Talanta 89 (2012) 441-447

journal homepage: www.elsevier.com/locate/talanta

Contents lists available at SciVerse ScienceDirect

Talanta

Development and characterization of an electrostatic particle sampling system
for the selective collection of trace explosives

Sebastian Beer®:P-*, Gerhard Miiller?, Jiirgen WéllensteinP

3 EADS Innovation Works Germany, EADS Deutschland GmbH, D-81663 Miinchen, Germany

b University of Freiburg, IMTEK, D-79085 Freiburg, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 11 August 2011

Received in revised form

19 December 2011

Accepted 22 December 2011
Available online 28 December 2011

Detection of trace explosives residues at people and cargo control points has become a key security chal-
lenge. A severe obstacle is that all commercial and military high explosives have low to extremely low
vapor pressures which make them very hard to detect. With detectable vapors not being present, explo-
sives detection needs to proceed through a series of sequential steps including particle collection, thermal
vapor conversion and vapor detection. The present paper describes the design and test of an electrostatic

particle precipitator which allows particle residue to be collected from the environment, the collected
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particle residue to be separated into high- and low-electron affinity fractions and the high-electron-
affinity one to be concentrated onto a small-area collector surface for later vaporization. The selectivity
of this particle collection and separation process is demonstrated and a full-chain demonstration of a
DNT detection experiment is presented (DNT: di-nitro-toluene).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Development of new types of explosives detection systems,
particularly for the inspection of cargo and passenger traffic,
has become highly significant due to increasing terrorist activity
around the world [1-5]. This has caused the European commission
to make the enhancement of explosives security a priority issue
[6]. The Congressional Research Service of the United States came
to a similar conclusion [7]. Currently, dogs are the state of the art in
explosives detection, but their attention spans are measured in only
tens of minutes [8]. As a consequence, the target for many current
research activities is the development of electronic trace explosives
detection systems that can match the detection capabilities of dogs
while allowing for continuous use for long periods.

While developers have produced trace explosives detectors
with high sensitivity and selectivity, the currently available sensor
periphery does not match the sensors in fidelity. The performance
of detectors may therefore be limited by their sampling systems.
According to the head of the U.S. Department of Homeland Secu-
rity’s Transportation Security Lab, S.F. Hallowell, “Chemists have
been so fixed on detector development [that] that’s exactly what
we got: very well-developed detectors that have no front ends.
We're going to have to reach out to other disciplines to develop
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novel sampling systems.” [9] In the following work, we report on
our progress in the development of a sampling system suitable for
field detection of trace explosives residues.

In the case of electronic noses, gas phase detection of explosives
has proven to be difficult. Detection of low vapor pressure explo-
sives gases such as TNT, RDX, or PETN, is not applicable since their
vapor concentrations are extremely low. However, detection is pos-
sible after a certain refashion of sensing and/or preconcentration
elements [10]. In this paper we report on our progress in the devel-
opment of an electrostatic particle sampling system. Trace analyte
particles are collected and concentrated on a small substrate, facili-
tating the transfer into a thermal desorption unit. There the analyte
is converted into the gas phase at a temporarily higher concentra-
tion which allows for gas detection. We show that ion mobility
spectrometry (IMS) is a suitable detection method to be coupled
with our sampling system.

2. Background

As stated above, the gas phase detection of explosives is diffi-
cult due to their low vapor pressure. In field detection, the already
low vapor pressure of explosives has been found to drop even fur-
ther when improvised explosives devices (IED) are sealed, which is
almost always the case. Further problems are innocent compounds
which act as interfering species and the lack of mass detection [11].
However, Fair et al. have shown that RDX and TNT detection per-
formance was hugely improved with particle-gas conversion [8].
This indicates that collecting the target substance in particle form,
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with subsequent desorption, may be a more suitable approach for
explosives detection.

To date the most effective particle collection method is to accu-
mulate them on a clean surface by wiping, followed by a volatizing
step that transports the particles into the detector [8]. A number of
different sampling approaches have been developed to improve on
this method. For example, Harvey et al. report on a selective pre-
concentrator for explosives, with direct IMS detection. It features
quartz fiber filters with metal 3-diketonate polymer impregnation.
Saturation is achieved after 24 h of sampling for TNT. RDX is also
possible, but takes significantly longer, on the order of months.
However, field experiments show that although direct gas phase
detection of TNT and RDX gases was not possible, successful detec-
tion was performed when using the preconcentration method [12].
A further example is the Sandia Screen Preconcentrator, a system
that draws in air or takes a wipe sample, collects the particles in a
metal felt, and then resistively heats the felt to desorb the particles.
During the heating phase a second air stream which is much lower
is used to transport the gas phase analyte to the detector to reduce
sample dilution [13].

One potential detection method for explosives gases is IMS.
Here, the analyte is identified by determining its electrical mobil-
ity, which has been shown to be a characteristic property. The gas
is first ionized, usually through the use of a radioactive ionizing
source. The ions’ electrical mobilities are then determined by mea-
suring their drift time along a drift tube with a defined electrical
field [14]. IMS is performed in air at ambient pressure; therefore
no vacuum technology is required. This enables IMS technology for
field detection [15]. Explosives gases have been shown to lead to
strong responses in IMS detectors [16]. Concerning the selectivity
of IMS, in the work of Matz et al. IMS was shown to be robust against
a set of 17 potential interferent species, although the presence of a
contaminant did affect the detector performance by decreasing the
sensitivity [2].

At the core of an electrostatic precipitator is a corona discharge.
Essentially this creates a unipolar region with ions close to a highly
curved electrode with the ions and the electrode both having the
same polarity. The charge from these ions can then be transferred to
the surface of particles crossing the corona discharge [17]. Corona
discharges have been studied thoroughly and detailed explanations
of their mechanisms are available [18-20].

The only manifestation of the corona discharge outside the ion-
ization layer is the flow of monopolar ions with the same polarity as
the voltage applied to the stressed electrode [21]. For particle pre-
cipitation, charge is transferred from an ionized gas to a particle if
its electron affinity is higher than the gas electron affinity [22]. One
definition of electron affinity is the amount of energy released in
the reaction AB+e — AB~ +energy at room temperature [23]. This
leads to electrostatic precipitators [24,25]. The trajectories of the
charged particles are then affected not only by the fluid dynamic
force of the transport flow but also by the electrostatic force of
the electric field. If the flow and field are matched appropriately,
the electric force can dominate and be used to selectively precip-
itate the charged particles while allowing the uncharged particles
to pass. ESPs are used in a many different applications, often as par-
ticle filters where the aim is to create a particle-free exhaust flow
[26-31].

3. Design

The principal arrangement of the precipitator is shown in Fig. 1.
A pump is used to create an airstream that draws the analyte par-
ticles through the ESP. Inside, the air entering from the side inlets
passes through a corona discharge wire array. A negative high volt-
age is applied to the corona wires, which along with the opposing

Collector electrode (+HV)

Precipitated particle (-)

Surface
charging

Corona wires (-HV)

Fig. 1. Schematic of the electrostatic sampler showing an approximated trajectory
of a charged particle.

collector electrode (at high positive voltage) creates an electric
field. As described above this field triggers a negative corona dis-
charge. The negative ions created in this discharge travel from the
discharge wires to the collector electrode. When particles travel
through this region charge may be transferred from the ions to their
surfaces. If the surface charge is sufficient, the hydrodynamic force
from the flow is dominated by the electrostatic force. Since the two
forces act in opposite directions, the charged particles are moved
in opposite direction to the collector surface than the uncharged
particles which travel to the exhaust.

At the collector surface, a passivating layer is placed to prevent
the charged particles from releasing their charge, causing them
to be electrostatically trapped. In this way particles are accumu-
lated on the collector as more particles are drawn through the ESP.
When the collection phase is finished, the potential is no longer
applied, and the collector plate is removed to allow for transfer of
the particles to a thermodesorber.

As the electrostatic component of the sampler is most critical,
the field must be designed carefully. For a corona discharge, the
local electric field strength at the highly curved electrodes must be
sufficient for breakdown, while the field strength in the remaining
corona region must be below the breakdown strength. Air ioniza-
tion can only occur above a critical field strength; a further increase
of the electric field results in a divergent electric field due to the
strong repelling force between the ions [21].

For the design of the corona discharge electrodes, the shape of
the unipolar region of a single wire electrode was considered [32].
Since a rather large channel size on the order of several cm was
chosen to facilitate a large airstream, it was decided that multi-
ple discharge electrodes would be necessary to adequately cover
the precipitation volume with ions. However, it is known that a
multipoint-to-plane corona differs from a single point arrangement
since the adjacent space charges interact [33]. In order to deter-
mine the appropriate electrode number and spacing for the array,
FEM simulations were performed as shown in Fig. 2. The models
indicated that for multiple electrodes (Fig. 2a), a reduction of max-
imum electric field strength by a factor of about 3 occurs for the
wires on the inside of the array. However, adding further wires
does not significantly affect this reduction. It is therefore concluded
that if an array of more than 2 wires is to be used, the maximum
number can be chosen. Secondly, the wire spacing (Fig. 2b) has a
significant effect on the maximum field strength. Modeling several
wire spacings showed a curve of diminishing effect, with large field
reductions at small spacing and little effect at large spacing. For
the 300 wm diameter wires to be used in the array, a characteristic
length of approximately 4 mm was calculated when the field atten-
uation was fitted with an exponential function. This characteristic
length was chosen as the wire spacing as a compromise between
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Fig. 2. FEM simulation of the electric field strength for wire arrays with (left, a)
increasing wire number and (right, b) increasing spacing when a potential of 10 kV
is applied.

field reduction and coverage of the channel. For the 5cm channel
width, this corresponds to a wire array with 10 wires.

For choosing the appropriate electric potential to create the
field, it was considered that an increase in the electric field strength
also causes an increase in the particle charging [34]. However, the
corona mechanism only functions if full breakdown of the air is
prevented. The electric field inside the channel was therefore sim-
ulated with a range of wire voltages to determine if a sufficient field
for a spark channel between the wires and the channel walls or the
collector electrode could be present. The breakdown field strength
of the air was calculated according to the formulas used by Jullian
[35]. It was decided that the walls should be grounded to prevent
trapping of charged particles there. Grounded walls allow for dis-
charging of the particles, which then can re-enter the airstream for
another precipitation attempt. This requires the collector electrode
to be at a positive potential. Fig. 3a shows the FEM simulation of
the electric field chosen for the demonstrator, with a high electric
field that should not cause full breakdown.

For the electric field considered, charged particle trajectories
were simulated to determine if the sampler was designed in a
way that allows the electrostatic force to dominate over the fluid
dynamic force for charged particles. A saturation charge according
to the Weisz limitation of 10'2 e/cm?2 [36] was assumed. For the air
flow, a pressure difference of 0.1 Pa was considered. Fig. 3b shows a
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Fig. 3. (Left, a) 2D FEM simulation of the electric field inside the ESP; (right, b) 2D
FEM simulation of charged particle trajectories inside the ESP, taking into account
an electrostatic force for saturation surface charge as well as a hydrodynamic force
from a laminar flow.

sample model for a range of charged particle trajectories. It shows
that for a significant range of starting locations the charged particles
should be able to reach the collection surface. Some particles travel
along trajectories that lead them to the grounded channel walls.
However, these particles may release their charges there and then
return to the discharge for a further precipitation attempt.

The completed sampler can be seen in Fig. 4. It features alu-
minum channels and PEEK enclosures for the corona electrodes.
A slider holds an oxidized Si wafer plate that serves as a collec-
tion surface. For the air stream suction, a handheld vacuum cleaner
“Stormy” was attached to the sampler outlet.

4. Experimental results

For the initial performance experiments, TiO, particles from
Degussa were used. These particles feature a relatively high elec-
tron affinity, which should allow for good precipitation in the
ESP. This was confirmed in precipitation experiments with vary-
ing primary parameters of the sampler. An example for the particle
precipitation on the collector plate is shown in Fig. 5:
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Fig.4. Sampler assembly, with the discharge wire array (left insert) and the collector
electrode and collection substrate wafer (right insert).

4.1. Sampling yield

To determine the effect of the analyte amount on the sam-
pling yield, varying amounts of TiO, particles were sampled. The
achieved collection yields are shown in Fig. 6. Here it can be seen
that the relative yield drops significantly with increasing amount
of particles, while the absolute amount collected increases. This
indicates that increasing particle coverage on the collector plate
reduces the ability of the ESP to further collect particles. Such a sat-
uration effect, in effect, is expected as the negative charge on the
collected particles counteracts the applied positive charge on the
collector plate.

Since characterizing the amount collected by mass requires a
scale, these measurements were difficult to perform for smaller
amounts since a sufficiently sensitive scale was not available.

Fig. 5. (Left, a) Precipitated TiO, particles on the collector surface, (right, b) micro-
scope image of surface coverage.

Collection yield [%]

1 10 100
Amount inserted [mg]

Amount collected [mg]

5 10 15 20 25
Amount inserted [mg]

Fig. 6. (Left, a) Collection yield versus inserted amount for TiO, particles. Despite
an increasing absolute amount, a saturation effect with increasing insertion amount
can be seen. The relationship can be fitted reasonably well with a potential function.
(Right, b) Amount collected versus amount inserted. It can be seen that the amount
collected remains at approximately 0.4 mg regardless of the amount inserted, indi-
cating that the collection has saturated at this amount.

However, an alternative method was used. Microscope images of
the collection surface showed the particles in black and the uncov-
ered surface in nearly white. Image processing of the pictures
allowed for a full contrast separation of covered and uncovered
regions. Converting this black and white image into a grayscale
average yields the area coverage. Fig. 7 shows sample black and
white images of the collection surface from a reference measure-
ment with no electric field (left) and two collection experiments
yielding increasing coverage (center and right). These pictures
show that for high yield experiments, a large portion of the sur-
face is covered. Since these particles are still charged, it supports
the conclusion that the sampler works better for small amounts.
However, it also shows that the amounts that can be sampled are
significantly large. They should therefore be sufficient for gas detec-
tion after thermal desorption.

4.2. Effect of flow velocity

The effect of the airflow velocity on the sampling yield was
determined by varying the pump power with a transformer. This
allowed for two inlet air flow velocities of 2.2 and 4.4 m/s, respec-
tively. Comparing the mean wafer coverage for different discharge
wire potentials showed that yield is improved by reducing the
air flow velocity. However, it should also be noted that cur-
rently the suction of the flow is required to draw the particles
into the sampler. Obviously reducing the flow also reduces the
suction, and a low flow velocity may no longer draw sufficient suc-
tion to dislodge and move the particles into the sampler. Fig. 8
shows a comparison of the resulting mean wafer coverage after
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0%

Fig. 7. Images of the collection surface at varying degrees of particle coverage, after contrast conversion to a black and white image. The left portion shows the result from a
reference measurement without an electric field, the center and right portions are from measurements with increasing yield.

precipitation for different corona wire voltages and air flow veloc-
ities.

4.3. Effect of corona voltage

As stated above, it was to be expected that the collection
yield would increase with increasing corona voltage as long as it
remained below the sparking potential. This was validated in a set
of measurements with varying corona wire voltage at an air flow
of 2.2 m/s, as shown in Fig. 9. In the FEM simulations it had been
calculated that for moderate ambient humidity, a voltage of —10 kV
could be applied to the wires without the occurrence of air break-
down. In the experiments, however, breakdown occurred down to
a voltage of —8 kV on the discharge wires. The highest yield with a
stable corona was achieved with a wire voltage of —6.8 kV.

4.4. Selectivity experiment

As described in Section 2, the mechanism of charge transfer
from the corona-created ions to the particle surface should, in
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Fig. 8. Comparison of the reference measurements to the measurements with an
electric field for a corona wire voltages of —3.8 kV and —5.2 kV.

theory, includes a degree of selectivity toward the electron affinity
of the particle species. Low electron affinity should not be charged
from the ions in the same degree as high electron affinity particles.
However, in field conditions there is always a certain amount of
humidity present. This presence will result in a water layer form-
ing on the particle surface, changing its surface charging properties.
In experiments with wet electrostatic precipitators, where a high
degree of humidity is added to the precipitation volume, this effect
has been shown to allow for higher particle yields [37]. While this
effect is desirable, it raises the question to the degree in which a
humidity layer occurring on particles in ambient conditions will
affect the potential selectivity of the sampler. Specifically, it must
be determined to which extent the yield of low electron affinity
species is raised by the humidity alone.

As an estimate to this behavior, an experiment was performed
with our ESP where precipitation was performed with a mixture of
high electron affinity particles (TiO,) and low electron affinity par-
ticles (ground flour). In theory, primarily the TiO, particles should
be collected while the flour particles are discarded. As a highly
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Corona voltage [kV]

Fig. 9. Mean collector coverage in dependency of the corona wire voltage. Despite
the relatively large standard deviations, a linear fit matches the mean data points
well.
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Fig. 10. Lugol's solution samples shown after particle insertion. Top row reference
samples: (a) pure TiO,, (b) pure flour, and (c) TiO; and flour mix with flour effect
dominating clearly. Bottom row samples from a mixed TiO, and flour precipitation
experiment: (d) collected particles, (e) discarded particles.

sensitive flour “detector”, a Lugol’s iodine solution was used. This
liquid has the property that it changes from its initial pale trans-
parent yellow color to an opaque dark blue color in the presence
of small amounts of starches such as flour [38]. In the top row of
Fig. 10, the Lugol’s solutions’ colors after insertion of TiO;, flour, and
a TiOy /flour mix can be seen. The liquid turns dark in the presence
of flour, regardless of TiO, presence.

In the selectivity experiment, a particle mixture of TiO, and
flour was drawn into the sampler as described in the previous
experiments. The particles from the collection surface and the
non-collected particles were inserted into separate Lugol’s solution
samples. As shown in the bottom row of Fig. 10, the collected parti-
cle sample remained yellow and clear, indicating that the amount of
flour collected was miniscule at most. In contrast, the non-collected
particle sample turned dark, confirming the presence of the flour
from the mixture. While this result does not certify that no flour was
collected, or that no TiO, particles were discarded, it does indicate
that a degree of selectivity toward the TiO, particles was present
in the precipitation process. It is assumed that the critical prop-
erty differentiating the TiO, and flour particles is their difference
in electron affinity, suggesting that the sampler features selectivity
toward high electron affinity particles.

4.5. Full chain demonstration

To demonstrate the validity of the sampling approach, a full
chain demonstration was performed using real explosives particles
of dinitrotoluene (DNT), the electrostatic sampler, and an lonscan
500DT IMS from Smiths detection [39]. An amount of 5 mg of DNT
particles was placed into a glass dish and subsequently drawn into
the ESP with the vacuum suction. Inside the ESP, a small but visible
amount (approximately 0.5 mg) was precipitated on the collection
plate. Sampled DNT particles can be seen in Fig. 11.

After sampling, the particles were transferred onto a Smiths
sampling swab by wiping them off the collection plate with the
Ionscan sampling wand. With the wand, the swab is inserted into
the Ionscan where the particles are desorbed and analyzed with the
Smiths lonscan IMS. The lonscan alarmed to 3 explosives species:
DNT, NG, and RDX.

The resulting IMS spectrum in the negative (explosives) mode
is shown in Fig. 12. Here it can be seen that there is a peak
at a drift time of 11.45 ms, corresponding to a mobility value of

Fig. 11. Precipitated DNT particles on the collection substrate, ready for transfer
into the IMS thermodesorber.

Ko =1.5655cm?/(Vs), which is automatically identified by the lon-
scan as DNT. Peaks for NG (14.1 ms) and RDX (14.9 ms) were also
found. Tracking the peaks over the measurement series shows that
the DNT peak arises from the initial desorption. The NG and RDX
peaks result from later desorption in subsequent measurements, as
seen in Fig. 13.

Areference measurement was performed by directly wiping the
DNT particles without a previous ESP step. Again, the IMS identified
the substance, confirming the result obtained with the ESP sample.

5. Discussion

Comparing the sampling yield with collection efficiencies of
electrostatic aerosol collectors, such as 85-90% for sodium chlo-
ride aerosols [40] or 76-94% [31] indicates that there is significant
potential for improvement in the yield. However, due to the high
sensitivity of the lonscan detector, the analyte amount collected by
our ESP was sufficient for detection.
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Fig. 12. IMS spectra of ESP-sampled DNT particles, detected with a Smiths lonscan
IMS detector in the negative (explosives-oriented) mode. Shown in black is an initial
spectrum, the blue spectrum corresponds to a later measurement. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Fig. 13. Signal strength progression for the 3 explosives alarmed by the Ionscan
(DNT, NG, RDX). It can be seen that the DNT desorbed relatively quickly while the
NG and RDX alarms came from later desorption.

Analysis of the collected particle size distribution showed that
the sampler primarily collects relatively small particles. This may
be a desirable effect, since smaller particle ranges have been shown
to carry a relatively large amount of the information in trace
detection. In the work of Fisher et al. [41] in sampling of realis-
tic explosive-containing particle trace, a comparison between the
explosives content on smaller and larger particles was made. In
the smaller particles composing 25% of the sampled mass, 50%
of the TNT amount was found. This indicated that it is better to
sample the smaller particles since these contain a relatively larger
amount of explosives adsorbed onto their larger surface-to-volume
ratio.

6. Summary & outlook

The experiments described above indicate that our approach to
sampling and processing trace explosives is suitable for analysis
with an IMS detector. Applying electrostatic sampling was shown
to introduce a degree of selectivity which improves the detection
system performance.

In our future work, we will be improving the sampler perfor-
mance with a redesign based on our results presented here. The
redesign will be realized in a smaller downscaled version to reduce
the charged particle trajectory lengths necessary for precipitation
and to facilitate stronger electric fields at similar voltages. Further-
more reducing the size of the collection surface will allow for the
thermodesorber to be integrated into the collector.

The influence of humidity on the collection efficiency and selec-
tivity will be further investigated. Galbrun et al. showed that the
collection efficiency of their ESP was significantly improved with
the addition of a small amount of humidity, especially for the
smaller particle size ranges [37]. It will be determined how much
the particle yield can be improved with a wet ESP, and to which
degree the sampler selectivity might be reduced due to the humid-
ity. Furthermore, applicability of the sampler to other types of
analyte substances, such as narcotics, will be studied.
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