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ABSTRACT: 

The identification and confirmation of trace explosive residues along with 

potential precursors and degradation products require a comprehensive laboratory 

analysis procedure. This study presents the determination of organic explosives 

consisting of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), 2,4,6-trinitrotoluene (TNT), 

2,4,6,N-tetranitro-N-methylaniline (Tetryl), 1,3,5-trinitrobenzene (1,3,5-TNB) and 

pentaerythritol tetranitrate (PETN) by a high-resolution liquid chromatography 

quadrupole time-of-flight mass spectrometry (LC−QTOF/MS). The qualitative 

information including retention time, collision energy, precursor ions, and 

characteristic fragmentation pattern of each explosive were collected using an 

atmospheric pressure chemical ionization (APCI) in negative ion mode. The 

separation efficiency among five compounds was greatly achieved in this study. Four 

real explosive samples consisting of TNT, RDX, PETN and Tetryl and 12 Ionscan 

quality control swabs from the Royal Thai Army were also tested to validate and verify 

the viability of the GC-MS method used to validate results from an Ionscan system. 

The results showed that LC−QTOF/MS is a powerful technique for the identification 
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and confirmation of thermally unstable organic explosives on Ionscan swabs 

compared to a conventional GC−MS technique.   

 

KEYWORDS: organic explosive, explosive residues, Ionscan swab, liquid 
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1. Introduction 

In recent years, many countries have struggled, and at times suffered greatly, 

from the increasingly escalated violence involving high explosives. Ionscan is the 

most popular on-site portable desktop system using Ion mobility spectrometry (IMS) 

technology for detecting explosive residues in any worldwide security applications. It 

offers high sensitivity, real-time detection and identification of trace particle materials 

on sampling swab in less than a minute [1][2][3]. However, Ionscan has shown a 

series of false positives, in many cases resulting to an unreliable and oversensitive 

machine, limiting its acceptability as scientific evidence in court [4]. This makes it 

necessary to validate results if evidence needs to be presented in court or to identify 

faulty systems.  

Thailand has been facing and experiencing violence from an increase on 

attacks involving explosives since 2004 [5]. Most of the time, an Ionscan trace 

explosive detector is firstly used to both collect the trace explosive materials and 

provide preliminary identification on site. Any sample testing positive for explosives by 

an Ionscan detector is required to be referred to the forensic laboratory for a 

confirmatory test. Current methods for the analysis of organic explosive residues such 

as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), 2,4,6-trinitrotoluene (TNT), 2,4,6,N-
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tetranitro-N-methylaniline (Tetryl), and pentaerythritol tetranitrate (PETN) are 

frequently based on the use of chromatographic techniques either gas (GC) or liquid 

chromatography (LC) [6] to confirm the presumptive positive result by Ionscan. 

However, the utilization of the GC-MS may not be 100% reliable and even as a 

confirmatory technique may present errors. Generally, GC-MS is limited to volatile 

explosives which can be easily eluted from GC column and is not recommended for 

thermal labile explosives due to their decomposition by heat from either GC column or 

injector [7][8]. 

In practical terms, LC-MS offers a distinct advantage over GC-MS for those 

cases for which there is a need to analyze thermally unstable explosives. For example, 

the analysis of peroxide explosives using liquid chromatography presents the 

advantage of lower risk of thermal decomposition of the sample in the injector port, as 

seen in gas chromatography. Time-of-Flight (TOF) LC−MS systems represent the 

leading advanced LC−MS technology that effectively deliver better information on 

chemical components with high sensitivity, resolution, mass accuracy and the ability 

to analyze the trace amounts at low ppm levels [9]. Generally, liquid chromatography 

quadrupole time-of-flight mass spectrometry (LC−QTOF/MS) is mainly and widely 

used for qualitative screening analysis and confirmation of several chemical 

components [10][11][12] with the advantages of higher detection sensitivity, mass 

accuracy and resolution than other tandem mass spectrometry systems, resulting in a 

better qualitative capability for differentiating fragment ions and structural isomers [13]. 

Several studies in the literature have reported high resolution analysis of explosives 

using quadrupole time-of-flight mass spectrometry as detection [14][15][16]. More than 

50 organic explosives and propellants were successfully identified by LC−QTOF/MS 

using both negative and positive Atmospheric Pressure Chemical Ionisation (APCI). 

This study offered specific information on retention time, adduct ions and 
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fragmentation patterns [14].  Other studies have also proven the identification and 

quantification of 1,3,5-trinitrotoluene (TNT) contaminated soil on three different tree 

species using ultra-performance liquid chromatography coupled to quadrupole time-

of-flight mass spectrometry (UPLC−QTOF/MS) [15]. The trace analysis of the peroxide 

explosives hexamethylene triperoxide diamine (HMTD) and triacetone triperoxide 

(TATP) has also been developed and validated with an atmospheric pressure 

chemical ionisation sources in conjunction with liquid chromatography quadrupole 

time-of-flight mass spectrometry (LC−APCI−QTOF/MS) in positive ion mode [16]. 

The work presented here focuses on a real case study where a fast liquid 

chromatographic separation coupled to a high resolution and sensitive QTOF/MS 

system was implemented to aid and validate the Royal Thai Army GC-MS method for 

the detection of organic explosives on Ionscan swabs. Real explosive samples and 

competency-testing swab samples were also demonstrated.  

2. Materials and Methods 

2.1 Reagents  

Acetonitrile (gradient 240nm/ far UV HPLC grade), methanol (supragradient 

HPLC grade), isopropyl alcohol (HPLC BASIC) were supplied by Scharlau (Bangkok, 

Thailand). Acetone, AR (Assay by GC 99.5%) was supplied by RCI lab scan (Bangkok, 

Thailand). Ammonium formate (for mass spectroscopy, assay  99.0%) was supplied 

by Fluka (Bangkok, Thailand). Formic acid 98-100 % was supplied by AnalaR 

(Bangkok, Thailand).  

2.2 Organic Explosive Standards 

Five single component AccuStandard  were purchased from Saengvith 

Science Co. Ltd. (Bangkok, Thailand) consisting of hexahydro-1,3,5-trinitro-1,3,5-

triazine (RDX), 2,4,6-trinitrotoluene (TNT), 2,4,6,N-tetranitro-N-methylaniline (Tetryl), 
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1,3,5-trinitrobenzene (1,3,5-TNB) each at 0.1 mg mL−1 in acetonitrile: methanol (1:1) 

and pentaerythritol tetranitrate (PETN) at 0.1 mg mL−1 in methanol. 

2.3 Sampling swabs 

Ionscan sampling swabs for the Smiths Detection Ionscan 400B were 

obtained from Smiths Detection, Inc. (Maryland, USA). The disposable sampling 

Ionscan swabs were packaged in contaminant free and well-sealed box. All swabs 

were used without pretreatment. 

2.4 Explosive samples and Ionscan swabs 

 In a first exercise, a small amount of four bulk explosive samples consisting of 

RDX, Tetryl, TNT and PETN were taken from the Royal Thai Army Ordnance 

Department. All samples were separately contained in a well-sealed and labelled clear 

glass vial.  

 In a second exercise, twelve Ionscan swabs were prepared by an explosive 

ordnance disposal officer from Royal Thai Army Ordnance Department as testing 

samples for the annual qualitative analysis of explosive competency testing program 

for forensic scientists at Forensic Chemistry Section, Division of Forensic 

Investigation, Central Institute of Forensic Science (CIFS), Thailand.  

2.5 Extraction process 

Each Ionscan swab was placed into a 15 mL PTFE liner thermoset cap screw 

top clear glass vial with 5 mL of acetone and vigorously shaken using a vortex mixer 

and sonicated for 10 mins at room temperature. The supernatant was transferred into 

a 10 mL beaker and then re–concentrated with 200 L acetonitrile into a 0.3 mL screw 

top amber glass vial with pre-slit PTFE/silicone septa and kept refrigerated at 4 ºC 

before instrumental analysis. 
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2.6 Instrumental analysis 

2.6.1 Liquid chromatograph quadrupole time-of-flight mass spectrometer 

parameters 

An Agilent 1290 Infinity II liquid chromatograph from Agilent Technologies 

(Thailand) Ltd. (Bangkok, Thailand) equipped with an Agilent ZORBAX Rapid 

Resolution High Definition (RRHD) Eclipse Plus C18 (1.8 µm, 100 mm  2.1 mm) 

column purchased from Agilent Technologies (Thailand) Ltd. (Bangkok, Thailand) was 

used. The mobile phase used was water with 10 mM ammonium formate, pH 3 as 

solvent A and methanol as solvent B. The injection volume was 5 μL with a flow rate 

of 0.3 mL min−1 and a column temperature of 40 C. The solvent gradient elution 

program were as follows: 0−1 min, 40% methanol; 1−4 min, gradient increase to 55% 

methanol; 4−8 min, gradient increase to 65% methanol; 8−9.1 min, linear gradient 

increase to 95% methanol; 9.1−9.5 min, methanol was maintained at 95%; 9.5−10 

min, gradient returned to the initial condition of 40% methanol to allow for equilibration. 

An Agilent 6545 Ultra High Definition Accurate-Mass Quadrupole Time of Flight 

Mass Spectrometer (Bangkok, Thailand) was used. The instrument was controlled by 

the Agilent Mass Hunter Workstation Data Acquisition Software Version B.08.00 Build 

8.00.8058.3 (2016). Sample ionization was performed using an atmospheric pressure 

chemical ionization (APCI) in negative ion mode. The gas and vaporizer temperatures 

were set to 325 C with a drying gas flow rate of 5 L min−1. The nebulizer was set to 

40 psig with a corona current of 20 A. The voltage of the fragmentor was set at 100 

V, skimmer at 55 V, capillary at 2500 V and octopole RF, 500 V. The mass 

spectrometer was operated in a mass range of 30 − 1000 m/z with acquisition rate at 

2 spectra sec−1 and acquisition time at 500 ms spectrum−1. Reference masses 

112.9855 and 966.0007 by the Agilent APCI tuning mix were monitored to ensure the 

reliable accurate masses during the analysis. 
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2.6.2 Gas chromatograph−mass spectrometer parameters 

An Agilent 7890 gas chromatograph interfaced to an Agilent 5975 mass 

spectrometer (Bangkok, Thailand) using quadrupole mass analyzer was used. The 

Agilent 7890 GC was equipped with an Agilent DB-5ms fused–silica capillary GC 

column (12 m  0.2 mm  0.33 μm) purchased from Agilent Technologies (Thailand) 

Ltd. (Bangkok, Thailand). The sample volume was set at 1 µL splitless injection mode. 

Helium was used as a carrier gas at 1.5 mL min–1. The transfer line and the injector 

temperature was maintained at 200C. The GC oven temperature program started 

with an initial temperature of 70C and initial hold time of 1 min. Then the temperature 

increased to 120C at a rate of 30C min–1 before ramping to 200C at a rate of 10C 

min–1 and final ramp at 60 C min–1 to 280C. The maximum temperature was held for 

2.5 min. An electron impact ionization source was utilized at 70 eV with a mass 

analyzer operated in full scan mode (m/z 35 – 350). All chromatography data were 

processed with the Agilent GC/MSD ChemStation Software version E.02.00.493. All 

compound mass spectra were identified and compared using the National Institute of 

Standards and Technology (NIST) mass spectral search program for the 

NIST/EPA/NIH mass spectral library (version 2.0).  

3. Result and Discussion 

3.1 Explosives characterization by LC−QTOF/MS 

The results (Fig 1.) showed that RDX was firstly found to elute from the 

chromatographic column at 2.35 min. Later on, 1,3,5-trinitrobenzene, tetryl, TNT and 

PETN were consecutively eluted at 3.23 min, 4.523 min, 4.899 min and 6.730 min, 

respectively.  
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3.2 Precursor ion identification 

Theoretically, nitro-containing explosives fragmentation such as RDX, 

TNT, Tetryl, 1,3,5-TNB commonly results in the loss of either a NO, NO2, OH 

or H2O group [17]. In negative APCI mode, most nitro containing species were 

observed as either the molecular ion [M]− or the deprotonated molecular ion 

[M−H]−. The fragmentation patterns of RDX, 1,3,5-TNB, Tetryl, TNT and PETN 

in full scan mode are shown in Fig 2. RDX was observed as a formate adduct 

ion [M + HCO2]− at m/z 267.0331 and fragmentation of [N2O4]– and [NO2]–   

observed at m/z 91.9987 and m/z 45.9932, respectively. For 1,3,5-TNB, the 

molecular ion was observed at m/z 214.0108 and fragment ions of [M]− at m/z 

213.0029 and [M−NO]− at m/z 183.0050 were also observed. A molecular ion 

at m/z 288.2230 and fragment ions at m/z 241.0218 corresponding to [M−NO2]− 

were observed in Tetryl. For TNT, the characteristic of molecular ion at m/z 

227.0180 including fragment ions at m/z 226.0107 represent to [M−H]− and at 

m/z 197.0205 represent to [M−NO]− were observed. An adduct ion at m/z 

316.0270 corresponding to the formation of the [M−NO2+CH2O2]− and fragment 

ion of [NO3]– were noticeably observed in PETN. Additionally, two background 

ions were clearly presented in all 5 explosive species observed at m/z 

44.9989±0.000141 derived from [HCO2]– and the presence of ions at m/z 

91.00367±0.000141 derived from [(HCOOH)2-H]−. In practical, these two typical 

ions are characteristics of common background ions when ammonium formate 

and formic acid are used as the components in the mobile phase [18].  

3.3 Product ion identification 

In this study, the combination of quadrupole and time-of-flight mass 

spectrometers was used to enhance productivity of explosive analysis regarding to its 
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high sensitivity, specificity and high resolution for accurate mass identification [19] 

which offers more structural information and specific ions of explosive components.  

Theoretically, the quadrupole mass filter only allows the ions of the targeted 

mass to pass through. The precursor ions then are fragmented in the collision cell 

generating the product ions and subsequently determined via a time of flight 

measurement [20]. A detailed list of the precursor and proposed product ions along 

with the collision energy used to obtain the respective fragmentation patterns are listed 

in Table 1.  

 

Table 1 A detailed list of the precursor and proposed product ions including the 

collision energy and retention time of five organic explosives using the QTOF/MS. 

Compounds 
Precursor ions 

(m/z) 

Collision 

energy (kV) 
Product ions (m/z) [Abundance] 

RDX 267.0332 3 45.9933 [100], 91.9988 [10.93] 

1,3,5−TNB 214.0107 15 137.0120 [100] 

Tetryl 241.0217 12 196.0001 [100], 213.0015 [70.37] 

TNT 227.0175 12 197.0207 [100], 210.0165 [61.26] 

PETN 316.0273 3 61.9885 [100] 

From Table 1, the nitramine RDX fragmented to form the most abundant 

product ion observed at m/z 45.9933 assigned to the [NO2]− and fragment ion at m/z 

91.9987 derived to [N2O4]–. A product ion at m/z 137.0120 which was assigned to [M-

NO-NO2]− significantly observed in 1,3,5-TNB. The fragmentation of the [M−NO2]− 

species at m/z 241.0217 for Tetryl resulted in further cleavage to two product ions 

observed at m/z 196.0001 [M−NO2]− and m/z 213.0015 [M−CHO]−. Two significant 

product ions of the molecular ion of TNT at m/z 227.0175 produced fragment ions at 
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m/z 197.0198 [M−NO]− and m/z 210.0154 [M−OH]−. A product ion at m/z 61.9885 

which was assigned to [NO3]− fragment clearly observed in PETN. 

3.4 Analysis of bulk explosive samples 

In this study, four explosive samples consisting of RDX, Tetryl, TNT and PETN 

receiving from Royal Thai Army Ordnance Department were analysed using the exact 

same method for the five explosive standards used in this study in order to evaluate 

the validity of the method. Table 2 shows the percentage of error of retention time and 

mass ions of each known sample is less than 1 % compared to explosive standards. 

This confirms that the method is suitable and applicable for explosive analysis. 

Table 2 Comparison of results between four explosive standards and real explosive 

samples using the QTOF/MS.  

Compounds 
Retention time Mass ions (m/z) 

Standard 

sample 

Bulk 

sample 

% 

error 

Standard 

sample 

Bulk 

sample 
% error 

RDX 2.323 2.343 0.860 45.9933 45.9937 0.00089 
    91.9990 91.9990 0.00000 

Tetryl 4.520 4.521 0.020 
196.0000 

213.0015 

196.0004 

213.0031 

0.00017 

0.00073 

TNT 4.899 4.852 0.960 
197.0198  

210.0154 

197.0203 

210.0155 

0.00023 

0.00003 
PETN 6.725 6.762 0.550 61.9884 61.9884 0.00000 

 

3.5 Analysis of real Ionscan® swab samples 

Also, twelve Ionscan swab samples prepared by an explosive ordnance 

disposal officer from the Royal Thai Army Ordnance Department for annual qualitative 

analysis of explosive competency testing program were performed using the exact 

same extraction and analysis procedures of explosive standards to ensure the method 

is suitable for the identification of explosives. The results of real swab samples 

performed by LC−QTOF/MS were compared to the GC−MS results used by this 

Department. Table 3 summarizes the results of 12 Ionscan swab samples with two 
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different techniques. The results demonstrated the consistency of analyses performed 

by two techniques in almost all samples with the exception of sample 3. The analysis 

of sample 3 using LC−QTOF/MS found Tetryl and TNT in the swab sample (Fig 3) 

compared to GC−MS result, for which only TNT was observed. Fig 3 shows that two 

peaks were observed at 4.536 min and 4.886 min in the chromatogram. Fragmentation 

patterns in the mass spectra of two peaks determined to be Tetryl (tR 4.536) and TNT 

(tR 4.886). The fragmentation ions of Tetryl were observed at m/z 241.0196, m/z 

196.0001 and m/z 213.0025. A significant molecular ion at m/z 227.0134 produced 

fragment ions at m/z 197.0198 and m/z 210.0153 were observed in TNT. In fact, 

sample 3 did contain added tetrytol. Tetrytol is a high explosive comprising of a mixture 

of TNT and Tetryl, mostly used for the military as blocks of demolition explosives and 

cast shaped charges [21]. The analysis of tetrytol was achievingly determined by liquid 

chromatography-negative ion chemical ionization mass spectrometry [22]. This result 

obtained from LC−QTOF/MS significantly provided helpful intelligent information for 

investigators. It is known that some of explosives such as HMX and Tetryl are difficult 

to be analyzed by GC-MS due to their thermal decomposition in the GC injector and 

column giving to insufficient positive identification [23][24]. The previous result 

indicated Liquid chromatography−mass spectrometry is a superior alternative 

technique for the validation of thermally unstable explosives due to the injector and 

column are set at room temperature [25]. With this, the result confirms the higher 

selectivity and sensitivity of LC−QTOF/MS in the analysis of explosives compared to 

GC−MS. Evidence like this explains why LC−MS was adopted by the Technical 

Working Group for Fire and Explosions (TWGFEX) on explosion debris analysis in the 

US, as the technique can provide significant structural and/or elemental information 

[26]. Thus, LC−QTOF/MS can be reliably used to confirm the screening positive or 

negative results achieved by Ionscan.  
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Table 3 Comparison results of 12 Ionscan swab samples with two different 

techniques 

Sample No. 
Results 

LC−QTOF/MS GC−MS 

Sample 1 Negative Negative 

Sample 2 RDX, PETN RDX, PETN 

Sample 3 Tetryl, TNT TNT 

Sample 4 RDX RDX 

Sample 5 PETN, TNT PETN, TNT 

Sample 6 Negative Negative 

Sample 7 RDX RDX 

Sample 8 PETN, TNT PETN, TNT 

Sample 9 Negative Negative 

Sample 10 RDX RDX 

Sample 11 PETN, TNT PETN, TNT 

Sample 12 Negative Negative 

 

4. Conclusion 

The characterization of five nitramine (RDX), nitro-aromatic (TNT, Tetryl and 

1,3,5-TNB) and nitrate ester (PETN) explosives were accomplished using a specific, 

rapid and highly sensitive LC−QTOF/MS technique. The separation efficiency among 

five compounds was greatly achieved in this study. Analyte specific information 

including retention time, adduct accurate mass and fragmentation pattern data was 

successfully collected using negative ion Atmospheric Pressure Chemical Ionisation 

(APCI). The QTOF may not be as sensitive as triple quadrupole (QQQ) for 

quantification analysis, yet it is known as an excellent technique for qualitative 
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screening and identification of unknown compounds, giving advantage of accurate 

mass at both the single and tandem MS levels. In this study, one Ionscan® swab known 

to be containing Tetryl could not be detected by GC–MS but successfully detected by 

LC−QTOF/MS. In this exercise GC-MS only showed 91.7% positive results when 

compared to the LC-QTOF/MS. For this sample, GC-MS would have failed to identify 

and validate the results from the Ioscan®.   

Thus, the results show that LC−QTOF/MS technique is a powerful tool for the 

identification and confirmation of thermally unstable organic explosives on Ionscan® 

swabs.   
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Fig 1. Total ion chromatograms showing the separation of RDX, 1,3,5−TNB, Tetryl, 

TNT and PETN at a concentration of 5 ng L−1 with APCI mode. 
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Fig 2. A Fragmentation pattern of RDX, 1,3,5−TNB, Tetryl, TNT and PETN in full 

scan mode 
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Fig 3. TIC and MS spectra of Ionscan® swab sample No.3 showing the presence of 

tetryl and TNT using LC−QTOF/MS 

 

 

 Tetryl 

 

TNT  


