the improvement in the gas separation owing to
the characteristics of the nanosized pores of mesoporous silicate by positron annihilation
spectroscopy.
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1. Introduction

Airborne benzene, toluene, and xylenes (BTX) are volatile organic compounds (VOCs)
of significant concern as regards environmental health due to their toxicity and mutagenetic
or carcinogenetic properties, even at ppb concentrations. In particular, benzene is a well-
known human carcinogen for all routes of exposure and is a risk factor for leukemia and
lymphomas.” The fact that these VOCs have very different toxicities has meant that
society has dealt with them differently. The regulated standard concentrations of benzene
are 1, 3 and 5 pg/m? (0.33, 1.0 and 1.6 ppb) in the United States,® Japan® and the European
Union,™ respectively. The guideline values for indoor upper concentration limits of
toluene and xylenes in Japan are 260 and 870 pg/m? (0.07 and 0.20 ppm), respectively.
Since BTX gases are the main components of automobile exhaust, this is the primary
source of benzene emissions (more than 80%). It is obvious that their concentration in the
air depends on time and location. This makes it important to determine the concentration
of each compound in the air separately for multipoint on-site field monitoring. A portable
system is therefore required for on-site monitoring that can detect each BTX species. The
most widely used conventional method for VOC detection is GC/MS. The TO-14 method
developed by the United States’ Environmental Protection Agency (EPA) employs this
approach® because it has several advantages, namely a ppt detection limit, high selectivity,
and high accuracy. However, in terms of field monitoring, it has a crucial disadvantage in
that the size and weight of the GC/MS instrument can only be reduced to a certain extent
without degrading its selectivity and sensitivity. In contrast, there are several miniature
devices for VOC detection including a photo ionization detector and a surface acoustic
wave detector, but they have a limited ability to identify individual compounds. Thus, we
have developed a portable BTX gas sensor by incorporating two 1 cm X 3 cm microfluidic
devices with peripheral devices.©® This is because microfluidic devices, which are used as
platforms for various types of chip-based chemical analysis and have received significant
attention over the past decade, have a number of merits when employed as airborne BTX
sensors. These advantages include accurate fluid manipulation, a higher throughput,
shorter analysis times, reduced sample volumes, the potential for in situ operation and
reduced manufacturing and operating costs.

We then thought that the combination of the microfluidic device and nanostructured
materials would enable us to realize an ideal sensor because it would allow us to fabricate
any required sensor by using tailor-made materials without any great change in the device
platform. In general, if we wish to provide the sensor system with functions involving
molecular interaction levels, we require either a nanoscale fabrication method or a self-
assembly processing technique. However, fabricating a device with a specific and
complicated structure using advanced micro-fabrication techniques may be very expensive
and time consuming and inconvenient as regards minor improvements to the device. From
this standpoint, nanosized materials with controllable structures may be the key to obtain-
ing the desired devices. One notable class of nanostructured materials consists of tailored
porous materials, and great progress has been made with these over the past decade. Since
molecules adsorbed in nanosized pores can behave differently from those adsorbed on a 2D
surface, we can use this particular property to develop new adsorbents and catalysts.
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Mesoporous silicate is one of a number of typical ordered nanosized structure materials
that have attracted considerable interest because of their great potential for a wide range of
applications including catalysis,? catalytic supporters,® molecular sieves,” adsorbents!'®
and nanotechnology."” Zhao et al. synthesized novel ordered mesoporous silicates using
a commercially obtained triblock copolymer, star diblock copolymer and oligomeric
surfactants as a template agent to obtain several different porous structures.? When
preparing periodic porous structured materials with larger pores (2 to 50 nm), triblock
templating is better than using zeolites or ionic-surfactant-templated mesoporous silicates
such as MCM-41, as regards incorporating molecules or functional groups into pores.

We employed mesoporous silicate powder (SBA-15) as an adsorbent for our BTX gas
sensor. The most important properties are pore structure and pore size controllability,
which we achieved using a specified template agent and synthesis conditions. In our
previous study, we achieved a 10 ppb detection limit for toluene with a sampling time of 30
min.!® We also succeeded in the separate detection of the components of 10 ppm of BTX
mixture gas using the characteristics of mesoporous silicate with uniform nanosized pores.
This was due to an enhancement of the differences between the thermal desorption
properties of benzene, toluene, and o-xylene caused by the repetition of the adsorption-
desorption process in a nanosized column.

In this paper, we report an improvement in our BTX gas sensor performance that we
achieved by optimizing the operating conditions and using the characteristics of mesoporous
silicate with uniform nanosized pores.

2.  Materials and Methods

Figure 1 shows a schematic view of our microfluidic device with peripheral devices.
The concentration and detection cells both consist of two Pyrex plates each 3 cm x 1 cm in
size. For the concentration cell, we fabricated a microchannel, and inlet and outlet holes,
and formed a thin-layer heater outside the channel. There is a shallow section in the middle
of the channel to prevent the packed adsorbent from moving. The adsorbent we used was
commercially obtained amorphous silicon dioxide powder (SDP) and mesoporous silicate
powder (SBA-15). Of the ordered mesoporous silicate family, hexagonally ordered SBA-
15, which was synthesized using a triblock copolymer EO,,-PO;o-EO,, (BASF Corpora-
tion: Pluronic P123; M,, = 5750) as a template agent, is currently the most widely used due
to its stability with respect to the synthesis conditions. We therefore employed SBA-15,
which we synthesized using a method described elsewhere.('” We packed the concentra-
tion cell channel (width = 2.5 mm, depth = 0.2 mm, length = 7 mm of packing area) with
~0.5 mg of SBA-15 that corresponds to ~5 mm length in the channel. For the detection cell,
we also fabricated a microchannel, and inlet and outlet holes. Both ends of the channel
were sealed with optical fibers and the channel was aligned between a UV light source (30
W deuterium (D,) lamp, Soma Optics) and a UV spectrometer (specially modified Fastevert
S-2400, Soma Optics). We have detailed the structures of the concentration and detection
cells and the fabrication process elsewhere.® We installed the concentration and detection
cells, the UV light source, the UV spectrometer, a palm-size piezoelectric pump (Bimor
pump, Kyokko Co., Ltd., BPF-465P, 7.2 cm X 7.2 cm X 3.2 ¢cm), an SCSI interface and a
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Fig. 1. Schematic view and photograph of microfluidic device with peripheral devices.

controller in our portable BTX automatic gas measurement system (38 cm x 28 cm x 12
cm). The measurement procedure is performed automatically once the start button has
been pushed. First, a BTX mixture gas is sampled for a certain time. The background
spectwum is measured while the gas is being sampled. Then the temperature is raised using
a thin-film heater so that the concentrated BTX mixture gas is thermally desorbed from the
adsorbent in accordance with the desorption temperatures of benzene, toluene and o-
xylene. We then introduce desorbed gas into the detection cell along with a carrier gas,
namely the original BTX mixture gas we used as a sample. The time-dependent absorption
spectra of the desorbed gas are measured in the detection cell. All adsorbate components
are removed from the adsorbent by keeping it at 200°C for a few minutes while the gas is
flowing. Lastly, all the devices are turned off and they remain in the standby mode for the
next measurement. The on-off timing of the pump, the heater and the spectrometer are
precisely controlled by a PC to obtain the optimum performance.

To provide an artificial environment of BTX-polluted air, we prepared benzene and
toluene gases by diluting commercial-grade benzene (50 ppm) and toluene (50 ppm) gases
with nitrogen in a gas blender consisting of mass-flow meters (Estec, SEC-400). We were
able to vary the gas flow rate by changing the output frequency of the pump. Here, we set
the output frequency at 100 Hz, which gave us a flow rate of approximately 1.1 x 10! cm?
/'s at the point furthest downstream from the device.

We were able to detect and identify BTX gases by observing the specific peaks of each
compound in the absorption spectra. Since we measured only the 235.0 — 274.5 nm region,
the absorption peaks of other gases, for example, water, aliphatic compounds, and polycy-
clic aromatic hydrocarbons, do not interfere with the specific peaks of the BTX gases.
Here, we used the absorbances of the peaks at 252 and 267 nm for the signal intensities of
the detected benzene and toluene gases (S, and S,), respectively.
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3. Results and Discussion

3.1 Improvement by optimizing the operating conditions
3.1.1 Gas sampling time and signal intensity

It is very important to study to what extent gases can be concentrated in the adsorbent
against time to achieve a low detection limit for each gas. Therefore, we studied the gas
sampling time (7;) dependences of S, and S, for 2.5 ppm of benzene gas and toluene gas
(Fig. 2). We found that S, had a larger value than S,, particularly in the shorter T region.
This indicates that, at room temperature (approximately 25°C), benzene has a greater
affinity to the surface of SBA-15 than to that of toluene. S, and S, were not proportional to
T, and increased towards certain saturation levels, and S, reached the plateau in a shorter T
than S,. We believe that one of the main reasons for the signal saturation was that the
adsorbed gases broke through from the adsorbent. Since we packed only 5 mm of
adsorbent in the channel, it is difficult to avoid the gases breaking through with a long 7.

For a gas sensor, a shorter T is preferable as long as we can obtain a sufficiently large
signal. We found that T, = 5 min is sufficient to obtain S, or S, with a signal-to-noise ratio
(S/N) of greater than 3 in this concentration region.

3.1.2 Spectral accumulation time and signal-to-noise ratio
Next, in order to obtain the optimize S/N, we studied the spectral measurement
condition, namely, the total accumulation time required to measure each spectrum (z,). We
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Fig.2. T, dependence of S, () and S, (@). The concentration was 2.5 ppm for both benzene and
toluene gases.
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measured the S/N at z, = 0.1, 0.2 and 0.5 s for benzene and at 1.0, 2.0 and 5.0 s for toluene
by varying the time the detector was exposed to UV light. We sampled 2.5 ppm each of
benzene and toluene gas for 5 min at the flow rate described above (1.1 x 107! cm?/ s).
Table 1 shows the #, dependence of S, S, the noise level and the S/Nratio. The noise levels
were obtained from the standard deviations of the blank spectra in the 235.0 — 274.5 nm
region. We found that S, and S, decreased with increasing z, due to the leveling off of the
peak. In contrast, the noise level decreased and was almost inversely proportional to the
square root of 7, We found that the 7, values that gave the largest S/N were 0.2 and 2.0 s for
benzene and toluene detection, respectively. The reason for the almost tenfold difference
between the 7, values for benzene and toluene can be atwibuted to the different bandwidths
of S, and S..

3.2 Improvement using mesoporous silicate

Figure 3 compares changes in the signal intensities of benzene, toluene, and o-xylene
with time when using SBA-15 (a) and SDP (b) that were measured using the same settings
that we used in the previous sections. We set the time at which we turned the pump on at
zero seconds, 7.0 s after the thin-film heater was turned on (the thin-film heater reaches a
higher temperature than the boiling point of o-xylene 7.0 s after being turned on). The
order in which the compounds were detected was the same for both SBA-15 and SDP,
namely benzene, toluene, and then o-xylene. The response time and the signal intensities
were different from those of the previous study because we have improved such operating
conditions as the temperature elevation rate, the gas flow rate, the power of the light
introduced into the detection cell, and the arrangement of the microdevice in relation to the
peripheral devices. We observed that SBA-15 provided sharper peaks while SDP provided
broader peaks, in spite of the small differences between the adsorption energies of benzene,
toluene, and o-xylene on both the silicate surfaces. This indicates that SBA-15 provides
response curves with much better separation than does SDP. Table 2 shows the times at
which the benzene, toluene, and o-xylene signals reached their median values. The
separation of benzene - toluene and that of toluene-o-xylene were improved by 0.2 to 0.6 s
(300%) and 0.2 to 0.8 s (400%), respectively.

Table 1
1, dependence of S, and S,, noise levels and S/N.

Benzene
t./s Sy noise S/N
0.1 0.0468 0.0100 4.7
0,2 0.0415 0.0060 6.9
0,5 0.0200 0.0036 5.6
Toluene
t./s S, noise S/N
1.0 0.0148 0.0032 4.6 -
2.0 0.0129 0.0020 6.5

5.0 0.006 0.0012 52
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Fig. 3. Changes in signal intensities against time when SBA-15 and SDP are used. We accumulated
50 sets of 10-ms exposure data. Thus, the total time required to measure each spectrum was 0.5 s. To
study the changes in shorter time steps, we repeated the measurement. on this occasion delaying the
measurement starting time by 0.1 s, and overlaid the results.

Table 2
Times at which the benzene, toluene and o-xylene signals reach their median values.
Benzene Toluene o0-Xylene
Time at median / s
SBA-15 0.7 1.3 2.1
SDP 0.6 0.8 1.0

We then investigated the main mechanism involved in the improved separation of
SBA-15. If the main mechanism is explained by the uniform mesopore structure, the
interaction between the adsorbate gases and the surface should be stronger with SDP than
with SBA-15. This is because the mesopores of SBA-15 are much larger than those of
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SDP. However, the benzene, toluene, and o-xylene signals took longer to reach their mean
values with SBA-15 than with SDP. This shows that the interaction between the adsorbate
gases and the surface is stronger with SBA-15 than with SDP, that is, the main reason for
the improved separation is not the mesopore structure. Moreover, both the signal intensi-
ties (peak areas /peak heights) of benzene, toluene, and o-xylene and the ratio of the signal
intensity of benzene to that of toluene/o-xylene, were larger with SBA-15 than with SDP.
This also indicates that the micropore structure affects not only the separation profiles but
also the interaction between the adsorbate gases and the pore surface.

Then, in order to analyze the mechanisms that cause the difference between the
desorption profiles, we studied the micropore structures of SDP and SBA-15 in detail by
using positron annihilation spectroscopy® and the nitrogen isotherm. Positron annihila-
tion spectroscopy is not as widely used for micropore analysis as t-curve analysis of the
nitrogen isotherm,!® however, the former technique offers certain benefits. Positron
annihilation spectroscopy does not require standard nitrogen adsorption data to obtain the
pore distribution. Moreover, it enables us to obtain the pore size distribution in 0.01-nm
steps. Figure 4 shows the micropore radius (,) distribution of SDP and SBA-15. The full-
width at half maximum of SBA-15 was smaller than 0.1 nm indicating that the micropores
have a very sharp distribution (a Si-O bond is approximately 0.16 nm), whereas the SDP
distribution had two peaks and was widely spread. Itis impossible to analyze a pore size
distribution that has multipeaks by t-curve analysis. However, we were able to observe that
the shape of the “knee” of the t-curves was looser with SDP than with SBA-15, which
indicates that the micropore size distribution of the SDP is much broader than that of SBA-
15. The results we obtained by t-curve analysis corresponded well with the results we
obtained by positron annihilation spectroscopy. The average SBA-15 pore diameter (21,
2r,) was 0.7 nm with both approaches (Table 3). Thus we conclude that a uniform pore size
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Fig. 4. Micropore radius (r,) distributions of SDP ({) and SBA-15 (@) calculated using the
positron annihilation spectrum.
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Table 3
Porous parameters of SBA-15 and SDP calculated *by the Brunauer-Emmett-Teller(BET) method,
from z-curves and “from positron annihilation spectra.

Surface area Micropore diameter ~ Micropore diameter Pore volune

Sgerlm*/g]? 2t[nm]°® 2ry[nm]° _ V[nm’F
SBA1S 758.39£13.16 0.7£0.1 0.696 0.176
SDP 290.65+4.8 - - 0.220

of approximately 0.7 nm enables the uniform thermal desorption of BTX gases, and this
means we can obtain better BTX separation than with SDP.

4, Conclusion

We optimized several operating conditions of our BTX gas sensor in order to obtain the
optimal S}, and S, responses. We found that a sampling time 7, = 5 min is sufficient to obtain
S, or S, with an S/N ratio of greater than 3 with 2.5 ppm of benzene or toluene gas, and the
exposure times, 7,, that gave the largest S/N ratio were 0.2 and 2.0 s for benzene and toluene
detection, respectively. We also found that the uniform micropore structure of SBA-15
allows the uniform thermal desorption of BTX gases and this means we can obtain better
BTX separation than with SDP. We used positron annihilation spectroscopy to show that
the uniformity of the SBA-15 micropores is greater than that of SDP.
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