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Abstract
The growing threat of terrorism activities has caused an urgent need of improved forensic explosive analysis. Complex matrices, limited samples, and ambiguous interpretations serve as challenges for a forensic chemist  in order to link the evidence to the perpetrator of the crime. This review focuses on three aspects namely screening techniques, extraction techniques, and instrumental techniques. For the screening techniques, this review focuses on fast detection based on chemical respond for pre- and post-explosion residues. Different types of extraction methods including swabbing technique, solid phase extraction, and solid phase microextraction were discussed. Instrumental techniques covered in this review included gas chromatography, high performance liquid chromatography, ion chromatography and capillary electrophoresis. 
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Abstrak
Peningkatan ancaman  aktiviti keganasan telah membawa kesedaran akan perlunya penambahbaikan  dalam analisis forensik. Matriks sampel yang kompleks, sampel terhad dan penafsiran yang tidak jelas menjadi satu cabaran dalam bidang kimia forensik untuk mengaitkan antara bahan bukti dan pelaku jenayah. Ulasan ini akan memberi tumpuan kepada tiga bahagian iaitu teknik saringan, teknik pengekstrakan dan teknik instrumen. Untuk kaedah saringan, kajian ini akan memberi tumpuan kepada pengesanan pantas residu letupan berdasarkan tindak balas kimia untuk sebelum dan selepas letupan. Pelbagai jenis kaedah pengekstrakan dibincangkan termasuk teknik sapuan, pengekstrakan fasa pepejal, dan pengekstrakan fasa pepejal mikro. Teknik peralatan yang akan dibincangkan dalam ulasan ini pula melibatkan kromatografi gas, kromatografi cecair berprestasi tinggi, kromatografi ion dan elektroforesis rerambut.

Kata kunci:  residu letupan, kimia forensik, teknik saringan, teknik pengekstrakan, teknik instrumentasi


Introduction
Terrorism is often portrayed as unlawful acts of violence, disregarding the safety of civilians with intent to create fear for their senseless ideology [1]. Terrorism brings harm not only to structural or physical injury, but the victims will sustain the damage from the aspect of psychological, economic and social damage [2]. Based on Global Terrorism Database (GTD) from the year 2000 until 2010, 57% of terrorism method (Figure 1) used by terrorists is from bombing terrorism [3]. The distribution comprises of armed assault (31%), hostage taking (9%) and, unknown (2%), unarmed assault (1%) and hijacking (<1%). 
     
[image: ]
Figure 1.  Distribution of terrorism method used by terrorist (2000 – 2010)


Bombing served as the preferred method of terrorism and this callous act of terrorism often happens in public spaces and cost innocent lives to be taken in their target [4-6]. Yavuz et al. [7] in their study on the terrorist bombing in Istanbul reported that 85% of deaths occurred at public spaces such as in the street, school, post-office, hotel lobby, university or campus and many others that involved non-combatant civilians. According to Bosnar et al. [8], suicidal deaths involving explosives have always been connected to terrorism instead of the unusual method of committing suicide. 

The expanding threat, unlawful behavior and illicit activities utilizing energetic explosive materials for criminal and terrorism activities have urged the need for a reliable, rapid but also an accurate investigation technique for analyzing crucial puzzles left at the scene of the crime. Analysis of explosive residues become more difficult since the residues of origin material from post-blast samples are usually trapped and fused into surrounding. To identify unknown explosive samples, it demands a competency technique to determine an extensive number of organic and inorganic explosive material. It is of great importance for the explosive and their post-blast residues analysis to assist forensic scientist in determining the origin of explosive material used in the bombing and eventually help the law enforcement in narrowing down the investigation. Therefore, the review emphasizes on steps to track traces of evidence, method of extraction and the use of analytical instrumentation for explosive residue analysis. 

Sample collection
The forensic scientist needs to analyze and gather information on the physical evidence collected to link the crime scene with the crime perpetrator. The results of laboratory analysis are important to deter terrorist activities and to reduce the occurrences of crime [9-12]. There are many challenges faced by investigating officers and forensic scientist before the results can be taken to court for the prosecution [13]. 

Numerous studies were reported regarding explosive by performing fields experiments to investigate the properties of explosive, pattern of post-blast sample distribution, or potential source of evidence. Chemical explosive is classified as low or high explosives according to their rates of decomposition [14]. Varga and Ubrich studied the chemical properties of high explosive dynamite via gas chromatography with electron capture detector (GC-ECD) and ion chromatography (IC), by using solid phase extraction (SPE) as the extraction method [15]. Their study revealed that other than dinitrotoluene (DNT) and ethylene glycol dinitrate (EGDN), inorganic components of post-explosion products (Na+, NH4+, and NO3-) were also found in dynamite post-blast residues. 

The knowledge on explosive residue distribution is important for comparison analysis with real samples.  Various approaches were made on the study of explosive residues distribution by using trays [16, 17] or witness plates [18-20] placed at different distances from the epicenter of the explosion. The impact from the detonation process resulting in the fragment or residue from the explosive device will be ejected outward from the epicenter of the explosion. However, almost all studies showed no clear relationship between the amount of explosive detected with the distance from the detonation or amount of explosive used for the detonation process [21, 22]. Many factors contribute to this lack of correlation between the explosive residues distribution with the amount of explosive detected from post-blast explosive residues including efficiency of the detonation, non-homogenous fragment residual dispersal, and influence of wind direction during detonation process.

Determining potential source of evidence is a very crucial step to track traces the explosive residues. Numerous efforts have been made by researchers to study on variety possible source of evidence so that it can become references for the future cases. These sources can exist in the form of solid [23] or porous material [24]. Since the bombing terrorism cases always involve human either as the perpetrator or as the casualty, human skin and hair having a potential of becoming a reliable source for retrieving explosive residues [25-28]. Clothes also have a potential becoming a positive source of evidence since clothes are always intact with the human body [29]. Considering bombing incident also happens in open areas, the possibilities of explosive residues seeping into the ground and making the soil become a potential source to track the explosive residues [30, 31]. Since the properties of water as a universal solvent to contain explosive residues, numerous studies were also done to detect the explosive in water [32-34].

Numerous challenges are often confronted during the process of collecting and analyzing the physical evidence. At the crime scene explosion, the evidence tends to blend into the background thus making the collection process difficult. The fraction, residue or unexploded material that usually blend with surrounding include soil, water, rubble, debris, fabric or any physical material involved in the explosion and the amount of material remains from the devices were usually of limited quantity [33, 35-37]. Shankill Road explosion incident in 1993 is an example when the evidence were mixed with 15 tons of rubble and needed painstaking examination before the remains of the explosive device were discovered among the rubbles [35]. The perpetrator in this incident used short relay electronic explosive device using high explosive as the main component. 
	
Massive explosions usually leave traces when compared to small explosions. Because of that reason, it is not extraordinary if only a small fraction of the samples remains after detonation and combustion processes. For example, the Bali bombing on 12 October 2002 involved three explosions at three different places with different explosion damage [4]. The first explosion took place at Paddy's Bar before the second and the largest explosion exploded a moment later outside the Sari nightclub. Approximately 45 seconds after the blast at Sari nightclub, a third bomb exploded 10 km away near to the United States and Australian Consulates.  Compared to the second and largest explosion that used vehicle-borne improvised explosive device (VBIED), the third and the smallest explosion outside the consulate provided more promising physical evidence as compared to the other two explosions.
	
The blast location or center of the blast must be discovered and approached with extreme steps of precaution. If any portion of the device is visible to the naked eyes during approaching the seat of the explosion most likely to contain, it must be packaged and labeled because it will make an excellent source of recovering of explosive residue.  In Boston marathon bombing in 2013, the remaining pieces from a pressure cooker bomb were successfully discovered at the scene of explosion [38]. The explosion killed three peoples and injured more than 200 people. 
	
Post blast samples collected are often placed in a sealed container, with the appropriate size. Soil or soft material in the form of powder can be stored in ziplock plastic bags. Metal, debris or any sharp object should be wrapped with protective material to prevent the samples from piercing the container. Other good sources of explosive residues are soil or any solid object that could be penetrated such as wood, insulation, plastics and metals [9]. Physical evidence that is attached to the victims or deceases must be taken into account and recovered in steps and precautions.  In the Bali bombing of 2005, the bearing and electrical connectors were recovered from wounded victims and TNT explosive compound was successfully identified [39]. 
	
Screening: On-site detection of explosive devices and residues
Screening test for explosive trace residues in a post-blast forensic investigation is one of the important strategies for the on-site detection of explosives [40, 41]. The sensing methodology of optical and non-optical methods has been widely applied by law enforcement and transportation security [42-46]. Trained canine team, metal detector, X-ray imaging, ion mobility spectrometry, and portable gas chromatography mass spectrometry (GC-MS) are among the examples of non-optical sensing methods. Spot test kit and thin layer chromatography are examples of preliminary colour tests often employed in laboratory screening of explosive residues.

Trained canine team, is a common and effective method for detection of explosives by training the dog to identify the explosives through vapour sniffing [9].  This approach is still widely practiced in airports or in crime scenes to locate evidence or any prohibited items including drugs and explosives. The abilities between humans and dogs were differentiated by the effectiveness of the olfactory system of the dog that can sniff the vapour much better when compared to human [47, 48]. However, the disadvantages of the canine teams are high maintenance, tendency for environmental distraction, physiological boredom and only the trainer can handle the sniffer dog limit the method for every operation [11]. 

X-ray imaging are widely used in security post, airports or border control to detect any prohibited items from passing the security line [49-51]. The recent system of the dual-view system is replacing a single view system which allows the image to be viewed at 360° and in pseudo-colors [49]. However, it has some weaknesses because the x-ray cannot penetrate high-density material such as a machine. Various items jumbled in the baggage, including organic materials, bottles, battery, electronic device together with cables and wire, increases the complexity of the image thus causing the possibilities of overlooking the existence of the explosive device. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Numerous reports were made on the development of spectroscopic sensors for detection of explosives [11, 52-55]. The principle of spectroscopy is the interaction between matter and the electromagnetic radiation, whereby samples from the explosive vapour are drawn from the surface or air into the drift region [56].  The ionized samples are then separated through the electric field, according to the mobility of ions or mass to charge ratio before being detected by the spectrometer detector. A few separation techniques combined with mass spectrometry have been developed for real-time detection of explosives (Table 1). Ion mobility spectrometry (IMS) [57] is an example of spectroscopic method that has been used on the field for detection of explosives [58-61]. The method has high selectivity and sensitivities, but until now, numerous efforts were made for miniaturization of the instruments and each instrument itself is very expensive. 


Table 1.  Example of explosive detection via spectrometry method
	Spectrometry
Method
	Explosive Analytes
	Detection Limit
	References

	AFT-MS
	PETN1, tetryl, RDX2, NG3
	10 ppq
	[62]

	DBDI-MS
	RDX, TNT4, PETN
	0.01-0.1 ng
	[59]

	ESI-IMS
	TNT, 2,4-DNT5, 2-ADNT6, 4-NT7,
TNB8, RDX, HMX9, EGDN10, NG
	0.015-0.190 ppm
	[60]

	NCD-IMS
	RDX,TNT, PETN
	0.07-0.3 ng
	[61]


	1PETN: pentaerythritol tetranitrate
	62-ADNT: 2-amino-4,6-dinitrotoluene

	2RDX: cyclo-1,3,5-trimethylene-2,4,6-trinitramine
	74-NT: 4-nitrotoluene
8TNB: trinitrobenzene

	3NG: nitroglycerin
4TNT: trinitrotoluene
	9HMX: cyclo-tetramethylene-tetranitramine

	52,4-DNT: 2,4-dinitrotoluene
	10EGDN: dinitro-ethyleneglycol










Most portable kits utilized classical screening tests based on optical and colorimetric analyzes. They are usually high in portability, low in price, and provide rapid and reliable explosives detection. Fisco, in 1975 developed a portable thin layer chromatography (TLC) analysis for the detection of explosives [44]. The kit requires 20-30 minutes for the TLC development prior to visualization using portable UV lamp at 254 nm. Longer analysis time, the need to prepare various amounts of chemical reagent in the developer chamber, and low portability were major weaknesses of this method. Another approach for detection of explosive is from colorimetric reaction via spot test analysis named as ELIT [40], Detection Kit Detex [43], and FORANEX [63] spot test kit were among the rapid and reliable colorimetric analytical methods for detection of explosives.  However, the techniques needed subsequent instrumental analysis in order to confirm the presence of certain components of the explosive. Recent advanced techniques utilized the capabilities of hexaazamacrocycle-capped [64]. Mohan and Chand reported on the rapid colour formation from red to blue with a detection limit at femtomolar (10−15 mol/dm3) concentration level. Table 2 shows the specific chemical reagents for the detection of certain explosives based on their respective color formation.


Table 2.  Reference  reagents for detection of explosive via colorimetric reaction [4, 37, 43, 63, 65]
	Reagent
	Composition
	Explosive Analytes
	Color Formation

	Griess reagents
	alphanaphtylamine and sulfanilic in acetic acid with zinc dust as reducing agent
	RDX, PETN, Nitrate ion
	Pink color 

	Nessler reagent
	potassium iodide and mercury (II) chloride in deionized water
	TNT, Ammonium ion
	Red-orange color 

	Chloride reagent
	concentrated silver nitrate in deionized water
	Chloride ion
	White precipitate 

	Sulfate reagent
	10% barium chloride in deionized water
	Sulfate ion

	White precipitate 

	Perchlorate reagent
	0.3% methylene blue in deionized water
	Perchlorate ion
	Purple color 

	Peroxides reagent
	diphenylamine in concentrated sulphuric acid
	Peroxides
	Dark blue color 




Sample extraction
Detection of explosive residues after a bombing incident is possible because not all the explosive materials are consumed during an explosion. Furthermore, characteristic by-products may be formed by the chemical reactions that take place during an explosion. Several methods of extraction techniques were employed to extract the explosive from the matrices, including swabbing technique solid phase extraction (SPE) and solid phase microextraction (SPME) [19, 25, 66]. The method of extraction is crucial to collect the analytes of interest effectively. Furthermore, a variety of the physical evidence will be recovered at the crime scene including soil, water, hair or debris need to be analyzed afterwards [24, 28, 33].

The swabbing technique is commonly used for collecting residues from solid surfaces such as metal, plastics, human skin, and cloth. The efficiency of swabbing technique not only depends on the area being swabbed but also other factors such as the type of solvent used, interval of time between explosion and analysis and the nature of the target sample [19, 26, 67, 68]. Song et al. in their study reported that polyester swabs were superior compared to the cotton swabs [68]. Their studies also indicated that dry swabbing was not an efficient technique as compared to wet swabbing. Wipes using alcohol was also found as a compromising solvent for its efficiency to transfer most of the target analyte from the surfaces to the polyester swab. However, the porosity, thickness and the nature of the surfaces may also reduce the effectiveness of swabbing technique [29].

The most challenging extraction process comes from matrices such as sand and soil. These matrices are found with many interferences from the surrounding such as fertilizers or waste product from home cleaning appliances that may be dissipated into the ground.  Sample control from surrounding areas around the crime scene with the same physical properties of the soil at the seat of blast must be collected and taken to the laboratory before being analyzed and compared with the questioned soil to remove the possibilities of background interferences. Most reported studies used EPA Method 8330 or a modified version of the EPA method to extract the target analytes from the soil [69, 70]. Halasz et al. [71] conducted their study on detection of explosives and degradation products in soil environment. Acetonitrile was used as the solvent to extract the analytes of interest. The sample was subjected to a sonication process for 18 hours prior to analysis by using HPLC-UV at 254 nm. Their study also revealed that from the training sites and former explosives manufacturing plants, the explosives compounds can be transferred from ground surfaces to groundwater and plant tissues.

Solid phase extraction (SPE) is a popular method for removing impurities and pre-concentration of target analytes [72]. This method mainly consists of four steps; conditioning, loading, washing and elution process. Warren et al. [73] applied a combined swab and SPE in their sample preparation. The sample was swabbed with a wetted ethanol cotton swab before the extract was passed through a Chromosorb-104 adsorbent column (washed with one-time acetone and three times of ethyl acetate). The loading sample was washed with ethanol/water fraction (50:50) for the collection of inorganic compound and the adsorbent was further washed using methyl tert-butyl ether/pentane before ethyl acetate fraction was used to elute the organic compound. The percentage recoveries of the selected inorganic ions (sodium, ammonium, potassium, magnesium, calcium, fluoride, chloride, nitrite, bromide, chlorate, nitrate, phosphate, sulphate, perchlorate, glucose, fructose and sucrose) were varied from 45.9% to 96.8%. However, it showed low percentage recoveries of selected organic explosive (nitroglycerin (NG), 2,4-dinitrotoluence (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 3,4-dinitrotoluene (3,4-DNT), 2,4,6-trinitrotoluene (TNT), PETN and RDX) from 31.4% to 56%. Ahmad et al. [16] applied the SPE method on the post-blast water samples. For the optimization process, five nitro explosive compounds namely as HMX, 2,4-DNT, RDX, TNT and PETN was selected and undergoes pre-concentration process via SPE before being analyzed by using micellar electrokinetic chromatography (MEKC) and GC-ECD. They used LiChrolut EN SPE cartridges as their SPE adsorbent and used 10 mL of methanol followed by 20 mL distilled water for the conditioning process. The samples (200 mL) were allowed to pass through the SPE cartridge at the flow rate of 3 mL/min before the analytes were collected with three portions of 3 mL acetonitrile. From the optimization process, the SPE pre-concentration technique had succeeded to lower the detection limit by more than 1000 times and gave a good percentage recovery (>87%). From the post-blast water sampling, both RDX and PETN were detected in the range of 0.05 – 0.17 ppm and 0.0124 – 0.039 ppm respectively.

Solid phase microextraction (SPME) is an innovative approach of green technology to reduce the amount of solvent use for the extraction process, cutting the cost and chemical exposure to the human body [66]. Several factors affecting extraction process included the type of fiber use, nature of target analytes, the complexity of the matrices, temperature and desorption times. A study of solid phase microextraction combined with GC-ECD has been made on organic explosive samples [74]. Four types of fiber namely, polydimethylsiloxane (PDMS),  polydimethylsiloxane/divinylbenzene (PDMS/DVB), CarboxenTM/ polydimethylsiloxane (CAR/PDMS), and polyacrylate were used to study the relationship between the water solubility and the fibers. PDMS/DVB fiber with 30 minutes stirring showed a better result as compared to other fibers. Another study by Ahmad and Heng [75] demonstrated the effect of salting out procedure with 10% NaCl gave the best extraction of their target analytes of 2,6-dinitrotoluene (2,6-DNT), trinitrotoluene (TNT) and pentaerythritol tetranitrate (PETN).

Instrumental techniques
Instrumentation plays an important role in the detection of target compounds from various matrices. They are often combined with specific detectors for sensitive and selected detection of the explosive target compounds (Figure 2). 

An extensive review on instrumental techniques for the detection of explosive was reported by Kolla [76]. The review covers the instrumental techniques pertaining to organic and inorganic analytes. However, the review was limited to gas chromatography (GC), high performance liquid chromatography (HPLC), capillary electrophoresis (CE), and ion chromatography (IC) analysis of explosive residues up to 1994. For chromatographic separation, a survey was done on articles searched using the keywords of explosive and selected instruments, GC, HPLC, IC and CE (Figure 3).  Analysis of explosive using GC appeared to be the most popular followed by HPLC, IC and CE. The interest of explosive study had significantly increased between 2003 to 2005, but display a decreasing trend from 2005 to 2007 before showing an increasing pattern from 2008 to 2015 (Figure 3). This trend was obtained following media reports of series bombing terrorism attacks such as Bali Bombing (2002), Delhi Bombing 2008, Mumbai Bombing (2008) Jakarta Bombing (2009), Moscow Bombing (2010), Norways Attack (2011) and Boston Marathon Bombings (2013).

[image: C:\Users\afiqhuri\Desktop\figuree.JPG]

Figure 2.  Classification of chemical explosives [14]
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Figure 3. 	Distribution of journal publications on selected instrumentation based on SCOPUS database from year 2000 – 2015


Gas chromatography
Gas chromatography (GC) is frequently used for the identification of organic explosive compounds since the technique has high selectivity and sensitivity towards organic constituent analysis. However, the GC instruments prohibit non-volatile, mixture water samples and sparked samples to prevent the column from bearing the damage. Because of that, extra precaution on sample preparation is needed for every process. The detectors used combined with GC are electron capture detection (ECD) [30,74,77], thermal energy analyzer (TEA) [78,79], mass spectrometry (MS) [71, 80, 81], and tandem mass spectrometry (MS/MS) [82, 83]. Although ECD is less selective than TEA or MS, it is a sensitive means of detecting nitroaromatic base explosives [55]. ECD devices operate by passing a beam of electrons between two electrodes. When a sample elutes from the GC column, organic nitrate groups and the other electronegative moieties ‘capture’ these electrons, interrupting the current and thereby producing a signal. Varga and Ulbrich [15] successfully extracted TNT and PETN by using water as the medium of extraction and subsequent separation by using GC-ECD. However, nitrate ester based explosive compound such as ethylene glycol dinitrate (EGDN) and nitroglycerin (NG) were difficult to extract using water due to their hydrolysis process. Ahmad et al. [27] had succeeded in detecting both PETN and RDX from the C4 explosive residues on hair samples by using GC-ECD. Three hair samples were located at 2.5 m, 5.0 m, and 7.5 m from the point of the blast. Their studies concluded that the human head hair has the potential to become a reliable source for explosive residues to be deposited and the concentration of residue deposited on the hair decreased with distance.
	
Gas chromatography-tandem mass spectrometry (GC-MS/MS) has become an alternative to gas chromatography-mass spectrometry (GC/MS). GC/MS/MS is an analytical tool of choice as the technique is more superior on the selectivity and sensitivity besides its powerful capabilities for detecting compounds in complex matrices. Perr et al. [82] have developed a GC/MS/MS method by using positive chemical ionization (GC/PCI/MS/MS) approach to analyze organic high explosives of nitrobenzene, 2-nitrotoluene, 3-nitroltoluene, 4-nitrotoluene, 1,3-dinitrobenzene, 2,6-dinitrotoluene, 2,4-dinitrotoluene, 1,3,5-trinitrobenzene, 2,4,6-trinitrotoluene, RDX, 4-amino-2,6 dinitrotoluene, 2-amino-4,6-dinitrotoluene, tetryl and HMX with low LOD (0.0006- 0.0414 ng/mL). This method successfully reduced sample preparation steps as the samples can be analyzed without any sample pre-concentration as well as reducing sample loss or sample contamination. 

High performance liquid chromatography
High performance liquid chromatography is commonly used to detect the organic explosive compounds that are non-volatile.  HPLC is often used as the instrument for analysis of explosives as it is amenable for the analysis compounds that have low volatility, high sensitive to heat and high molecular weight [55]. This will overcome the problem of detection of explosives that are thermally unstable and resulting in decomposition products in the vapors [76]. The common detector for HPLC is ultraviolet detector (HPLC-UV). The wide range of HPLC detection between 190-800 nm provides an excellent range of separation. Miller et al. [24] employed HPLC-UV for the identification of explosives from porous materials. By changing the temperature and methanol-water mobile phase ratio in HPLC system, separation of RDX, TNT and PETN was successfully achieved within 20 minutes.  At a temperature of 30◦C and methanol-water mixture of 50:50 was found as the optimum condition for the isocratic separation of target analytes. There was another study applying HPLC-UV for the analysis of organic high explosive on the analysis of nitroglycerin (NG) in post-blast samples [84]. By using reversed-phase C18 column employing acetonitrile-water (60:40) mixture and UV wavelength detection at 210 nm, the LOD of NG detection was obtained at very low concentration (20 ng).

Ultra-high performance liquid chromatography (UHPLC) has recently been a favorite among the researchers because of its effectiveness for compound separation. Makarov et al. used UHPLC equipped with photodiode array detector to study the hydrolysis kinetics of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12 hexaazaisowurtzitane (CL-20), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and hexahydro-1,3,5- trinitro-1,3,5-triazine (RDX) [85]. By using liophilic salts (KPF6) as mobile-phase additives, the study obtained a good range detection limit of CL-20, HMX and RDX at range of 0.04-0.05 mg/L. UHPLC, when combined with mass spectrometry (MS) or tandem mass spectrometry (MS/MS), makes the instrument a powerful tool regarding selectivity and sensitivity. Schramm et al. [86] developed a hyphenated method of ultra-high performance liquid chromatography-atmospheric pressure chemical ionization-tandem mass spectrometry (UHPLC-APCI-MS/MS). Fifteen nitro explosives were successfully detected at very low concentration (0.3-0.5 ppb) and their degradation products in environmental water samples. 

Ion chromatography
Ion chromatography (IC) method was used to separate inorganic anions and cations found in post blast residues from homemade inorganic explosives as one of the types that was frequently used in terrorism attacks. Johns et al. [18] conducted an analysis of inorganic explosives on pipe bomb and soil samples via IC using suppressed IC on a Dionex column with potassium hydroxide as eluent for anions. For cations analysis, a Dionex SCS 1 column was employed using oxalic acid/acetonitrile as eluent for detection. Both anions (Cl-, ClO4-, ClO3-, NO3- and SO42-) and cations (NH4+, Na+ and K+) were successfully separated and detected. 
	
Simultaneous determination of inorganic ions is very important to meet the need of real field determination. However, in most cases, anions and cations are usually determined separately using different separation systems with different types of columns and conditions. Meng et al. [87] developed a non-suppressed ion chromatographic method by connecting anion and cation exchange columns directly in series for the separation and determination of five inorganic anions (Cl-, NO2-, NO3-, SO42-, and ClO3-)  and three cations (NH4+, K+, and Na+) simultaneously in explosive residues. The method was successfully applied to the analysis of the inorganic explosive residues samples from the explosion site with satisfactory results. 

Capillary electrophoresis
In the explosive analysis, capillary electrophoresis (CE) serves as a complimentary technique to ion chromatography (IC) in the analysis of inorganic low explosives residues. CE components require narrow-bore capillary, a controllable high voltage power supply, two electrode, two buffer reservoirs and a detector. In CE, the targeted analytes elute from one end of the capillary under the influence of electric field and the analytes are separated according to ionic mobility.  The requirement of sample site is low and can be applied to both anions and cations. It gives shorter time of analysis but sacrificing the separation of analytes [88].
	 
Hopper et al. [89] conducted simultaneous separation of anions and cations to analyze a variety of low explosives in post-blast residues. Both anions (Cl-, NO2-, NO3-, SO42-, ClO4-, SCN-, ClO3-, and OCN-) and cations (NH4+, K+, Na+, Ca2+, and Mg2+) were successfully separated under 7 minutes. The major disadvantages of CE over IC are poor reproducibility and sensitivity. It gave lower sensitivity because of the low amount of analytes that could be injected resulting in tiny peak volumes [90]. Ahmad et al. [91] have developed a CE method by using 25 mM 2,6-pyridinedicarboxylic acid (PDC) as a background electrolyte (BGE) and the addition of 0.5 mM cetyltrimethylammonium hydroxide (CTAH) to reverse the direction of electroosmotic flow (EOF). This method was successfully used to determine four anions (Cl-, NO32- and SO42-, and SCN-) and three cations (Ca2+, Fe2+, and Fe3+) simultaneously under 7 minutes at pH 4.7.  This method was also successfully applied to the analysis of post-blast explosive residues of black powder and ammonium nitrate-fuel oil (ANFO). 

Other techniques
There are other instrumental techniques, most of which were upgraded version of the conventional instrumental techniques for the analysis of explosive. Infrared spectroscopy was developed for detection of explosive in 1960. Pristera et al. [92] successfully compiled 68 infrared spectrograms including high explosive compound and other ingredients of explosive by using conventional dispersive IR spectroscopic method. Fourier transform infrared spectroscopy (FTIR) was discovered at the end of 1970. However, the application of FTIR on the explosive analysis began in 1990 with the analysis of HMX explosive compound [93]. Compared to conventional IR, FTIR gave more benefits in terms of speed of analysis and sensitivity. Primera-Pedrozo et al. [94] developed an advanced technique for qualitative and quantitative analysis of explosives on metallic surfaces using fibre optic coupled reflection/absorption infrared spectroscopy (RAIRS). Their study revealed low detection limit of 2,6-DNT (200 ng/cm3), TNT (160 ng/cm3), PETN (200 ng/cm3), HMX (400 ng/cm3), and Tetryl (200 ng/cm3). However, the study was only limited to highly reflective metallic surfaces. 

X-ray powder diffraction (XRD) and X-ray fluorescence (XRF) are non-destructive methods for the composition analysis of the crystalline materials. Both of the methods are different but complementary to each other whereby XRD is used to analyze the phases or compounds meanwhile XRF is utilized for the analysis of the elemental composition of the crystalline material [95, 96]. The analysis of explosive using XRD begun in 1947 with 18 organic explosives were chosen to study their X-ray diffraction pattern [97]. O'Flynn et al. [98] developed a pixellated X-ray diffraction (PixD) system by combining both angular and energy dispersive X-ray diffraction into one system. By integrating principal component and discrimination analysis into the PixD system, a model was developed which can be used to identify explosive and inert samples.

There are many difficulties involved in the identification of materials and devices after an explosion. Thus, a wide range of analytical techniques or instrumentations are currently available and applicable for analysis of explosive residues. The choices of method used are dependent upon the type of sample collected and the types of analytes to be examined and studied. Table 3 shows some of the survey of explosive residue analysis with various instrumentation technique and types of explosive samples.



Table 3.  Survey of explosive residue analysis
	Analytes
	Sample
	Instrument
	References

	Urea nitrate (UN)
	Post-blast debris
	Gas chromatography mass spectrometry (GC/MS)
	[99]

	NB, 2-NT, 3-NT, 4-NT, 1,3-DNB, 2,6-DNT, 2,4-DNT, 3,4-DNT, 1,3,5-TNB, 2,4,6-TNT, AMDNT, Tetryl, HMX
	-
	Gas chromatography positive chemical ionization and tandem mass (GC/PCI/MS/MS)
spectrometry
	[82]

	NG, 2,6-DNT, 2,4-DNT, TNT, PETN
	Soil
	Solvating gas chromatography with thermal energy analyzer (SGC/TEA)
	[78]

	TNT , DNT
	TNT, dynamite
	Gas chromatography with electron captured detector (GC/ECD) and Ion 
chromatography (IC)
	[15]

	PETN, RDX, TNT
	Hair
	Gas chromatography with electron captured detector (GC/ECD)
	[28]

	RDX, PETN
	Semtex plastic explosive
	Fourier transform-infrared spectroscopy (FTIR)

	[14]

	C-4, TNT, PETN
	Improvised explosive devices (IED)
	Fourier transform-infrared spectroscopy (FTIR)

	[100]

	HMX, RDX, TNT, DNT, PETN
	Soil
	High performance liquid chromatography (HPLC)
	[101]

	HMTD, TATP
	Peroxide explosive
	High
Performance liquid chromatography-atmospheric
Pressure chemical ionization-tandem mass
spectrometry (HPLC-APCI-MS/MS)
	[102]

	HMX, RDX, TNB, DNB, NB, TNT, Tetryl, 2,4-DNT, 2,6-DNT, 2-NT, 4-NT, 3-NT, NG, PETN
	Plastic explosive
	Capillary electrophoresis (CE)
	[103]

	NH4+, K+, Na+
Ca2+, Mg2+, HS−, Cl−, NO2−, NO3−, SO42−, ClO4−, SCN−, ClO3−, OCN−
	Pyrodex®
RS,black powder, and smokeless powders.
	Capillary electrophoresis (CE)
	[89]

	Cl-, NO2-, HSO4-, NO3-, 
ClO3-, benzoate, HS2O3-
	Black powder
	Ion chromatography/mass spectrometry (IC/MS)

	[104]




Table 3 (cont’d).  Survey of explosive residue analysis
	Analytes
	Sample
	Instrument
	References

	Cl-, NO2-, NO3- , SO42-, SCN-
	Soil
	Ion chromatography (IC)
	[69]

	RDX
	-
	X-ray powder diffraction (XRD)
	[105]

	Lead and mercury
	Detonator
	X-ray fluorescence (XRF)
	[106]


	RDX, TNT, 4-AMDNT, TNB, DNB, 2,6-DNT, 2-NT, 4-NT, Tetryl, HMX, NB
	Soil
	Micellar electrokinetic capillary chromatography (MEKC) and high performance liquid chromatography (HPLC)
	[107]

	Arsine compound ,TNT
	gas shells 
	Micellar electrokinetic capillary chromatography (MEKC) and high performance liquid chromatography (HPLC)
	[108]

	TNT, RDX, PETN
	-
	Ion mobility spectrometry (IMS)
	[61]

	TNT, 2,4-DNT, 2-ADNT,   4-NT, HMX, EGDN,NG
	
	explosives using electrospray ionization/ion
mobility spectrometry (ESI-IMS)
	[60]




[bookmark: _GoBack]Conclusion
The screening process from the usage of trained canine team to portable detection instrument either as sensors or a portable kit as an improvement on classical biological olfactory system shows the capabilities of new technology to be directly applied in fieldwork.  Extraction process has evolved from year to year towards a green technology and has demonstrated a significant impact on the total cost, time consumption and decreased amount on chemical usage. Combined with the right instrumentation, research study allowed the constituent or element of interest to be analyzed with high selectivity and sensitivity. Simultaneous detection of anions and cations in inorganic explosive showed promise for the reduction of analysis time and chemical consumption. Developments of SPME techniques has become a trending method when compared to the conventional liquid extraction that consumed more chemicals and cause risk to researcher’s health. The development of an explosive database in the future will become a great tool for researcher reference for lab-to-lab comparison.

Much research work can be improved in order to cope with the advancement in terrorism. For the sake of global security, other than enhancement of law enforcement and military strength, attention should be paid to the importance of research and development on the analysis of scientific evidence, particularly on explosive residue analysis.
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