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Figure 2-15: Illustration of the portable explosive detector prototype. The first step
(not shown) includes inserting the calibration point between the
ultraviolet light-emitting diode (LED) and the photodiode and turning the
calibration knob until the green LED flashes. The second step (displayed
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standard deviations (n=3). IPA =isopropanol, MeOH = methanol,
ACN = acetonitrile, DCM = dichloromethane............ccoooveveeeiivreeeinnnnen. 65

Figure 3-4: Total ion chromatogram demonstrating the very short analysis time per

SF 10010 ST USSR 65
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Figure 4-3: Response Resolution Plot. The minimum peak pair is plotted versus the
gradient (% MeOH/min), whereby MeOH stands for methanol. The run
times of the maxima of the minimum peak pairs (representing the best
resolution) are shown in the brackets. The gradient with 4.6 %/min
MeOH increase was used as it provided efficient resolution and short
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Figure 4-6: Optimised separation of 32 organic gunshot residue compounds under
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Figure 5-1: Swabbing kit used for the collection of gunshot residues by medi wipes.
The kit includes a pair of gloves, plastic tweezers, a scintillation vial,

Kendall™ alcohol swab, and Pen. ...........ooeeeeveeeeeeeeeeeeeeeeeeeeeeeeeeeenn. 113

Figure 5-2: Scheme of specimen preparation using alcohol wipes as collection
devices. After collection, the swab is liquid extracted in 5 mL solvent and
the extract filtered using two syringe filters (10 um and 0.8um). The
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fibre. The stub is analysed by scanning electron microscopy with energy
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Figure 5-5: Percentage recoveries of the target organic gunshot residues extracted
from spiked swabs (25 ng) by liquid extraction (5 mL solvent, 15 min
sonication followed by 5 min centriguation) using eight different
solvents/solvent systems. Error bars represent standard deviations (n = 3).
ACN = acetonitrile, = MeOH = methanol,  IPA = isopropanol,
DCM = dichloromethane, MTBE = methyl tertbutyl ether. After liquid
extraction, the extracts were dried under a steady stream of nitrogen and
reconstituted in 196 pnL. ACN:MeOH (1:1) and 4 pL volumetric internal
SEANAAT. ..eeiiiieie i 126
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mL methyl tertbutyl ether) from spiked alcohol wipes (presented here the
overall % recoveries from 12, 20, and 30 ng) using four different
techniques, i.e. sonication (15 min at ambient temperatures),
centrifugation (5 min), comb technique (sonication (15
min)+centrifugation (5 min)) at room temperature, comb technique + T
(15 min heated (45 °C) sonication followed by centrifugation). Error bars
represent standard deviations (n = 3). After liquid extraction, the extracts
were dried under a steady stream of nitrogen and reconstituted in 196 uL

aceonitrile:methanol (1:1) and 4 pL volumetric internal standard. ....... 128

Figure 5-7: Comparison of the % recoveries of the target organic gunshot residue
compounds spiked (25 ng) on alcohol swabs when performing single (15
min sonication at ambient temperatures) or double liquid extraction
(2x 15 min sonication at ambient temperatures and combining the
extracts) of the alcohol wipes using 5 mL acetonitrile (ACN). After liquid
extraction, the extracts were dried under a steady stream of nitrogen and
reconstituted in 196 L. ACN:methanol (1:1) and 4 uL volumetric internal

standard. Error bars represent standard deviations (n = 3). ................... 133

Figure 5-8: Comparison of the % recoveries of the target organic gunshot residue
compounds spiked on alcohol wipes (25 ng) when performing single (15
min sonication at ambient temperatures) or double liquid extraction (2 x
15 min sonication at ambient temperatures and combining the extracts) of

the alcohol wipes using 5 mL methyl tert-butyl ether (MTBE). After



liquid extraction, the extracts were dried under a steady stream of
nitrogen and reconstituted in 196 pL acetonitrile:methanol (1:1) and 4 uL

volumetric internal standard. Error bars represent standard deviations

Figure 5-9: Comparison of the recoveries of the target organic gunshot residue
compounds spiked on alcohol swabs (25 ng) when performing single (15
min sonication at ambient temperatures) or double extraction (2 x 15 min
sonication and combining the extracts) of the alcohol wipes using 5 mL
acetone. After liquid extraction, the extracts were dried under a steady
stream of nitrogen and reconstituted in 196 pL acetonitrile:methanol (1:1)
and 4 pL volumetric internal standard. Error bar represent standard

devIations (1= 3). ..ccciiiiiieeeiie ettt e e 134

Figure 5-10: Percentage recoveries of the target compounds spiked on alcohol
swabs (25 ng) when liquid extracted using 5 mL methyl tert-butyl ether
and four different sonication times (5, 10, 15, and 20 min) at ambient
temperatures. After liquid extraction, the extracts were dried under a
steady stream of nitrogen and reconstituted in 196 uL
acetonitrile:methanol (1:1) and 4 pL. volumetric internal standard. Error

bars represent standard deviations (N=3). .......cccecverieeviienieiiiienieeieene 138

Figure 5-11: Percentage recoveries of 15 tested organic gunshot residue compounds
from spiked hands (25 ng) collected using alcohol swabs that were liquid
extracted using the optimised extraction conditions (5 min sonication at
ambient temperatures using 5 mL methyl tert-butyl ether). After liquid
extraction, the extracts were dried under a steady stream of nitrogen and
reconstituted in 196 puL acetonitrile:methanol (1:1) and 4 pL volumetric
internal standard. The recovery of DBP from hands is excluded in the
chart. Interferences to DBP were extracted from hands and prohibited the

determination of its recovery. Error bars represent standard deviations

Figure 5-12: Percentage recoveries of the targeted organic gunshot residue

compounds from spiked gunshot residue stubs (30 ng) liquid extracted
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using 5.5 mL of the different solvents tested (ACN = acetonitrile,
MeOH = methanol, MTBE = methyl tert-butyl ether) and 15 min
sonication. After liquid extraction, the extracts were dried under a steady
stream of nitrogen and reconstituted in 196 uL. ACN:MeOH (1:1) and 4

uL volumetric internal standard. Error bars represent standard deviations

Figure 5-13: Percentage recoveries of the target compounds liquid extracted from
spiked (15 ng) gunshot residue stubs using three different conditions and
5.5 mL acetonitrile (ACN). The conditions were: s, nh = single extraction,
non-heated (15 min sonication at ambient temperatures); s, h = single
extraction, heated (15 min sonication at 45 °C); d, nh = double extraction,
non-heated (2x 15 min sonication at ambient temperatures and
combining the extracts). After liquid extraction, the extracts were dried
under a steady stream of nitrogen and reconstituted in 196 puL
ACN:methanol (1:1) and 4 pL volumetric internal standard. Error bars

represent standard deviations (N = 3). .....ccccevvieeiiiniiienierie e, 147

Figure 5-14: Percentage recoveries of the target compounds liquid extracted from
spiked (15 ng) gunshot residue stubs using three different conditions and
5.5 mL methanol (MeOH). The conditions were: s, nh = single extraction,
non-heated (15 min sonication at ambient temperatures); s, h = single
extraction, heated (15 min sonication at 45 °C); d, nh = double extraction,
non-heated (2x 15 min sonication at ambient temperatures and
combining the extracts). After liquid extraction, the extracts were dried
under a steady stream of nitrogen and reconstituted in 196 pL
acetonitrile:MeOH (1:1) and 4 puL volumetric internal standard. Error bars

represent standard deviations (N = 3). .....ccceriiiiiinieiiiee e, 148

Figure 5-15: Percentage recoveries of the target compounds liquid extracted from
spiked (15 ng) gunshot residue stubs using three different conditions and
5.5 mL acetone. The conditions were: s, nh = single extraction, non-
heated (15 min sonication at ambient temperatures); s, h = single
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combining the extracts). After liquid extraction, the extracts were dried
under a steady stream of nitrogen and reconstituted in 196 pL
acetonitrile:methanol (1:1) and 4 pL volumetric internal standard. Error

bars represent standard deviations (N =3). .....cceceerieniiiiiieniiieieee e, 148

Figure 5-16: Percentage recoveries of the individual compounds liquid extracted
from spiked (13 ng) gunshot residue stubs using 5.5 mL acetone and four
different sonication times (5, 10, 15, and 20 min) at ambient temperatures.
After liquid extraction, the extracts were dried under a steady stream of
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volumetric internal standard. Error bars represent standard deviations

Figure 5-17: Percentage recoveries of 15 tested organic gunshot residue (GSR)
compounds from spiked hands.(20 ng) collected using GSR stubs and
liquid extracted using the optimised extraction conditions (5 min
sonication at ambient temperatures using 5.5 mL acetone). After liquid
extraction, the extracts were dried under a steady stream of nitrogen and
reconstituted in 196 pL acetone:methanol (1:1) and 4 puL volumetric
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the determination of its recovery. Error bars represent standard deviations

Figure 5-18: Percentage recoveries of the target organic gunshot residue (GSR)
compounds spiked on GSR stubs (20 ng) and extracted using solid phase
microextraction at different temperature ranging from 30-170 °C with
20 °C increments. The 65 pm polydimethylsiloxane/divinylbenzene fibre
(was exposed for 1 hour, followed by 5 min direct immersion in the
solvent system (196 uL acetonitrile:methanol (1:1) and 4 pL volumetric
internal standard) that was subsequently analysed by ultra-high

performance liquid chromatography with ultraviolet detection............. 159

Figure 5-19: X-ray spectra and picture of a spherical 8.50 um wide gunshot residue
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(Ba) analysed using scanning electron microscopy coupled with energy
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ABSTRACT

The detection and interpretation of gunshot residues (GSR) plays a crucial role in
the investigation of firearm related events. Specimens are commonly collected using
GSR stubs with double sided adhesive carbon tape. After collection, the stubs can
directly be analysed using scanning electron microscopy with energy dispersive x-
ray spectroscopy (SEM-EDX), which is widely used for the detection of inorganic
gunshot residues (IGSR) as it provides simultaneous elemental and morphological
information of discrete particles. Since SEM-EDX analysis focuses on the detection
of characteristic GSR particles incorporating the elements lead, antimony and
barium, the relatively recent introduction of lead free (LF) and heavy-metal free
(HMF) ammunition challenges the current standard operating procedure (SOP) for
GSR analysis. Other problems arise from the recent findings of GSR-like particles
from environmental and occupational sources. The incorporation of organic gunshot
residues (OGSR) into the current SOP can provide additional and complementary
information that is alleged to overcome these limitations. This project focused on the
detection and incorporation of OGSR to current GSR SOPs on different levels.

A screening technique was developed for the in-field detection of
compounds potentially present in smokeless powders and GSR. The technique was
based on microfluidic paper-based analytical devices (WPAD) and fluorescence
quenching of pyrene and showed promising results for detecting energetic
compounds in OGSR. A portable uPAD reader was built and showed potential for
in-field detection of GSR (and explosives).

A second screening technique was developed based on solid phase extraction

(SPE). This technique can allow pre-concentration and clean-up of samples before
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OGSR analysis, which might be necessary considering the low amounts of OGSR
that are commonly detected on specimens directly collected after discharge. A
proof-of-concept study using a completely automated on-line SPE robot, the
RapidFire®, connected to a triple quadrupole mass spectrometer (QQQ-MS) was
conducted showing promising results for the pre-concentration and/or screening of
OGSR.

To allow the detection of a broad range of OGSR, an ultra-high performance
liquid chromatography (UHPLC) method with ultraviolet (UV) detection and mass
spectrometric confirmation using a QQQ-MS was developed using a statistical
approach (Artificial Neural Networks (ANN)). This approach was applied for the
first time to GSR analysis. The network was trained and used for the prediction of
retention times of the target compounds in relation to different gradients. The final
UHPLC-UV method was fully validated and tested using simulated case specimens
collected at an indoor firing range. It proved sufficiently sensitive and selective for
the detection of OGSR from hands and the establishment of smokeless powder
profiles.

Three different collection protocols for the recovery of OGSR and IGSR
from hands were conceptualised to enable both subsequent OGSR analysis by
UHPLC-UV and IGSR analysis by SEM-EDX. Comparing the two superior
protocols, the extraction efficiencies of OGSR from alcohol swabs and GSR stubs
were found to be comparable, while GSR stubs proved to be more efficient in
collecting OGSR. Testing the protocols using simulated case specimens taken at the
shooting range confirmed that GSR stubs followed by liquid extraction are more

suitable than wipes for a combined collection of OGSR and IGSR.
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Finally, the stability of OGSR on collection devices, i.e. alcohol swabs and
GSR stubs, was investigated for a time period of 63 days. Interestingly, energetic
compounds were found to be relatively stable, while stabilisers, often the target
compounds for OGSR, degraded mostly following a negative logarithmic curve.
This could be problematic for the developed SOP for the collection and analysis of
both OGSR and IGSR, since SEM-EDX analysis is preceding OGSR analysis
causing the degradation of compounds of interest.

In summary, an SOP for GSR collection and analysis was developed that
could potentially overcome problems arising from LF and HMF ammunitions.
Further research studies into persistence and background are necessary to test the

value of the developed SOP in a forensic framework.
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