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a b s t r a c t

In this work, thermal decomposition has been used to detect explosives by IMS in positive
polarity. Explosives including Pentaerythritol Tetranitrate (PETN), Cyclo-1,3,5-Trimethylene-2,4,6-
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eywords:
xplosives

Trinitramine (RDX), 2,4,6-Trinitrotoluene (TNT), 2,4-Dihydro-5-nitro-3H-1,2,4-triazol-3-one (NTO),
1,3,5,7-Tetranitro-1,3,5,7-tetrazocine (HMX), have been evaluated at temperatures between 150 and
250 ◦C in positive polarity in air. Explosives yield NOx which causes NO+ peak to increase. Additional
peaks may be used to identify the type of explosive. The limit of detection for RDX, HMX, PETN, NTO, and
TNT were obtained to be 1, 10, 40, 1000, and 1000 ng, respectively.
on mobility spectrometry
yrolysis

. Introduction

The increasing worldwide terrorist threats nowadays have
ade it crucial to detect all kinds of explosives in order to provide a

ecure protection for important places such as air ports, embassies,
overnmental buildings, public and holy places, power stations,
ams, etc. Many methods have been reported for the detection
f explosives and various techniques have been comprehen-
ively reviewed in the literature. X-ray screening [1], fluorescence
uenching [2], neutron and gamma-ray spectroscopy [3], LC–MS
4], UV gated Raman spectroscopy [5], laser induced break-
own spectroscopy (LIBS) [6], electrochemical and immunosensors
7], chemiluminescence [8], SPME-HPLC [9], and GC-ECD [10,11]
re among the new methods proposed for explosive detection.
ecently, metal oxide semiconductor (MOS) nanoparticle sensors
12] have been used for the detection and discrimination of low
oncentrations of explosives.

Ion mobility spectrometry (IMS) has proved to be one of the
est methods for the detection of trace level of explosives due to

ts low detection limit, fast response, simplicity, and portability.
MS based instruments are now vastly used in vulnerable places
uch as airports for screening of both people and carry-on luggage.
critical review of ion mobility spectrometry for the detection of

xplosives and explosive-related compounds up to 2001 is given

y Ewing et al. [13]. Buxton et al. applied rapid multivariate curve
esolution for identification of explosives by IMS [14]. Hill et al.
onstructed a high-flow, high-resolution ion mobility spectrome-
er for the detection of explosives after personnel portal sampling

∗ Corresponding author. Tel.: +98 311 3913272; fax: +98 311 3912350.
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[15]. Determination of explosives in water samples was reported
by Lokhnauth et al. [16].

Ion mobility spectrometry is basically a gas-phase ion separa-
tion technique that operates under atmospheric pressure. A full
description of the method is given in books and review articles
[17–20]. A drift tube consisting of a reaction region and a drift region
is the main element of the ion mobility spectrometer. An electric
field is created by a series of conducting guard rings. The analyte
vapor is introduced by an inert gas into the reaction region where
the analyte molecules are ionized at atmospheric pressure via ion-
molecule reactions. The ions are then injected to the drift region by
an ion shutter where they move towards the end of the tube where
they, finally, strike the collector plate. Ions of different identities
are separated due to different velocities arising from their intrinsic
mobilities. The ion current is amplified with a fast electrometer and
then recorded versus time to make an ion mobility spectrum. IMS
may operate in two different modes, positive or negative. In the
positive mode, only positive ions are detected while, in the nega-
tive mode, the electric field is reversed to collect the negative ions.
Explosives are commonly detected in the negative mode. Normally,
an electron source is used for the ionization in the negative mode.
Ionization of the analyte takes place via electron capture or negative
ion attachment reactions. The excellent sensitivity of IMS to explo-
sives is due to its very high electron affinity. The ionization source
of the conventional IMS is a radioactive 63Ni foil which emits high
energy electrons. For instruments that use the ambient air as the
carrier gas, electrons are mostly captured by oxygen, hence pro-

ducing negative reactant ions, Eq. (1). Explosives containing nitro
groups, with electron affinity higher than that of oxygen, are then
ionized according to Eq. (2).

e + O2 → O2
− orotherreactantions (1)

http://www.sciencedirect.com/science/journal/03043894
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It should be mentioned that the extent of increasing
the NO+ peak differs for different explosives in the order
HMX > NTO > RDX > TNT > PETN. It was also proved that the NO+

peak intensity depends on the level of moisture in the carrier gas.
M. Tabrizchi, V. ILbeigi / Journal of H

–NO2 + O2
− → R–NO2

− + O2 (2)

The advantages of 63Ni are simplicity, stability, being noise-
ree, and no requirement for extra power for ionization. However,
here are serious problems associated with using radioactive mate-
ials. Usually working with such materials needs regular leak test
nd special safety regulations. Licensing and waste disposal are
lso required which limits the acceptance of IMS instruments in
he market place. Several alternative ionization sources have been
eported including UV light [21,22], corona discharge [23], and
ulsed discharge [24]. An excellent electron source, particularly for
he negative IMS, was developed in our lab [25]. The source uti-
izes a discharge in pure nitrogen which produces electrons, several
rders of magnitude higher than that produced by the conventional
3Ni. An IMS equipped with such source was demonstrated to be
ery sensitive to trace levels of explosives [26]. In spite of its very
ood performance, the electron source needs pure nitrogen for its
peration. Thus, the source may not be convenient to be used in the
ortable instruments. If negative corona discharge happens in air, it
roduces NO2

− with a very high electron affinity, even higher than
hat of explosives, and prevents ionization of those compounds.
hus, negative corona discharge in air is not appropriate for the
etection of explosives.

The aim of this work is to use the positive corona discharge
perating in air for ionization of explosives. This was achieved by
onsidering the pyrolysis of explosives at elevated temperatures.
he products of the pyrolysis contain nitrogen oxide that is well
onized in the positive corona discharge. As a result, explosives may
e detected by monitoring the NO+ peak in ion mobility spectrum.
oreover, each explosive shows additional peaks that may be used

or identification.

. Experimental

.1. Instrumentation

The IMS used in this study was constructed in our laboratory
t Isfahan University of Technology. An IMS cell (installed in an
ven), a needle for producing the corona, two high voltage power
upplies, a pulse generator, an analog to digital converter, and a
omputer to record spectra comprised the main components of the
nstrument. The ionization region consisted of five thick aluminum
ings, with 20 mm ID and 55 mm OD. The drift tube consisted of 11
luminum rings with the same OD size and 36 mm ID. Each ring
as connected to the adjacent one via a 5 M� resistor to create a
otential gradient. A voltage of 7 kV was applied over the entire cell
o create a drift field of 466 V/cm.

The cell temperature could be adjusted from room temperature
p to 200 ◦C. The injection port consisted of an aluminum tube con-
ected to a T-shape swagelok fitting. It could be heated up to 250 ◦C

o enable pyrolysis of explosives. Air was used as carrier and drift
ases with flow rate of 400 cm3/min and 700 cm3/min. The opti-
ized experimental conditions for the detection of explosives are

iven in Table 1.

Table 1
The optimized experimental conditions for explosives of detection.

Parameter Setting

Length of drift tube 11 (cm)
Drift field 466 (V/cm)
Corona voltage 2300 (V)
Flow rate of drift gas (Air) 700 (mL/min)
Flow rate of carrier gas (Air) 400 (mL/min)
Injection port temperature 220 (◦C)
IMS cell temperature 200 (◦C)
ous Materials 176 (2010) 692–696 693

2.2. Materials and methods

Industrial grades of the explosives; pentaerythritol tetranitrate
(PETN), cyclo-1,3,5-trimethylene-2,4,6-trinitramine (RDX), 2,4,6-
trinitrotoluene (TNT), 2,4-dihydro-5-nitro-3H-1,2,4-triazol-3-one
(NTO), 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) were prepared
from Isfahan Chemical Industry (Zarinshahr/Iran). Samples were
solved in methanol to make standard solutions. Working standard
solutions were prepared by consecutive dilutions of the standard
solutions. 10 �L of the working solution was loaded on the injection
port and the solvent was allowed to evaporate. NO and NO2 were
produced via reaction between diluted and concentrated nitric acid
with Cu, respectively.

3. Results and discussion

3.1. Positive ion mobility spectra of explosives

Positive ion mobility spectrum of NTO along with the back-
ground spectrum and the NO2 spectrum are shown in Fig. 1. The
spectra were obtained under the optimized experimental condi-
tions given in Table 1. In the background spectrum, the reactant
ions were water clusters of NH4

+, NO+, and H3O+, respectively. In
the NO2 spectrum, the NO+ peak increased. It should be mentioned
that injecting NO also gave rise to an increase in the NO+ peak. It
is clear that in the NTO spectrum, the NO+ peak increased consid-
erably with respect to the background spectrum. This is surely the
result of releasing NO or NO2 after pyrolysis. It has been shown that
the pyrolysis product of explosives which contain NO2 or NO group
in the range of 180-250 ◦C are CO2, CO, NO2, NO, HONO, H2O, N2,
CH2O, and N2O [27]. We tried to observe ion mobility of all those
products. Only NO, NO2, and HONO increased the NO+ peak. Thus,
the increase in the NO+ peak represents the presence of NTO. Other
explosives, TNT, RDX, HMX, and PETN also showed similar behavior.
Their positive spectra are shown in Fig. 2.
Fig. 1. Positive ion mobility spectra of NTO and NO along with the background
spectrum.
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reactant ions, the intensity of the NO+ peak relative to that of H3O+

reduced considerably. It was noted that the relative intensity of the
NO+ peak depended on the needle voltage as well as on the total
flow rate of the gas (carrier + drift). The intensity of the NO+ peak
as a function of the gas flow rate and the needle voltage for both
Fig. 2. Positive ion mobility spectra of TNT, RDX, HMX and PETN.

t high levels of water vapor (>400 ppm), the NO intensity of the
xplosives was not noticeable.

As shown in Figs. 1 and 2, explosives may be detected by moni-
oring the NO+ peak in their ion mobility spectrum. Moreover, each
xplosive compound shows additional peaks that may be used for
dentification. For example, RDX and TNT have different patterns,
s demonstrated in Fig. 2.

Close examination of the spectra revealed that for HMX and RDX,
ather than the NO+ peak, another peak appears that is very close
o the NO+ peak. Fig. 3 compares the two peaks for RDX, HMX, and
O. The origin of this peak, denoted as X+, is not clearly known.

t appears for only 0.045 ms before the NO+ peak (tX/tNO = 0.989).
uch a small difference was observed because of the high resolu-
ion of our instrument. Such high resolution was achieved because
f the high ion current produced by the corona discharge which
llowed applying a narrow pulse to the shutter grid. In addition a
trong voltage (7 kV) was applied to the drift tube to enhance res-
lution. This experiment was carefully repeated several times to
ake sure that the X+ peak differed from the NO+ peak. Most pos-

ible pyrolysis products including HCN, CH2O, and N2O were tried
nd none gave the X+ peak. This different behavior could be due to
he difference in structure among the explosives tested. RDX and
MX yielding the X+ peak contain an N–NO2 bond while TNT, NTO,
nd PETN yielding the NO+ peak contain either a C–NO2 or O–NO2
ond in their structure. To determine the X+ peak exactly, a mass
pectrometer coupled with an IMS is required.

.2. Reducing the background NO+ peak
It is well-known that corona discharge in air produces NO+ and
Ox [28,29]. It has also been empirically established that corona
ischarge produces a relatively strong wind from the needle tip.
he wind carries the neutral nitrogen oxide into the ionization
Fig. 3. Comparison of ion mobility spectra of RDX and HMX with that of NO. The X+

peak appears 0.045 ms before the NO+ peak.

region. NOx reacts with H3O+ and NH4
+ to produce NO+. Hence,

a source of NO+ in the ion mobility spectrometry equipped with
corona discharge is the neutral NOx produced in the discharge. As
for explosives for which the NO+ peak is monitored, it is necessary
to eliminate, or at least reduce, the background NO+ peak. The new
design consisted of a curtain plate to prevent the diffusion of NOx

into the ionization region as demonstrated in Fig. 4. The curtain
plate, mounted in front of the needle, is a metal disk with a hole
2 mm in diameter at its center. A unidirectional flow system was
chosen to establish a gas stream just in front of the needle tip to
blow it away. This stream prevents the diffusion of NOx from the
discharge region to the ionization region. A voltage is applied to
the disk in order to extract reactant ions from the discharge region
towards the ionization region.

Although the curtain plate reduced the total intensity of the
Fig. 4. New design for corona discharge ionization source to eliminate the back-
ground NO+ peak.
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ig. 5. The intensity of the NO+ peak versus a) the total gas flow rate and b) the
eedle voltages, with and without curtain plate.

ases, with and without the curtain plate, is shown in Fig. 5. When
he curtain plate is used, the higher flow rate of gas causes less of
he NOx produced in the discharge region to diffuse into the ion-
zation region. This is while in the absence of the curtain plate, the
ow rate has no effect. Fig. 5b demonstrates that the NO+ intensity
ncreases with the needle voltage for both cases, with and without
he curtain plate. It has been previously observed that NO+ pro-
uction increased with needle voltage. The same trend is observed
ere. In addition, a higher needle voltage produces a stronger wind

ig. 6. Intensity of the NO+ or X+ peak as a function of pyrolysis temperature.
Fig. 7. Calibration curves for RDX, HMX, PETN, NTO, TNT.

which pushes the NOx into the ionization region. Fig. 5b shows that
the NO+ peak disappears upon reducing the needle voltage, only
when the curtain electrode is used.

3.3. Effect of temperature

As the most intense peak after the pyrolysis of explosives is the
+
NO peak, the effect of pyrolysis temperature on this peak was

explored. This was achieved by recording the spectra for a fixed
amount of the sample at different pyrolysis temperatures. Fig. 6
shows the intensity of the NO+ peak as a function of pyrolysis tem-
perature. In the case of HMX and RDX, the NO+ peak increases while
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t decreases for TNT and NTO. This different behavior could be due
o the difference in structure among the explosives tested. As pre-
iously described, RDX and HMX contain an N–NO2 bond form one
roup with similar temperature behavior. While TNT and NTO con-
ain C–NO2 bond in their structure form a second group that their
O+ peak decrease with temperature. PETN which shows different

emperature behavior, other than the two groups, contains O–NO2.
he optimum temperature for all explosives is found to be between
00 and 220 ◦C.

.4. Calibration curves

The calibration curves for explosives were obtained under opti-
ized conditions given in Table 1 and using the curtain plate. All

he calibration curves are shown in Fig. 7. The area under all corre-
ponding peaks for a given sample was considered as the response.
he limit of detection, defined as the amount giving peak height
hree times the noise level, for RDX, HMX, PETN, NTO, and TNT
ere obtained to be 1, 10, 40, 1000 and 1000 ng, respectively. The

rder of detection limits is different from that of the increasing NO+

eak since additional peaks were included in the response and their
ntensities were different for various substances. The detection
imits obtained in this work is generally higher that those values
reviously published using negative 63Ni-IMS [30] or electrospray
31] and negative corona discharge in nitrogen [26]. However, the
dvantage of this method over the conventional techniques is that
t does not need radioactive sources or nitrogen and is easier and
aster with respect to electrospray IMS.

. Conclusions

In this work, we demonstrated that common explosives can be
etected in the positive mode of ion mobility spectrometry with a
easonable detection limit. After modification of the instrument to
liminate the background NO+ peak, it was found that the presence
f explosives could be readily announced by observing the NO+

eak. In addition, the nature of the explosives may also be deter-
ined using the additional peaks. No interference was observed

rom similar compounds such as pyrazine, dioxane and morpholine
hich lack NO2 functional group but contain nitrogen or oxygen

toms.
Generally, portable ion mobility instruments detect narcotics

n the positive mode, and explosives in the negative mode. This
echnique combines detection of both explosives and narcotics in a
ingle mode which makes the instrumentation and operation much
impler. This could be an important progress in the development
f portable IMS instruments.
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