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Abstract
Forensic analysis of smokeless powder particles recovered from the debris of an 
improvised explosive device can provide information about the type of smokeless 
powder used and can aid investigation efforts. In this study, quantitative methods 
were used to yield information about the difference in the chemical composition of 
the particles pre-  and post- blast. The technique, gas chromatography/vacuum ultra-
violet spectroscopy (GC/VUV), was able to quantify nitroglycerin, 2,4- dinitrotoluene, 
diphenylamine, ethyl centralite, and di- n- butyl phthalate in pre-  and post- blast smoke-
less powder particles using heptadecane as an internal standard. Post- blast debris was 
obtained via controlled explosions with assistance from the Indiana State Police Bomb 
Squad. Two galvanized steel and two polyvinyl chloride pipe bombs were assembled. 
Two devices contained single- base smokeless powder and two contained double- 
base smokeless powder. 2,4- dinitrotoluene and diphenylamine were successfully 
quantified in the single- base smokeless powder post- blast debris while nitroglycerin, 
diphenylamine, and ethyl centralite were successfully quantified in the double- base 
smokeless powder post- blast debris. Compounds were detected at concentrations as 
low as 9 μg of 2,4- dinitrotoluene per mg, <3 μg of diphenylamine per mg, 131 μg of 
nitroglycerin per mg, and <3 μg of ethyl centralite per mg. Concentration changes 
between pre-  and post- blast smokeless powder particles were determined as well 
as microscopic differences between pre-  and post- blast debris for both smokeless 
powders in all devices. To our knowledge, this is the first use of GC/VUV for the 
quantification of explosives.
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1  |  INTRODUCTION

Bombings in the United States are on the rise for the first time 
since 2016, with a 71% increase in bombing incidents from 2019 
to 2020 [1]. Of the 428 bombings in the United States in 2020, 
Improvised Explosive Devices (IEDs) were utilized in 177, and of 
the known main charges used, commercial explosive propellants 
were one of the three most common [1]. The most prominent type 
of commercial explosive propellants used in IEDs is smokeless 
powders (SPs) [2]. Smokeless powders are low explosives that are 
readily available to purchase for use as reloading powder [3,4], 
but when used as the filler in IEDs they can cause extensive dam-
age [5].

Smokeless powders are classified based on their chemical com-
position. Nitrocellulose (NC) is the energetic material in single- base 
SP, NC and nitroglycerin (NG) in double- base SP, and NC, NG, and 
nitroguanidine in triple- base SP [6]. In addition to the energetic ma-
terial, several organic compounds are added to the powder as sta-
bilizers, plasticizers, flash suppressants, deterrents, opacifiers, and 
dyes [7]. In the analysis of post- blast debris, the presence of these 
compounds indicates that an SP was likely used [8], and from this, 
it may be possible to identify the explosive manufacturer [9]. The 
collection and subsequent analysis of post- blast debris can not only 
lead to explosive identification, but the data produced can poten-
tially be used as evidence in a court of law or to aid investigation 
efforts [10,11].

Smokeless powders have been widely studied using a variety of 
chemical and instrumental techniques. In general, the most common 
instruments used to analyze SPs and their components are liquid 
and gas chromatography. Liquid chromatography has been coupled 
with QTOF- MS [12], MS/MS [13], DAD [8], and UV– Vis spectrome-
try [2] for the qualitative detection of intact, unburned SP samples. 
Gradient reversed- phase LC- ESIMS has been used for the quantifi-
cation of organic additives differentiate between SPs [14]. HS- SPME 
has been paired with GC/FID [15], GC/MS [4], and GC- micro- ECD 
for the identification and quantification of organic additives in in-
tact, unburned SP samples [4]. Total Vaporization- SPME (TV- SPME) 
GC/MS has been used for the quantification of SP residues in real 
post- blast debris samples from both PVC and steel IEDs [16,17]. 
Cryofocusing capillary microextraction has been paired with GC/MS 

as a HS extraction device for qualitative analysis of intact SPs [18]. 
Other techniques like HS- SPME IMS [4], online SPE- QqQ- MS [19], 
FTIR- photoacoustic detection [3], CE [9], and TLC [9] have also been 
used to analyze intact SPs.

Although mass spectrometry is a powerful technique, it has dif-
ficulty differentiating isomeric and isobaric compounds and complex 
software must be used to deconvolve co- eluting compounds with 
similar fragmentation patterns [20,21]. Vacuum ultraviolet spec-
troscopy is a universal detection system that has been shown to 
have better specificity [22] and selectivity than MS [20] for some 
analytes, including nitrate ester explosives, drugs, and petroleum 
compounds. The VUV detector simultaneously scans wavelengths 
of 125– 430 nm, which range from the VUV to the UV region. Nearly 
all molecules absorb in this wavelength range due to n → �

∗, � → �
∗, 

� → �
∗ , and n → �

∗ electronic transitions [21]. VUV spectra are spe-
cific to each analyte, making this tool useful to observe the isomeric, 
isobaric, and co- eluting compounds that are not easily identified by 
MS. Since its availability as a benchtop spectrometer, GC/VUV has 
been used for a variety of applications including fuels [23– 26], food/
fragrance products [27– 29], environmental [30– 32], and forensic 
samples [22,33– 48].

GC/VUV has been used to study the thermal degradation of ni-
trate ester and nitramine explosives [22,44,46,47] and an optimized 
method for explosives analysis with application to post- blast debris 
has been reported [45]. Cruse et al have also identified SP organic 
additives in both unburned SP [22] and real post- blast debris [45] 
and added the subsequent spectra to the VUV spectral library. The 
compounds identified were nitroglycerin, diphenylamine, ethyl cen-
tralite, and di- n- butyl phthalate.

In contrast to previous studies, this study will focus on the quan-
titative analysis of SP. Although the legal question in explosives 
investigations is which explosive was used (not how much), the 
quantitation of the components of SPs will allow limits of detection 
(LODs) to be calculated and determine the sensitivity required of 
the GC/VUV to detect these compounds [16]. The analysis of SP 
particles in post- blast debris can also yield information about the dif-
ference in chemical composition of the particle pre-  and post- blast, 
and how this differs based on the container used.

This work quantifies nitroglycerin, 2,4- dinitrotoluene (2,4- DNT), 
diphenylamine (DPA), ethyl centralite (EC), and di- n- butyl phthalate 

Highlights
• GC/VUV successfully quantified organic components in post- blast smokeless 

powder particles.
• GC/VUV can be used for quantification using an internal standard.
• The chemical composition of smokeless powder significantly changes from pre-  

to post- blast.
• There are significant microscopic changes in smokeless powder particles from 

pre-  to post- blast.
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in pre-  and post- blast SP particles using heptadecane as an internal 
standard. To our knowledge, this is the first use of GC/VUV for the 
quantification of explosives.

2  | MATERIALS & METHODS

2.1  |  Chemicals

Nitroglycerin (1000 μg/ml in methanol) was purchased from 
Restek. Diphenylamine and n- heptadecane were purchased from 
Acros Organics. Dinitrotoluene was purchased from Spectrum 
Chemicals. Ethyl centralite was purchased from Aldrich Chemistry. 
Di- n- butyl phthalate was purchased from Supelco. Acetone was 
purchased from Fisher Chemical. Alliant Red Dot and IMR 4064 
were purchased locally. IMR 4064 is a single- base rod- shaped 
smokeless powder designed to burn from the inside out. Alliant 
Red Dot is a double- base disc- shaped smokeless powder with 
red identifiers. The chemical composition of the red identifiers in 
Alliant Red Dot is the same as the other particles present, only with 
a colorant added.

2.2  |  Post- blast debris generation and collection

Post- blast debris was obtained via controlled explosions with assis-
tance from the Indiana State Police Bomb Squad. Two galvanized 
steel and two polyvinyl chloride (PVC) IEDs were assembled. For 
both materials, one device contained IMR 4064 and the other con-
tained Alliant Red Dot. Each device was placed in a vented 2′ × 2′ × 2′ 
steel box to help retain the post- blast debris for collection.

2.3  |  Sample preparation

Acetone was chosen as the solvent for this study so that it would 
effectively dissolve any nitrocellulose present and thus effectively 
disrupt the matrix of the sample. An internal standard solution of 
100 ppm heptadecane in acetone was made and used as the solvent 
for all experiments. A mixture of nitroglycerin, 2,4- dinitrotoluene, 
diphenylamine, ethyl centralite, and dibutyl phthalate in internal 
standard solution was made. First, the nitroglycerin in methanol 
(1000 μg/ml) was concentrated using a nitrogen blow down appara-
tus and reconstituted in internal standard solution. After this step, 
each of the remaining components were added to the mixture at the 
same concentration as nitroglycerin. Using this mixture, calibrants 
were made for subsequent analysis by GC/VUV. Three calibration 
curves were used to quantify the data discussed in this paper. All 
curves included concentrations of 3, 5, 10, 30, 50, and 100 ppm. The 
curves used to quantify Alliant Red Dot in the steel device, IMR 4064 
in both the steel and PVC devices, and standard IMR 4064 included 
higher concentrations of 223, 446, and 892 ppm while the curve 

used to quantify standard Alliant Red Dot and Red Dot in the PVC 
devices included high concentrations of 280, 559, and 1118 ppm.

Individual solutions of Alliant Red Dot and IMR 4064 were pre-
pared at 1000 ppm of each smokeless powder in internal standard 
solution. Before injection into the GC/VUV, each solution was fil-
tered with a PTFE filter to ensure no particulates were injected into 
the GC/VUV.

Intact particles were recovered from the post- blast debris using 
forceps while observing the debris under an Olympus SZ61 ste-
reomicroscope equipped with a Fiber- Lite MI- 150 High Intensity 
Illuminator from Dolan- Jenner Industries. Solutions containing the 
post- blast particles were prepared at 1000 ppm in internal standard 
solution. These solutions were also filtered using a PTFE filter to 
ensure no particulates were injected into the GC. Calibrants were 
prepared and analyzed on the same day as the post- blast samples to 
ensure reproducible and reliable quantification.

2.4  | Gas chromatography

1 μl of each sample was injected into an Agilent 7890B gas chro-
matograph equipped with an Agilent 7693 autosampler and a multi-
mode inlet. The sample was introduced using hydrogen carrier gas at 
2.4 ml/min. The multimode inlet was in splitless mode with a temper-
ature program beginning at 50°C and ramped to 200°C at 900°C/
min. The analytes were then separated by a 15 m × 320 μm × 0.25 μm 
Restek Rtx®- 5MS column. The oven temperature began at 50°C for 
30 s, and was then ramped at 20°C/min to 250°C. The same oven 
temperature program was used for all samples. The GC and VUV 
parameters used here were previously optimized [45].

2.5  | Vacuum ultraviolet spectroscopy

After separation in the GC, the analytes were introduced into a VUV 
Analytics VGA- 101 VUV spectrometer at a transfer line and flow cell 
temperature of 300°C. Samples were analyzed using a scan rate of 
4.5 Hz, a deuterium lamp at 1.2 V, a make- up gas pressure of 0.00 psi, 
and a spectral range of 120– 430 nm [45]. To improve the signal- to- 
noise ratio, the resulting chromatograms were analyzed using ab-
sorbance data from 125– 240 nm.

2.6  |  Calculations

Signal- to- noise ratios were calculated using a wavelength filter from 
125– 240 nm. Peak height was used to define signal. The standard 
deviation of the 20 baseline points preceding the peak was defined 
as noise. Nine calibration concentrations ranging from 3– 1118 ppm 
were used for calculations. Limits of detection were calculated by 
plotting log(S/N) versus log(concentration) and determining the con-
centration of analyte that yielded a S/N of 3.
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3  |  RESULTS & DISCUSSION

3.1  | GC/VUV calibration for quantification

Three sets of calibrants were used for quantification because the 
debris was analyzed on three separate days. The linear ranges, limits 
of detection, and mass on column reported in Table 1 are the broad-
est range, lowest concentration, and smallest mass on column de-
tected out of all three calibration sets. R2 values for each calibration 
were typically greater than 0.99.

Each calibrant contained components from IMR 4064, Alliant Red 
Dot, and an internal standard. The retention times for nitroglycerin, 
2,4- dinitrotoluene, diphenylamine, ethyl centralite, and di- n- butyl phthal-
ate were 4.66 min, 5.64 min, 6.09 min, 7.39 min, and 7.67 min, respec-
tively. The retention time for heptadecane was 6.28 min. Heptadecane 
was selected as the internal standard because odd numbered alkanes 
are not found in smokeless powders, and its retention time was similar 
to the other analytes in solution. Figure 1 is an example chromatogram 
with corresponding VUV spectra. All chromatograms were generated by 
averaging absorbance values from 125– 240 nm to improve S/N.

Something to note in Figure 1 is the VUV spectrum of nitroglycerin (box 
1). Unlike the other VUV spectra included, this spectrum is rich in spectral 
details and contains narrow absorption bands. These spectral details are a 
result of the thermal degradation of nitroglycerin in the VUV flow cell into a 
mixture of nitric oxide, carbon monoxide, formaldehyde, oxygen, and water 
[22]. The nitroglycerin spectrum produced is a combination of the VUV 
spectra of each of the decomposition products. The complete thermal deg-
radation of nitroglycerin occurs at a flow cell temperature of 280°C. At tem-
peratures below this, the molecule is still intact that results in a broad VUV 
spectrum consistent with the VUV spectrum of water and oxygen [22].

3.2  | Microscopic examination of pre-  and post- 
blast particles

3.2.1  |  IMR 4064

IMR 4064 is a single- base rod- shaped smokeless powder designed to 
burn from the inside out. This phenomenon is illustrated in Figure 2. 
When both pre-  and post- blast particles were viewed vertically, a 
small opening was seen in the center of the particle. Both PVC and 
steel post- blast particles were smaller in overall size, but the size 
of this opening increased more in the steel particles than the PVC 
particles. This is likely because the steel device reached a higher 

temperature before failing, so more of the particle was consumed 
in the explosion.

3.2.2  |  Alliant red dot

Alliant Red Dot is a double- base disc- shaped smokeless powder with 
red identifiers. If red particles are found in post- blast debris, it is a 
clear indication that Red Dot was used. The particles recovered from 
both the PVC and steel devices appear to be partially burned and 
have less of a circular shape than the pre- blast particles (Figure 3).

3.3  | Quantification of pre-  and post- blast particles 
via GC/VUV

Due to the nature of these of experiments, only one device of each 
type was analyzed (e.g., one steel IED filled with IMR 4064), so the 
SP replicates are particles from the same device. The conclusions 
made about concentration changes in the particles from pre-  to 
post- blast would be strengthened if more devices of the same type 
were utilized. This would allow SP particles to be compared between 
devices to ensure the concentration changes observed from pre-  to 
post- blast particles are due to container type.

3.3.1  |  IMR 4064

The components of interest in IMR 4064 were 2,4- DNT and DPA, 
both of which were detected and quantified in all IMR 4064 samples. 
Figure 4 shows stacked chromatograms of IMR 4064 particles pre- 
blast (top), recovered from a PVC device (middle), and recovered from 
a steel device (bottom). There was approximately a 5- fold decrease in 
concentration of 2,4- DNT in the steel post- blast particles compared to 
both the pre- blast and PVC post- blast particles (Table 2). This change 
in concentration was found to be statistically significant. The decrease 
in 2,4- DNT in the particles collected from the steel device is likely be-
cause the steel device reached higher temperatures before failure, so 
the compound was consumed in the reaction. Although not statisti-
cally significant, there was a relative increase in concentration of 2,4- 
DNT and DPA from the pre- blast particles to PVC post- blast particles. 
This is likely because the size of the particle decreased, but neither the 
2,4- DNT or DPA were consumed in the reaction so there was a relative 
increase in their concentration. The relative increase in concentration 

Nitroglycerin 2,4- Dinitrotoluene Diphenylamine
Ethyl 
Centralite

Di- n- butyl 
phthalate

Linear Range 
(ppm)

30– 892 3– 1118 3– 446 3– 892 10– 1118

LOD [ng/μl] 1.90 0.256 0.114 0.0802 0.352

Mass on 
Column (ng)

1.90 0.256 0.114 0.0802 0.352

TABLE  1 The broadest linear range, 
lowest limit of detection (LOD), and mass 
on column found for each compound from 
three sets of calibrants is shown above
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of DPA in the particles collected from the steel device is likely because 
of this same reasoning.

3.3.2  |  Alliant red dot

The components of interest in Red Dot were nitroglycerin, diphe-
nylamine, ethyl centralite, and di- n- butyl phthalate. Nitroglycerin, 
diphenylamine, and ethyl centralite were detected and quantified 
in all Red Dot samples. Figure 5 shows stacked chromatograms of 
Alliant Red Dot particles pre- blast (top), recovered from a PVC de-
vice (middle), and recovered from a steel device (bottom). The av-
erage concentration of components (μg compound/mg of powder) 

found in pre-  and post- blast intact particles is reported in Table 3. 
There were a limited number of intact particles from the steel de-
vice, and because of this only one run was able to be performed (no 
standard deviation). There was approximately a 1.5- fold decrease 
in nitroglycerin concentration from the pre- blast particles to both 
the PVC and steel post- blast particles, a statistically significant 
change in concentration. There was an approximate 2- fold decrease 
in DPA and EC concentration in the steel post- blast particles rela-
tive to the pre- blast and PVC post- blast particles. These changes in 
concentration were not found to be statistically significant. The de-
crease in DPA concentration in the PVC post- blast particles relative 
to the pre- blast particles was found to be statistically significant. 
The relative increase in EC concentration from the pre- blast to the 

F IGURE  1 GC/VUV calibrant chromatogram with corresponding VUV spectra for nitroglycerin (1), 2,4- dinitrotoluene (2), diphenylamine 
(3), heptadecane (4), ethyl centralite (5), and di- n- butyl phthalate (6) [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE  2 Photographs of IMR 4064 particles pre- blast (left), recovered from a PVC device (middle), and recovered from a steel device 
(right) with 1 mm scale [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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F IGURE  3 Photographs of Alliant red dot particles pre- blast (left), recovered from a PVC device (middle), and recovered from a steel 
device (right) with 1 mm scale. Steel particles are from a controlled explosion in 2018 [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE  4 Chromatograms of IMR 4064 particles pre- blast (top), recovered from a PVC device (middle), and recovered from a steel 
device (bottom). The peaks present correspond to 2,4- dinitrotoluene (1), diphenylamine (2), and heptadecane (3) [Color figure can be viewed 
at wileyonlinelibrary.com]

Device

2,4- Dinitrotoluene Diphenylamine

Average 
concentration

Standard 
deviation

Average 
concentration

Standard 
deviation

Standard IMR 4064 48 8.7 3.9 2.9

PVC IMR 4064 57 6.4 7.6 1.1

Steel IMR 4064 9.3 1.8 4.3 2.1

TABLE  2 This table shows the average 
concentration of 2,4- dinitrotoluene and 
diphenylamine found in standard and 
post- blast single- base smokeless powder 
particles (IMR 4064). Concentration is 
reported in μg compound/mg of powder. 
These values are the average of three 
replicates

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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PVC post- blast particles is likely because the size of the particle de-
creased, but the EC was not consumed in the reaction so there was 
a relative increase in its concentration.

3.4  |  Principal component analysis of components

Principal component analysis (PCA) was used to help further visu-
alize how a particle’s chemical composition changes from pre-  to 
post- blast. The PCA plot shown on the left in Figure 6 includes 
all samples from both the IMR 4064 and Red Dot runs. The data 
points in quadrants A and B correspond to the IMR 4064 sam-
ples while the data points in quadrants C and D correspond to 
the Red Dot samples. The factors loading plot, shown on the right 
in Figure 6, is used to identify the change in concentration of a 

specific component in the PCA plot. For example, when observ-
ing the IMR 4064 data in quadrants A and B, the decrease in the 
concentration of 2,4- DNT is easy to spot between the pre-  and 
post- blast samples. The same can be said for the decrease in ni-
troglycerin from pre-  to post- blast in the Red Dot samples. This 
was determined because the factors loading plot indicates that 
the concentration of 2,4- DNT decreases from left to right, just 
as the concentration of nitroglycerin decreases from right to 
left. PCA was also useful because it illustrates that both the IMR 
4064 and Red Dot data are correlated within themselves, but that 
the two sets of data are not correlated with one another. In the 
factor loading plot, nitroglycerin and EC are projected on top of 
each other. This means that the levels of nitroglycerin and EC are 
highly correlated, while they are both negatively correlated with 
2,4- DNT.

F IGURE  5 Chromatograms of Alliant red dot particles pre- blast (top), recovered from a PVC device (middle), and recovered from a steel 
device (bottom). The peaks present correspond to nitroglycerin (1), diphenylamine (2), heptadecane (3), and ethyl centralite (4) [Color figure 
can be viewed at wileyonlinelibrary.com]

TABLE  3 This table shows the average concentration of nitroglycerin, diphenylamine, and ethyl centralite found in standard and post- 
blast double- base smokeless powder particles (Alliant red dot). Concentration is reported in μg compound/mg of powder. All values are the 
average of three replicates, except steel values, which were only ran once due to a limited number of intact particles

Device

Nitroglycerin Diphenylamine Ethyl Centralite

Average 
concentration

Standard 
deviation

Average 
concentration

Standard 
deviation

Average 
concentration

Standard 
deviation

Standard Red Dot 217 7.8 6.9 0.60 1.8 0.53

PVC Red Dot 135 13 5.1 0.76 1.9 0.32

Steel Red Dot 132 - 2.7 - 0.58 - 

https://onlinelibrary.wiley.com/
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4  |  CONCLUSION

GC/VUV has been used to successfully quantify nitroglycerin, 
2,4- dinitrotoluene, diphenylamine, ethyl centralite, and di- n- butyl 
phthalate using heptadecane as an internal standard. Several statistically 
significant concentration changes between pre-  and post- blast smoke-
less powder particles were determined. Microscopic differences were 
observed between pre-  and post- blast debris for both IMR 4064 and 
Alliant Red Dot in both PVC and steel IEDs. Future work includes creat-
ing a separate calibration curve for nitroglycerin to help improve LOD 
calculations and analyzing multiple IEDs of the same type to compare 
smokeless powder particles between devices to see if the concentration 
changes of the organic components are solely due to container type.

ACKNOWLEDGMENTS
Authors thank and acknowledge the Indiana State Police Bomb 
Squad for coordinating supervised explosions at their range. Authors 
also acknowledge Courtney Cruse, Ph.D. for guidance and training 
on the GC/VUV.

REFERENCES
 1. United States Bomb Data Center (USBDC) 2020 explosives inci-

dent report (EIR). https://www.atf.gov/file/15514 1/download. 
Accessed 27 Sept 2021.

 2. MacCrehan WA, Bedner M. Development of a smokeless powder 
reference material for propellant and explosives analysis. Forensic 
Sci Int. 2006;163(1– 2):119– 24. https://doi.org/10.1016/j.forsc 
iint.2005.11.027

 3. Alvarez A, Yanez J, Contreras D, Saavedra R, Saez P, 
Amarasiriwardena D. Propellant’s differentiation using 

FTIR- photoacoustic detection for forensic studies of improvised 
explosive devices. Forensic Sci Int. 2017;280:169– 75. https://doi.
org/10.1016/j.forsc iint.2017.09.018

 4. Joshi M, Rigsby K, Almirall JR. Analysis of the headspace composi-
tion of smokeless powders using GC– MS, GC- μECD and ion mobil-
ity spectrometry. Forensic Sci Int. 2011;208(1):29– 36. https://doi.
org/10.1016/j.forsc iint.2010.10.024

 5. Powder links fugitive to Olympic bombing Investigators believe 
abortion clinic device was remote- controlled. https://www.balti 
mores un.com/news/bs- xpm- 1998- 09- 19- 19982 62015 - story.html. 
Accessed 27 Sept 2021.

 6. Botelho FD, Galante E, Mendes Á. Characteristics and manufac-
ture of spherical smokeless powders. J Aerosp Technol Manag. 
2015;7(4):398– 403. https://doi.org/10.5028/jatm.v7i4.466

 7. Heramb RM, McCord BR. The manufacture of smokeless powders 
and their forensic analysis: A brief review. https://archi ves.fbi.gov/
archi ves/about - us/lab/foren sic- scien ce- commu nicat ions/fsc/april 
2002/mccord.htm. Accessed 27 Sept 2021.

 8. Wissinger C, McCord B. A gradient reversed phase HPLC procedure 
for smokeless powder comparison. J Forensic Sci. 2002;47:168– 74. 
https://doi.org/10.1520/JFS15 219J

 9. MacCrehan WA, Reardon MR. A qualitative comparison of smoke-
less powder measurements. J Forensic Sci. 2002;47(5):996– 1001. 
https://doi.org/10.1520/JFS15 489J

 10. Dennis DM. Chemical analysis, databasing, and statistical anal-
ysis of smokeless powders for forensic application [dissertation]. 
Orlando, FL: University of Central Florida; 2015.

 11. Wallace CL, Midkiff CR. Smokeless powder characterization –  an 
investigative tool in pipe bombings. In: Yinon J, editor. Advances 
in analysis and detection of explosives. Dordrecht, Netherlands: 
Springer; 1993. p. 29– 39.

 12. DeTata D, Collins P, McKinley A. A fast liquid chromatography 
quadrupole time- of- flight mass spectrometry (LC- QToF- MS) 
method for the identification of organic explosives and propellants. 
Forensic Sci Int. 2013;233(1):63– 74. https://doi.org/10.1016/j.
forsc iint.2013.08.007

F IGURE  6 Principal component analysis (PCA) plot and map of IMR 4064 (left side of graph) and red dot (right side of graph) data. Circles 
correspond to pre- blast particles, squares correspond to particles recovered from a PVC device, and upside- down triangles correspond to 
particles recovered from a steel device [Color figure can be viewed at wileyonlinelibrary.com]

https://www.atf.gov/file/155141/download
https://doi.org/10.1016/j.forsciint.2005.11.027
https://doi.org/10.1016/j.forsciint.2005.11.027
https://doi.org/10.1016/j.forsciint.2017.09.018
https://doi.org/10.1016/j.forsciint.2017.09.018
https://doi.org/10.1016/j.forsciint.2010.10.024
https://doi.org/10.1016/j.forsciint.2010.10.024
https://www.baltimoresun.com/news/bs-xpm-1998-09-19-1998262015-story.html
https://www.baltimoresun.com/news/bs-xpm-1998-09-19-1998262015-story.html
https://doi.org/10.5028/jatm.v7i4.466
https://archives.fbi.gov/archives/about-us/lab/forensic-science-communications/fsc/april2002/mccord.htm
https://archives.fbi.gov/archives/about-us/lab/forensic-science-communications/fsc/april2002/mccord.htm
https://archives.fbi.gov/archives/about-us/lab/forensic-science-communications/fsc/april2002/mccord.htm
https://doi.org/10.1520/JFS15219J
https://doi.org/10.1520/JFS15489J
https://doi.org/10.1016/j.forsciint.2013.08.007
https://doi.org/10.1016/j.forsciint.2013.08.007
https://onlinelibrary.wiley.com/


    | 1439REAVIS and GOODPASTER

 13. Thomas JL, Lincoln D, McCord BR. Separation and detec-
tion of smokeless powder additives by ultra performance liq-
uid chromatography with tandem mass spectrometry (UPLC/
MS/MS). J Forensic Sci. 2013;58(3):609– 15. https://doi.
org/10.1111/1556- 4029.12096

 14. Mathis JA, McCord BR. Gradient reversed- phase liquid 
chromatographic- electrospray ionization mass spectrometric 
method for the comparison of smokeless powders. J Chromatogr 
A. 2003;988(1):107– 16. https://doi.org/10.1016/S0021 
- 9673(02)02055 - 1

 15. Chang KH, Yew CH, Abdullah AF. Optimization of headspace solid- 
phase microextraction technique for extraction of volatile smoke-
less powder compounds in forensic applications. J Forensic Sci. 
2014;59(4):1100– 8. https://doi.org/10.1111/1556- 4029.12440

 16. Bors D, Goodpaster J. Mapping explosive residues on galvanized 
pipe bomb fragments using total vaporization solid phase microex-
traction (TV- SPME). Anal Methods. 2015;7(23):9756– 62. https://
doi.org/10.1039/c5ay0 2358k

 17. Bors D, Goodpaster J. Mapping smokeless powder residue on PVC 
pipe bomb fragments using total vaporization solid phase microex-
traction. Forensic Sci Int. 2017;276:71– 6. https://doi.org/10.1016/j.
forsc iint.2017.04.002

 18. Tarifa A, Kreitals NM, Mulloor J, Gura S, Almirall JR. Cryofocusing 
capillary microextraction of volatiles (Cryo- CMV) as a novel head-
space extraction device for the analysis of volatile organic com-
pounds and smokeless powders. Forensic Chem. 2017;3:81– 9. 
https://doi.org/10.1016/j.forc.2017.02.007

 19. Taudte RV, Roux C, Bishop DP, Fouracre C, Beavis A. High- 
throughput screening for target compounds in smokeless 
powders using online- SPE tandem mass spectrometry. Aust J 
Forensic Sci. 2019;53(1):16– 26. https://doi.org/10.1080/00450 
618.2019.1629019

 20. Lelevic A, Souchon V, Moreaud M, Lorentz C, Geantet C. Gas chro-
matography vacuum ultraviolet spectroscopy: a review. J Sep Sci. 
2020;43(1):150– 73. https://doi.org/10.1002/jssc.20190 0770

 21. Schug KA, Sawicki I, Carlton DD, Fan H, McNair HM, Nimmo JP, 
et al. Vacuum ultraviolet detector for gas chromatography. Anal 
Chem. 2014;86(16):8329– 35. https://doi.org/10.1021/ac501 8343

 22. Cruse CA, Goodpaster JV. Generating highly specific spectra and 
identifying thermal decomposition products via gas chromatog-
raphy/vacuum ultraviolet spectroscopy (GC/VUV): application 
to nitrate ester explosives. Talanta. 2019;195:580– 6. https://doi.
org/10.1016/j.talan ta.2018.11.060

 23. Bai L, Smuts J, Schenk J, Cochran J, Schug KA. Comparison of GC- 
VUV, GC- FID, and comprehensive two- dimensional GC– MS for the 
characterization of weathered and unweathered diesel fuels. Fuel. 
2018;214:521– 7. https://doi.org/10.1016/j.fuel.2017.11.053

 24. Rael AS, Cruse CA, Rydberg M, Goodpaster JV. A critical compar-
ison of vacuum UV (VUV) spectrometer and electron ionization 
single quadrupole mass spectrometer detectors for the analysis 
of alkylbenzenes in gasoline by gas chromatography: experimen-
tal and statistical aspects. Talanta. 2021;225:122081. https://doi.
org/10.1016/j.talan ta.2021.122081

 25. Walsh P, Garbalena M, Schug KA. Rapid analysis and time interval 
deconvolution for comprehensive fuel compound group classifi-
cation and speciation using gas chromatography- vacuum ultravi-
olet spectroscopy. Anal Chem. 2016;88(22):11130– 8. https://doi.
org/10.1021/acs.analc hem.6b03226

 26. Weber B, Walsh P, Harynuk J. Determination of hydrocarbon 
group- type of diesel fuels by gas chromatography with vacuum 
ultraviolet detection. Anal Chem. 2016;88:5809– 17. https://doi.
org/10.1021/acs.analc hem.6b00383

 27. Fan H, Smuts J, Bai L, Walsh P, Armstrong DW, Schug KA. Gas 
chromatography- vacuum ultraviolet spectroscopy for analysis of 
fatty acid methyl esters. Food Chem. 2016;194:265– 71. https://
doi.org/10.1016/j.foodc hem.2015.08.004

 28. Hodgson A, Cochran J. Vacuum ultraviolet spectroscopy as a new 
tool for GC analysis of terpenes in flavors and fragrances. J AOAC 
Int. 2019;102(2):655– 8. https://doi.org/10.5740/jaoac int.18- 0284

 29. Pechancová R, Qiu C, Smuts J, Lemr K, Schug KA. Comparative 
study of ink photoinitiators in food packages using gas chromatog-
raphy with vacuum ultraviolet detection and gas chromatography 
with mass spectrometry. J Sep Sci. 2019;42(2):556– 65. https://doi.
org/10.1002/jssc.20180 0855

 30. Fan H, Smuts J, Walsh P, Harrison D, Schug KA. Gas chromatography- 
vacuum ultraviolet spectroscopy for multiclass pesticide identifica-
tion. J Chromatogr A. 2015;1389:120– 7. https://doi.org/10.1016/j.
chroma.2015.02.035

 31. Qiu C, Cochran J, Smuts J, Walsh P, Schug KA. Gas 
chromatography- vacuum ultraviolet detection for classification 
and speciation of polychlorinated biphenyls in industrial mixtures. 
J Chromatogr A. 2017;1490:191– 200. https://doi.org/10.1016/j.
chroma.2017.02.031

 32. Santos IC, Smuts J, Choi WS, Kim Y, Kim SB, Schug KA. Analysis 
of bacterial FAMEs using gas chromatography- vacuum ultravio-
let spectroscopy for the identification and discrimination of bac-
teria. Talanta. 2018;182:536– 43. https://doi.org/10.1016/j.talan 
ta.2018.01.074

 33. Diekmann JA, Cochran J, Hodgson JA, Smuts DJ. Quantitation and 
identification of ethanol and inhalant compounds in whole blood 
using static headspace gas chromatography vacuum ultraviolet 
spectroscopy. J Chromatogr A. 2020;1611:460607. https://doi.
org/10.1016/j.chroma.2019.460607

 34. Buchalter S, Marginean I, Yohannan J, Lurie IS. Gas chromatography 
with tandem cold electron ionization mass spectrometric detection 
and vacuum ultraviolet detection for the comprehensive analysis 
of fentanyl analogues. J Chromatogr A. 2019;1596:183– 93. https://
doi.org/10.1016/j.chroma.2019.03.011

 35. Kranenburg RF, García- Cicourel AR, Kukurin C, Janssen H- G, 
Schoenmakers PJ, van Asten AC. Distinguishing drug isomers in the 
forensic laboratory: GC– VUV in addition to GC– MS for orthogo-
nal selectivity and the use of library match scores as a new source 
of information. Forensic Sci Int. 2019;302:109900. https://doi.
org/10.1016/j.forsc iint.2019.109900

 36. Kranenburg RF, Lukken CK, Schoenmakers PJ, van Asten AC. 
Spotting isomer mixtures in forensic illicit drug casework with 
GC– VUV using automated coelution detection and spectral de-
convolution. J Chromatogr B. 2021;1173:122675. https://doi.
org/10.1016/j.jchro mb.2021.122675

 37. Leghissa A, Smuts J, Qiu C, Hildenbrand ZL, Schug KA. Detection 
of cannabinoids and cannabinoid metabolites using gas chro-
matography with vacuum ultraviolet spectroscopy. Sep Sci Plus. 
2018;1(1):37– 42. https://doi.org/10.1002/sscp.20170 0005

 38. Qiu C, Smuts J, Schug KA. Analysis of terpenes and turpentines 
using gas chromatography with vacuum ultraviolet detection. J Sep 
Sci. 2017;40(4):869– 77. https://doi.org/10.1002/jssc.20160 1019

 39. Roberson ZR, Goodpaster JV. Differentiation of structurally sim-
ilar phenethylamines via gas chromatography– vacuum ultraviolet 
spectroscopy (GC– VUV). Forensic Chem. 2019;15:100172. https://
doi.org/10.1016/j.forc.2019.100172

 40. Roberson ZR, Goodpaster JV. Optimization of the qualitative and 
quantitative analysis of cocaine and other drugs of abuse via gas 
chromatography– vacuum ultraviolet spectrophotometry (GC –  
VUV). Talanta. 2021;222:121461. https://doi.org/10.1016/j.talan 
ta.2020.121461

 41. Roberson ZR, Gordon HC, Goodpaster JV. Instrumental and che-
mometric analysis of opiates via gas chromatography- vacuum 
ultraviolet spectrophotometry (GC- VUV). Anal Bioanal Chem. 
2020;412(5):1123– 8. https://doi.org/10.1007/s0021 6- 019- 02337 - 5

 42. Skultety L, Frycak P, Qiu C, Smuts J, Shear- Laude L, Lemr K, 
et al. Resolution of isomeric new designer stimulants using gas 
chromatography- vacuum ultraviolet spectroscopy and theoretical 

https://doi.org/10.1111/1556-4029.12096
https://doi.org/10.1111/1556-4029.12096
https://doi.org/10.1016/S0021-9673(02)02055-1
https://doi.org/10.1016/S0021-9673(02)02055-1
https://doi.org/10.1111/1556-4029.12440
https://doi.org/10.1039/c5ay02358k
https://doi.org/10.1039/c5ay02358k
https://doi.org/10.1016/j.forsciint.2017.04.002
https://doi.org/10.1016/j.forsciint.2017.04.002
https://doi.org/10.1016/j.forc.2017.02.007
https://doi.org/10.1080/00450618.2019.1629019
https://doi.org/10.1080/00450618.2019.1629019
https://doi.org/10.1002/jssc.201900770
https://doi.org/10.1021/ac5018343
https://doi.org/10.1016/j.talanta.2018.11.060
https://doi.org/10.1016/j.talanta.2018.11.060
https://doi.org/10.1016/j.fuel.2017.11.053
https://doi.org/10.1016/j.talanta.2021.122081
https://doi.org/10.1016/j.talanta.2021.122081
https://doi.org/10.1021/acs.analchem.6b03226
https://doi.org/10.1021/acs.analchem.6b03226
https://doi.org/10.1021/acs.analchem.6b00383
https://doi.org/10.1021/acs.analchem.6b00383
https://doi.org/10.1016/j.foodchem.2015.08.004
https://doi.org/10.1016/j.foodchem.2015.08.004
https://doi.org/10.5740/jaoacint.18-0284
https://doi.org/10.1002/jssc.201800855
https://doi.org/10.1002/jssc.201800855
https://doi.org/10.1016/j.chroma.2015.02.035
https://doi.org/10.1016/j.chroma.2015.02.035
https://doi.org/10.1016/j.chroma.2017.02.031
https://doi.org/10.1016/j.chroma.2017.02.031
https://doi.org/10.1016/j.talanta.2018.01.074
https://doi.org/10.1016/j.talanta.2018.01.074
https://doi.org/10.1016/j.chroma.2019.460607
https://doi.org/10.1016/j.chroma.2019.460607
https://doi.org/10.1016/j.chroma.2019.03.011
https://doi.org/10.1016/j.chroma.2019.03.011
https://doi.org/10.1016/j.forsciint.2019.109900
https://doi.org/10.1016/j.forsciint.2019.109900
https://doi.org/10.1016/j.jchromb.2021.122675
https://doi.org/10.1016/j.jchromb.2021.122675
https://doi.org/10.1002/sscp.201700005
https://doi.org/10.1002/jssc.201601019
https://doi.org/10.1016/j.forc.2019.100172
https://doi.org/10.1016/j.forc.2019.100172
https://doi.org/10.1016/j.talanta.2020.121461
https://doi.org/10.1016/j.talanta.2020.121461
https://doi.org/10.1007/s00216-019-02337-5


1440  |    REAVIS and GOODPASTER

computations. Anal Chim Acta. 2017;971:55– 67. https://doi.
org/10.1016/j.aca.2017.03.023

 43. Tanen JL, Lurie IS, Marginean I. Gas chromatography with dual cold 
electron ionization mass spectrometry and vacuum ultraviolet detec-
tion for the analysis of phenylethylamine analogues. Forensic Chem. 
2020;21:100281. https://doi.org/10.1016/j.forc.2020.100281

 44. Cruse CA, Goodpaster JV. Thermal and spectroscopic analysis of 
nitrated compounds and their break- down products using gas chro-
matography/vacuum UV spectroscopy (GC/VUV). Anal Chim Acta. 
2021;1143:117– 23. https://doi.org/10.1016/j.aca.2020.11.041

 45. Cruse CA, Goodpaster JV. Optimization of gas chromatography/
vacuum ultraviolet (GC/VUV) spectroscopy for explosive com-
pounds and application to post- blast debris. Forensic Chem. 
2021;26:100362. https://doi.org/10.1016/j.forc.2021.100362

 46. Cruse CA, Goodpaster JV. A systematic study of the absorbance of 
the nitro functional group in the vacuum UV region. Anal Chim Acta. 
2021;1185:339042. https://doi.org/10.1016/j.aca.2021.339042

 47. Cruse CA, Pu J, Goodpaster JV. Identifying thermal de-
composition products of nitrate ester explosives using gas 

chromatography- vacuum ultraviolet spectroscopy: an experimen-
tal and computational study. Appl Spectrosc. 2020;74(12):1486– 
95. https://doi.org/10.1177/00037 02820 915506

 48. Reiss R, Gruber B, Klingbeil S, Gröger T, Ehlert S, Zimmermann 
R. Evaluation and application of gas chromatography- vacuum ul-
traviolet spectroscopy for drug-  and explosive precursors and ex-
amination of non- negative matrix factorization for deconvolution. 
Spectrochim Acta A Mol Biomol Spectrosc. 2019;219:129– 34. 
https://doi.org/10.1016/j.saa.2019.04.032

How to cite this article: Reavis M, Goodpaster J. Quantitative 
analysis of smokeless powder particles in post- blast debris via 
gas chromatography/vacuum ultraviolet spectroscopy 
(GC/VUV). J Forensic Sci. 2022;67:1431–1440. https://doi.
org/10.1111/1556-4029.15037

https://doi.org/10.1016/j.aca.2017.03.023
https://doi.org/10.1016/j.aca.2017.03.023
https://doi.org/10.1016/j.forc.2020.100281
https://doi.org/10.1016/j.aca.2020.11.041
https://doi.org/10.1016/j.forc.2021.100362
https://doi.org/10.1016/j.aca.2021.339042
https://doi.org/10.1177/0003702820915506
https://doi.org/10.1016/j.saa.2019.04.032
https://doi.org/10.1111/1556-4029.15037
https://doi.org/10.1111/1556-4029.15037

	Quantitative analysis of smokeless powder particles in post-blast debris via gas chromatography/vacuum ultraviolet spectroscopy (GC/VUV)
	Abstract
	Highlights
	1|INTRODUCTION
	2|MATERIALS & METHODS
	2.1|Chemicals
	2.2|Post-blast debris generation and collection
	2.3|Sample preparation
	2.4|Gas chromatography
	2.5|Vacuum ultraviolet spectroscopy
	2.6|Calculations

	3|RESULTS & DISCUSSION
	3.1|GC/VUV calibration for quantification
	3.2|Microscopic examination of pre- and post-blast particles
	3.2.1|IMR 4064
	3.2.2|Alliant red dot

	3.3|Quantification of pre- and post-blast particles via GC/VUV
	3.3.1|IMR 4064
	3.3.2|Alliant red dot

	3.4|Principal component analysis of components

	4|CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES


