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Abstract

Detection of trace amounts of substance is a challenging task in many
technologies. Nowadays, a lot of detection systems operate at the detection limit.
It is observed especially in such areas as medicine or security; for example, in
explosive detection. In medicine, the technology of trace substance detection is
associated with breath analysis. Some specific diseases can change the
concentration of certain molecules (biomarkers) in the exhaled air. Because of
the extremely low concentration of explosives’ vapour and volatile compounds
in exhausted breath, very sensitive detection instruments and an efficient system
for their collection are needed. For this purpose, special devices — so-called
concentrators — can be applied. Available solutions of the concentrators are
dedicated to a specific detection system. The paper presents some projects of a
concentration system, designed to cooperate with an optoelectronic sensor using
cavity enhanced absorption spectroscopy (CEAS). Preliminary investigation
showed that this setup provides the opportunity to detect 1 ng of such explosives
as TNT, PETN, RDX and HMX. The results have also shown that such
instruments could be used to detect some disease biomarkers in human breath.
Keywords: optoelectronic sensor, explosives detection, breath analysis,
concentrator system.

1 Introduction

The trace detection of volatile compounds is of great importance for various
applications, especially in medicine and in public safety. The first of these areas
is related to non-invasive method of health diagnosis like breath analysis [1]. In

WIT Transactions on The Built Environment, Vol 134, © 2013 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)
doi:10.2495/SAFE130331



366 Safety and Security Engineering V

an exhaled air hundreds of volatile organic compounds (VOCs) like acetone,
methanol or isoprene [2, 3] and inorganic ones can be distinguished. Different
concentration of some VOCs occurs in presence of various types of cancer (e.g.
lung, breast) [4, 5], gastrointestinal, liver diseases [6] and diabetes [7]. However,
inorganic volatile compounds can be also analysed as biomarkers of some
diseases. For example, carbon oxysulfide (OCS) is a marker for lung transplant
rejection and of liver disorders [8, 9], carbon monoxide indicates oxidative
stress, respiratory tract infection [10, 11], nitric oxide is connected with
pulmonary disease [12] while ammonia in exhaled air provides the information
about asthma, renal failure or H. pylori [13—-16].

The second application of sensor systems is related to detection of trace
amounts of explosive compounds. The traces of explosives could occur on e.g.
suspect's hands or clothing. It is essential to prevent from terrorism acting and to
increase security level of public transport and buildings. Most of explosive
molecules are organic compounds. Carbon (C), hydrogen (H), oxygen (O) and
nitrogen (N) are the main elements in their chemical structure. Furthermore,
most explosives also contain nitro groups (NO,). For this reason, they can be
searched by NO, detection [17, 18].

Detection of trace amount of volatile compounds is a challenging task for any
analytical system. The concentration of biomarkers in exhaled air are in the
range of from several ppt (parts per trillion) to several hundreds of ppb [19].The
similar situation is with explosives vapours. Substances like trinitrotoluene
(TNT), 2,4-dinitrotoluene (DNT), nitroglycerin (NG) or ethylene glycol dinitrate
(EGDN) are characterized by relatively high vapour pressure. So they can be
detected in ambient temperature. But some vapours pressure is so low that it is
on the threshold or even below the detection limit of currently constructed
sensors (e.g. pentaerythritol tetranitrate -PETN or hexogen -RDX) [20].
Therefore special concentrator devices can be applied. Fig. 1 illustrates an idea
of concentration procedure. Firstly, target compound are trapped using a special
sorption material (adsorbent). Then, this material is heated resulting in an
increase in compound concentration or in its thermal decomposition products.
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Figure 1: Idea of concentrating procedure of volatile compounds.

The concentrator device can be a very important sub-system that provides
detection of very low gas concentration, even below detection limit of the sensor.
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That is why, in this article a review of concentrators’ designs and materials used
for adsorption of volatile compounds are presented.

2 Concentrators design analyses

The simplest construction of a concentrator consists of a glass or steel tube,
inside of which is placed suitable sorbent material with a thickness of less than
1 mm. In fig. 2(a) the cross-section through a concentrator structure is presented
[21]. The heater is made from a thin layer of resistive material. A current flowing
through this layer causes heating phenomena. A similar solution is shown in
fig. 2(b). In this case, a metal tube is wrapped in nichrome wire, which is able to
heat the tube.

a) b) c)
Adsorbent layer Metal tube ;
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& layer N Outlet
Air flow
S 3
,,,,,, Inlet
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Heating element \wire Air flow
Figure 2: The cross-section of the concentrator structure (a), tube type

concentrator heated construction (b), coiled tube design (c) [22].

In some cases, it is necessary to minimize length or volume of the
concentrator. So, device may comprise a coiled capillary tube (fig. 2(c)). Such
design has several advantages like reduction of heat losses due to decreasing in
size packaging, exposure to environmental temperature, and in its fluctuations
[23].

In the next example of a concentrator construction a membrane coated with
an adsorbent material is applied (fig. 3). The construction is also equipped with a
fan or a pump to provide a continuous air flow through the filter. Using this
setup, a large volume of storage is obtained an increase in volatile compounds
adsorption can be observed [22].

Electrical connection
/

Membrane
with adsorbent

4:' Analyzed
air
. o

Figure 3: Concentrator with membrane coated with an adsorbent material.

Next type of concentration systems are based on micromachined (MEMS)
technology. An example is a planar micro-concentrator made from a silicon. It
was applied in detection of explosives in the pChemLab sensor. The cross
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section through this structure is shown in fig. 4(a). The heater is built of a
platinum layer (Pt), which is covered by a microporous adsorbent layer [24].
Another two systems basing on planar perforated plates are coated with a
heating polymer [25]. The structure of the first one is produced using the
perforated kapton (polyamide) membrane, which is suspended on a silicon
frame. Matrix of rectangular holes in a membrane provides perpendicular flow of
air through an adsorbing layer (fig. 4(b)). This concentrator was tested with a
chemical light sensor — LCD 3.1 [26].
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Figure 4: Cross section of a planar structure (a), planar concentrator with
a heating polymer (b) [27].

In this device, a silicon substrate is covered by a performed heating layer
made from silicon dioxide supplemented by a semiconductor oxide layer formed
in CMOS technology. Concentrating system was tested with a Vapour Tracer 11
instrument [28].

The next devices consist of a spiral-shaped micro channel, housing a porous
adsorbent powder. The heating pulses are formed using a platinum heater
patterned on the Pyrex glass cover. The device is able to detect benzene in air
with the level of ppb [29]. The similar construction was applied in acetone
concentration measurements [30].

As a concentrator device, a solid-phase microextraction (SPME) can be used.
This technique applies a special syringe fitted with a silica fibre. The fibre is
coated with a thin adsorption layer (fig. 5). SPME is effectively used with gas
chromatography-mass spectrometry setup. The detecting procedure consists of
two stages: during the first one, fibre has direct contact with a gas-phase sample
(or liquid-phase). In this process, adsorption of analytes is noticed. In the second
stage, the fibre is exposed to high temperatures in a hot-gas injector of
chromatograph. Released analytes are transferred to the chromatographic
column, where they are separated and quantification. SPME can be applied in
both VOCs analysis of human breath e.g. in H. pylori [31] or cancer tissues
detection [32, 33] and in molecules collection of explosives [34].

Fiber Needle Hub-viewing Plunger retaining
attachment ~ guide window screw
needle / Barrel
Coated fused
silica fiber -

N
Septum Adjustable  O-ring Zslot  Plunger
piercing needle depth gauge

Figure 5: Scheme of SPME syringe.
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3 Adsorbing materials

Properly choice of adsorbing substance is an important factor in construction of
any concentration device. Generally, adsorbent is a material which is capable of
extracting certain substances from gases, liquids, or solids by adhering process
without changing its physical properties [35]. This substance should have a high
adsorption capacity, a strong affinity with the investigated gas, fast rates of
adsorption and desorption action, as well as good stability and durability [36].

In the market, there are some materials that can be used for the adsorption of
volatile compounds. In such applications, carbonaceous materials, zeolites and
polymers are very effective [37].

The main carbonaceous adsorbent is an activated carbon (AC). It is made
from organic materials such as wood, peat, fossil coals, oil or coconut shells and
nuts. Activated carbons have a microcrystalline structure. This structure is
consisted of six atomic carbon rings irregularly distributed on the network. These
rings may be connected with various functional groups improving the efficiency
of the adsorbing process. These materials were found to be promising tool in
retention of aromatic VOCs [38, 39]. Basing on activated carbon, some types of
commercial adsorbents have been developed. Typical ones include an activated
charcoal, Carbotrap, and Carbosieve [40]. The application of carbon nanotubes
and nanoporous carbons was also reported in adsorption of nitrobenzene [41].
A very attractive adsorbing material is Carbopack, It was used in detection of
VOC’s like benzene, toluene or xylene [29, 42] and explosive vapour [43].

The next group of adsorbents are zeolites. They are crystalline hydrated
aluminosilicates that may also contain other metals, such as sodium, potassium,
magnesium and calcium and that has ion exchange properties [44]. The zeolites
are composed of tetrahedrons of [SiO*]* and [AlO*]” [45]. In the natural
environment there are ca. 40 different types of zeolites. However, there is also
a much larger group of zeolites, which can be synthesized. Due to homogeneous
pore size of synthesized zeolites the selective adsorption of different compounds
is possible. Therefore, these materials are often be used as molecular sieves
[46, 47]. In such form, they can be applied in concentration measurement of
exhaled gases. For example, zeolite can be used to adhere acetone [48]. Using
these devices, it is possible to detect perfluorocarbon (PFC) which has been
widely used in the treatment of respiratory diseases [49].

The last group of adsorbents form polymers, which are a produced
synthetically. The most popular one is Tenax. It can be used for various
analytical applications for example in detection of volatile compounds which are
cancer biomarkers [50, 51]. Tenax is also widely used in adsorption of both
explosives vapour and explosive-related compound [37, 52]. Another
commercially available polymer is a Carbowax. This polymer has strong
hydrogen-bond acidic so it provides reversible sorption processes of a substance
with nitroaromatics group (e.g. DNT) [53]. Similar properties have a different
polymer known as polidimethyl siloxane (PDMS) [54].
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4 Examples of concentrator application

The most of concentrator systems are dedicated to cooperation with specific
sensors. In the frame of science projects carried out at the Institute of
Optoelectronics MUT some constructions of optoelectronic sensors employing
CEAS method were developed. They were designed to measure a trace
concentration of nitrogen dioxide (NO,), nitric oxide (NO), and nitrous oxide
(N,O). The main elements of the sensors were pulsed laser diode, optical
cavity, photoreceiver, signal processing unit, and a computer with special
software [55-58].

Investigations of a laboratory model of the NO, sensor showed that it is
characterized by a high selectivity and high sensitivity reached the level of 1 ppb.
The mobile construction of the sensor is presented in fig. 6 [59].

Other developed sensors provide to detect N,O and NO with the detection
limit of 50 ppb and 70 ppb, respectively [60].

Dimensions:
80x55x30cm
Weight - 42kg

Figure 6: Photo of portable nitrogen dioxide sensor.

Our optoelectronic NO, sensors are able to detect some explosives. This is
related to the fact that the most popular explosives are nitro compounds, which
emit trace amounts of nitrogen oxides. Preliminary studies were performed using
the portable sensor in one of Polish mine. During investigations, the explosive
devices with NG and ammonium nitrate were searching. The experiments
showed that the designed sensor makes it possible to detect people and objects
having traces of explosives as well as to find explosive materials in non-hermetic
package [61].

But the obtained results showed, that in the case of weak pressure of
explosive vapour, the sensitivity of the sensor is too low. That is why, during
another experiments, some concentrators of explosives vapour with different
sorbent materials were applied. The concentrators were constructed at the
Institute of Optoelectronics (MUT) and Institute of Experimental Physics (UW)
[62—64]. The first construction provides to achieve a high air flow with
level of about 38 L/s. The vapours of the explosives are collected with the
adsorbing material in a special container made from gilded copper (fig. 7).
Perforated quartz tube runs along the container axis. Due to that, the analysed air
is flowing through the sorbent. The volume of the container construction is about
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0.4 L. To achieve a high gradient of the decomposition temperature (about
100°C/min) a quartz lamp heating was applied. The concentrator operation is
monitored by a special controller.

Figure 7: Photo of lamp heating concentrator.

In the second construction, an induction generator was applied (fig. 8). Due to
that an extremely high temperature gradient of the sorptive material (about
1 em®) was achieved (up to 1000°C/min). This device provides an air flow up to
S5L/min. The adsorption and decomposition processes are controlled by
a microprocessor unit. Moreover, the concentrator construction is portable and
can be supplied with two batteries (12V, 7Ah) [65].

(%) Mountig
plate assembly Exeler Container
Outlet Inlet
<+
\ Gas connection
Adsorbent
1 - Power Supply
2 2 2 - Adsorbent temp. sensor
3 - Container temp. sensor
[y
To the controller
Figure 8: Scheme of induction concentrator.

Another construction of a concentrator was developed to collect NOy
molecules directly from the explosives [64]. Its most important feature is a low-
temperature operating (up to 60°C). The main elements of the concentrator are
several Peltier modules (TEC) coated with a special sorption material. In this
case, copper oxide was used (fig. 9).

— | To control-measuring unit

o,

\4 \
Peltier cell Copper plate
Figure 9: Scheme of NO, concentrating device.

TEC modules make it possible to adjust appropriate sorbent temperature.
When samples of investigated air are injected into the device, nitrogen oxides are
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deposited on the sorption material. Next, desorption process is carried out. This
process releases collected nitrogen oxides.

Nowadays, in the Department of Optoelectronics at the Silesian University of
Technology, very intensive investigations have been also carried out dealing
with the development of concentrative and sensing systems for the detection of
explosive vapours [62, 63]. The systems are constructed basing on nanotubes of
ZnO, TiO, and polymer structures. Applications of the nanotubes in explosive
vapours sensors allows to miniaturise their construction and to reduce essentially
the productions costs.

5 Conclusion

Simpler, faster and more sensitive measurement of trace volatile compounds is
very important for various applications. Furthermore, it is very significant to be
able to detect a specific compound characterized by a low concentration.
Through the use of a concentration system, parameters of the entire detection
system can be significantly improved. Nowadays, a large group of commercial
concentrators are dedicated to GC-MS sensors. The development of sensors
basing on CEAS detection, preliminary research and the analyses of their
applications in military (explosives detection) and in medicine (detection of
diseases markers), led the authors to construct three concentrators of gas
particles. The experimental results showed that these devices may be used in
concentration or thermal decomposition of explosives vapours. Moreover,
developed sensors and concentrators may be applied for routine air monitoring in
industrial area, detection of explosives in airports, finally in medicine to breath
analysis.

Summarizing, the developed NO sensors and the concentrators with sorbent
materials such as Tenax TA and Carboxen 1000 were used for TNT detection.
This sensing setup makes it possible to detect some explosives (TNT, PETN,
RDX and HMX) with concentration of 1 ng [61].

During the next experiments the similar system will be developed to detect
the markers of some diseases (NO, OCS, NHj) existing in human breath.
Application of CEAS method is recommended because of its high sensitivity and
high selectivity. Our future works will be concentrated on development of an
optoelectronic sensors system for determination of biomarkers in exhaled human
air.
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