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One way to access the toxicity of a fired 
ammunition is by analyzing the byproducts 
generated by shooting. This work has 
analyzed compounds produced by firing 
non-toxic ammunition (NTA) by Gas 
Chromatography-Mass Spectrometry (GC-
MS). In addition to standard NTA, NTA 
containing luminescent markers were also 
analyzed. Luminescent markers have been 
shown to be an excellent tool in the 
identification of Gunshot Residues (GSR) 
produced from NTA. As these markers are 
designed to tag NTA, they must not produce 
toxic byproducts. In this work, we focused 

on identification of volatile products that can be inhaled by shooter when firing and can represents risk to 
their health by acute and chronic exposition. For the NTA ammunition several toxic compounds, such as 
benzonitrile and naphthalene were found. They were related to de degradation of explosives, sensitizers, 
stabilizers, and other materials added to the gunpowder, indicating possible toxicity by shooters’ long 
exposure. Moreover, as some of the compounds found are classified as GSR indicators, the used 
methodology could be adapted for GSR identification. Besides the compounds identified in NTA samples, 
in marked samples, pyridine and benzene were identified. Pyridine was provided by dipicolinic acid and 
benzene was provided by trimesic or terephthalic acid, all used as binder in the structures of the markers. 
However, it can be concluded that the possible toxicity of the NTA is mainly not altered by the presence of 
the markers because of the small amount of marker added to ammunition and because only a small part 
of the marker is degraded, requiring an unreal number of shots to produce some acute effect. 
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INTRODUCTION 
The long-term exposure to gunshot residues (GSR) can be harmful to the health of frequent shooters, 

such as police and forensic experts, being the most known effect related to Pb-contamination [1]. After a 
series of studies [1–6] reported that frequent shooters had a high rate of lead in their blood, the ammunition 
industry developed heavy metals free ammunition (also called non-toxic ammunition, NTA). Despite the 
elimination of heavy metals represents an effective gain for the health of these professionals, the toxicity 
derived from other ammunition components, such as from degradation of the organic part of ammunition, 
has never been studied. 

The GSR produced by NTA is hardly identified due to the lack of characteristic metals (Pb, Sb and Ba) 
or a unique chemical signature [7,8]. In fact, chemical markers are already being used for NTA in Germany 
[9]. In order to overcome this problem, luminescent markers has proven to be quite helpful in identifying the 
GSR and in analyzing the crime scene [10,11]. Interesting results were obtained using some Lanthanide 
Metal-Organic Frameworks (LMOFs) as luminescent markers in GSR. This materials exhibit chemical and 
optical signatures with high quantum yield and very defined emission spectra, which allow the unequivocal 
identification as LGSR (luminescent gunshot residues) by several nondestructive analytical methods [12].

In the last years a series of compounds [13–18] have been developed and tested in situations that 
simulated the routine analysis of forensic experts. The addition of luminescent markers to ammunition 
helped to identify the shooter, the weapon used, the location of the shooter and the distance at which the 
shot was fired [19–21], using only and UV lamp. Besides, LGSR was able to be visualized in different types 
of fabrics [22]. Furthermore, markers with different chemical and optical signatures can be used to mark 
specific batches of ammunition, allowing an ammunition coding system [23,24]. However, as the markers 
are intended primarily for NTA identification, luminescent markers are, naturally, expected to be non-toxic. 

To access the toxicity of markers that could be used in NTA, Lucena et al. [25] evaluated the toxicity of the 
LMOF ∞[Eu(BTC)] by acute oral test (OECD #432). This compound, that acted as an efficient luminescent 
marker in ammunition, was classified in the least toxic Globally Harmonized System (GHS) category (5), 
with a LD50 of 5000 mg kg-1, which strongly suggests a wide security range for its application [25]. Also, 
Talhari et al. [26] evaluated the acute oral and inhalation toxicity of the MOF ∞[Eu(DPA)(HDPA)] (OECD 
#432 and #436), another efficient luminescent marker for ammunition. Even when used in high doses 
(1 mg L-1 of air in the inhalation test and 2000 mg kg-1 of body weight in the oral test), the marker presented 
no toxic effect. Based on the acute oral test, it was also classified in GHS category 5 (which is the least 
toxic one), with a LD50 of 5000 mg kg-1 [26]. 

Although these markers have not been shown to be toxic, presenting a wide safety margin for oral 
and inhalation acute poisoning, all studies were conducted with markers itself, adapting some protocols 
usually related to drugs or biomaterials. Furthermore, since these markers are considered thermally and 
chemically stable, so far, no study has been carried out considering a possible degradation of part of the 
marker during the shot, as well as the possible byproducts of this degradation. In this way, additional 
studies are required to understand the toxicity aspects better, not only of the pure markers and of the 
LGSR generated by them, but also of the NTA-GSR itself, since the removal of heavy metals from NTA 
does not assures that toxic residues cannot be generated after the shot.

In this work, the byproducts found in cartridges of marked and non-marked NTA were studied. The 
byproducts are expected to derive from degradation of the gunpowder and stabilizers, and in the case of 
marked ammunition, from the degradation of the marker itself. With this, we expected to shed some light 
on possible toxic effects for frequent shooters due to continuous exposure to GSR as well as to investigate 
if the addition of Metal-Organic Framework (MOF)-based luminescent markers can alter the toxicity of the 
non-toxic ammunition (NTA).

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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MATERIALS AND METHODS
Luminescent markers

The LMOFs used as luminescent markers were hydrothermally prepared, using a microwave reactor 
and autogenous pressure, with a maximum power of 400 W (Monowave 300 Anton Paar), as described 
by Arouca et al. [20]. The following markers were synthesized: EuDPA (∞[Eu(DPA)(HDPA)]), EuBDC 
(∞[Eu2(BDC)3(H2O)2]n) and EuBTC (∞[Eu(BTC)]), as shown in Figure 1. Each marker was individually added 
to a sample of NTA gunpowder (Clean Rage, CBC®) in the proportion of 10% wt, and ammunitions were 
reassembled for shots.

Figure 1. Asymmetric unit of the LMOFs: EuDPA, EuBDC and EuBTDC. The images were created 
using crystallographic information (CIF) from references [27–29], respectively.

Sample collection
	 After shots, cartridges were immediately collected and kept in a 20 mL vial. The 
extraction of the volatile compounds was performed by headspace solid-phase 
microextraction (HS-SPME) using a 65 μm PDMS/DVB fiber (SUPELCO), as 
shown in Figure 2. Samples were collected from a single fired cartridge of NTA and 
a cartridge of marked-NTA. The samples were analyzed by gas chromatography 
- mass spectrometry (GC-MS) fitted with a single quadrupole mass analyzer. Two 
samples (replicates #1 and #2) of each marked ammunition and the pure NTA 
ammunition were collected.

SPME extraction
The SPME extraction was carried out in this sequence: incubation at 80 °C, at 

600 rpm, for 3 min. The equilibration time was 16 min and the desorption in the 
injector occurred for 20 min.

GC-MS condition 
The analyses were conducted using a mass spectrometer (Agilent model 5973), coupled to a 

gas chromatograph (Agilent model 6890N), with a phase capillary column poli(5% diphenyl / 95% 
dimethylsiloxane), dimensions 30 m x 0.25 mm x 0.25 µm (Rtxi-5ms RESTEK), equipped with CTC PAL 
multipurpose sampler, with the SPME module.

The injector temperature was maintained at 280 °C, in Splitless mode with Split valve closed for 4 min. 
The column was maintained with a constant flow of Helium for 1.3 mL min-1. The chromatographic oven 
programming: initial temperature of 40 °C, maintained for 1 min and then heated at a rate of 10 °C min-1 

Figure 2. Scheme of a 
9 mm cartridge in a GC 
vial to extract the volatile 
material after firing.
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to 120 °C, remaining at this temperature for 1 min. Then the oven was heated at a rate of 5 °C min-1 up to 
180 °C, maintaining at this temperature for 1 min, and finally, the oven was heated at a rate of 60 °C min-1 
to 315 °C, maintaining this temperature for 25 min. The total analysis time was 50 min and 25 seconds.

The GC-MS interface was maintained at 280 °C, with the mass spectrometer operated in scan mode 
in the scan range from 30 to 500 m/z.

After the analysis, the chromatograms obtained for the marked ammunition were compared with those 
from NTA. Also, all mass spectra obtained at each chromatogram retention time were analyzed using the 
Chemstation Data Analysis program and the NIST Search program (version 2.0, NIST/EPA/NIH EI Mass 
Spectral Library).

Given the complexity of the matrix used (fired cartridge) and the fact that this is an exploratory study, 
we used only compounds that showed a match above 50% between the fragmentation pattern of the 
compound and the NIST data bank or those that were related to the degradation of the marker. For 
benzene and pyridine, standard solutions were used in other to determinate the retention time of each 
compound. 

RESULTS AND DISCUSSION
NTA byproducts

To identify the byproducts produced after the shot of an NTA, the mass spectra found in the 
chromatograms were compared with the NIST data base. A large variety of compounds were identified. 
These variations in the same ammunition type were already expected and can be associated with the 
complexity of the matrix and the volatility of some compounds present in the cartridges. Ammunition is 
not a homogeneous “sample”, just as pistols are not precision instruments. So, changes in the “burning 
pattern” can be expected, resulting in the formation of different byproducts. In addition, small variations in 
the sampling time, ambient temperature, and humidity of the moment that the experiment was carried out 
can also lead to some variability in volatilization before the cartridge was placed in the vial. Despite this, 
some trends could be observed. 

The following compounds were found in the pure NTA fired cartridge: glycidol (2.720–2.727 min), 
oxime-methoxy-phenyl (5.191 min), benzonitrile (6.668 min), naphthalene (9.992 min), 2,6-di-tert-
butylbenzoquinone (15.703 min), 2,4-ditert-butyl-6-nitrophenol (20.058–20.445 min), N,N’-diethyl-N,N’-
diphenylurea (24.059–24.452 min), as shown in Figure 3. N,N’-diethyl-N,N’-diphenylurea is used as 
stabilizer in the gunpowder [30], and naphthalene has already been described in GSR [31]. The other 
compounds found can be related to de degradation of explosives, sensitizers, stabilizers, flash inhibitors, 
plasticizers and others materials added to the gunpowder [32].

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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Figure 3. Chromatograms obtained from as-fired cartridge of pure NTA.

This result highlights an important aspect: despite being considered non-toxic, pure NTA also displays 
some hazardous byproducts after the shot. In fact, NTA is called as nontoxic ammunition because it is free 
from heavy metals. Nevertheless, it cannot be considered nontoxic because it produces some organic 
compounds that have known toxic effects. One of these compound found is naphthalene, a bicyclic 
aromatic hydrocarbon that is classified as Category 2B for as Carcinogenicity (possibly carcinogenic to 
humans) [33]. Carcinogenicity have been seen in rats studies, in which nasal tumors and non-neoplastic 
inflammatory changes has been identified [34]. In humans, naphthalene can cause hemolytic anemia with 
associated jaundice and cataract formation [34]. Also, form an acute exposure, hemolytic anemia and 
cataracts were observed [35].

Another compound found was benzonitrile. In humans, it was reported to cause severe respiratory 
distress, tonic convulsions, and periods of unconsciousness [36]. In animals, toxicity data are lethality and 
non-lethal effects in rats, mice, and rabbits [37].

Several other compounds are described as organic GSR by Goudsmits et al. [32], such as pyrene and 
anthracene, polycyclic aromatic hydrocarbons (PAH) classified as 3 and 2B, respectively, as well as benzyl 
nitrile, which have known toxic effects. Despite the presence of notoriously hazardous compounds derived 
from degradation of organic part of ammunition, a study about the toxicity of the organic GSR from both 
NTA or conventional ammunition (as was done with the Pb/Ba particles of the inorganic GSR) has not 
yet been carried out. The presence of the compounds listed above in the GSR may indicate that chronic 
exposure to vapors resulting from the firing of a NTA ammunition can produce toxic effects, requiring 
further studies.

Chromatographic Analysis of Byproducts from a Non-Toxic Ammunition and a Marked Ammunition: 
An Assessment of Toxicity
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LGSR byproducts
The study was focused on three previously studied MOF-based markers, in order to identify the 

presence of benzene in trimesic acid (H3BTC) and in terephthalic acid (H2BDC); or pyridine structures, in 
dipicolinic acid (H3DPA). These three compounds (H3BTC, H2BDC and H3DPA) are used as ligands (now 
on called BTC, BDC and DPA) to build up the LMOF structure (Figure 4). It is important to point out that 
these three markers have been studied before and have demonstrated potential as luminescent markers 
in ammunition (conventional and NTA) [19,20,24]. Moreover, EuBTC and EuDPA have been evaluated by 
oral or inhalation acute tests and shown as not harmful [25,26].

Figure 4. Ligands present in structures of tested markers and 
target byproducts.

For GSR-NTA marked with EuDPA, it was possible to observe, at 3.002–3.015 min, a peak referring to 
pyridine, as pointed in Figure 5. Also, less intense peaks corresponding to the following compounds were 
found: 2,4,7,9-tetramethyl-5-decyne-4,7-diol (14.357–14.362 min), 6-tert-butyl-4-ethyl-1,1-dimethylindan 
(19.155–19.156 min) and 7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione (24.104 min). Their 
structures are shown in Figure 6. Other compounds found in the NTA, such as N,N’-Diethyl-N,N’-
diphenylurea and glycidol, were also found in the EuDPA´s chromatograms.

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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Figure 5. Chromatograms obtained from as-fired cartridge of NTA marked with EuDPA.

Figure 6. Structures of compounds found in NTA-GSR marked with EuDPA.

Arouca, A. M.; Vieira, M. L.; Talhavini, M.; Weber, I. T. 
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For GSR-NTA marked with EuBDC and EuBTC, a peak corresponding to benzene was observed at 
2.231–2.248 min (Figure 7) and 2.260–2.268 min (Figure 8), respectively. Moreover, for GSR marked with 
EuBDC, the following compounds were found: alfa-methylbenzeneethanamine (3.298 min), benzaldehyde 
(6.235 min), nitrobenzene (8.244–8.249 min), biphenyl (13.820–13.872 min), acenaphthylene (15.346–
15.347 min), dibenzofuran (16.833–16.834 min) and benzophenone (19.255–19.258 min). While for 
GSR-NTA marked with EuBTC, the listed compounds were found: 3-(3-Carboxy-4-hydroxyphenyl)-d-
alanine (5.121 min), benzaldehyde (6.237 min), phenol (6.460 min), biphenyl (13.809–13.813 min) and 
acenaphthylene (15.347 min). All structures are shown in Figure 9. Again, the compounds found for the 
pure NTA ammunition were also found for the EuBDC and EuBTC marked GSR.

Figure 7. Chromatograms obtained from as-fired cartridge of NTA marked with EuBDC.

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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Figure 8. Chromatograms obtained from as-fired cartridge of NTA marked with EuBTC.

Figure 9. Structures of compounds found in GSR-NTA marked with EuBDC or EuBTC.

Among the listed compounds, pyridine and benzene are related to degradation of the markers, while 
the other compounds, despite not appearing in the chromatograms of pure fired NTA, may be byproducts 
of pure ammunition or result of a reaction between the marker and the gunpowder during the shot. For 
example, compounds such as phenol, biphenyl, benzaldehyde and nitrobenzene (found only in the marked 
samples) have already been described in the literature as byproducts of fired NTA [31,32]. Of course, they 
also can be due to the degradation of the markers. 

Chromatographic Analysis of Byproducts from a Non-Toxic Ammunition and a Marked Ammunition: 
An Assessment of Toxicity
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This result indicates that the structure of the LMOFs generates at least two compounds (benzene and 
pyrene) which can be related to the addition of the marker to the gunpowder. These compounds may pose 
some risk to the health of a frequent shooter who suffers chronic exposure for a prolonged period.

According to IARC [38], an acute pyridine intoxication can cause several effects on the central nervous 
system resulting in dizziness, headache, nausea and anorexia. In addition, inhaling the material may 
cause necrotic damage of the nasal epithelium. Jori et al. [39] reported a study in which workers were 
exposed to pyridine vapors, in a concentration of about 125 ppm, for a period of 4 h per day, during one to 
two weeks; they found the workers presented symptoms such as headache, dizziness, insomnia, nausea 
and anorexia.

NIOSH [40] considers benzene a potential human carcinogen; exposure should be reduced and 
controlled in the work environment. Acute intoxication, in humans, can led to nerve inflammation, central 
nervous system depression and cardiac sensitization. Moreover, concentrations above 3000 ppm can lead 
to eye irritation, nose and respiratory tract. On the other hand, chronic exposure may lead to irreversible 
problems in the blood-forming organs and can cause leukemia [40].

Regarding the quantity of the byproducts found, previous studies have shown that a significant portion 
of the LMOF remains unchanged in the firing process, this fact can be visually identified because the LGSR 
particles deposited on the gun, hands or at the firing site remain luminescent after the shot (Figure 10). This 
fact has been corroborated by previous studies [21,24] which prove that the Raman and luminescence 
spectral profiles also remain unchanged, showing that only a small part of the marker has been degraded. 

Figure 10. LGSR particles deposited on the (a) hands of the shooter, (b) gun, (c) cartridge and (d) at the shooting 
site irradiated with an UV lamp (l = 254 nm).

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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It is possible to estimate the number of rounds that are needed to produce an acute toxic effect 
regarding the degradation of the markers. In each ammunition, 40 mg of the marker was added to 400 mg 
of gunpowder. Supposing that about 30% of the marker undergoes degradation (based on experience, we 
believe that this value is overestimated), one shot of the ammunition marked with EuBTC would produce 
2.69 mg of benzene. Considering that shot was carried out in a closed space (200 m3), the amount of 
marker needed to saturate the environment and achieve a concentration above 3000 ppm, that cause 
some acute toxicity effect [40], it would be necessary to fire more than 220 thousand marked ammunition 
with EuBTC marker. In real-life situations, this is an unrealistic scenario. Furthermore, the amount of 
marker added to the ammunition can be reduced up to 2% wt, still making it possible to visualize the LGSR 
produced, as described in a previous work [19]. With this change, the level of security for the use of the 
markers can be increased.

So, although the markers generate some toxic byproducts, the acute toxicity of NTA, as understood in 
our study, is not significantly altered when the LMOF is added, considering the small amount of material 
formed. However, the long-term exposure needs to be evaluated for both pure and marked GSR-NTA, to 
define a safety margin for frequent shooters.

CONCLUSIONS
The gunshot residue of an NTA was analyzed with a GC-MS analysis, using SPME as the extraction 

method to identify byproducts formed, and relate its toxicity to a possible toxicity of the ammunition. Many 
studies have been carried out on the toxicity of inorganic GSR, however, none has been carried out on 
the toxic effect of organic GSR. The presence of organic compounds with known toxicity can indicate a 
possible toxic effect of the ammunition, these compounds are known to be dangerous and still imply that, 
since the amount used is small, the acute effect can be disregarded, nevertheless the chronic one can 
be quite dangerous. In fact, for NTA ammunition studies are needed to assess the chronic toxicity of the 
organic part of the GSR, just as done for the inorganic one.

The toxicity effect of the NTA marked with the LMOFs ∞[Eu(DPA)(HDPA)], ∞[Eu2(BDC)3(H2O)2]n and 
∞[Eu(BTC)] was also evaluated. The two target compounds found in fired marked cartridges were pyridine 
and benzene. Other compounds like phenol, biphenyl, and benzaldehyde were also identified. Although 
these compounds have a certain toxicity, the toxicity of pure NTA ammunition remained mainly unaltered, 
considering that some of those compounds could also be found in the firing of pure NTA. Furthermore, the 
amount of marker added to the gunpowder is too small to produce toxic effect. 
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GC-MS spectra of Glycidol (retention time 2.720–2.727 min in samples (a) NTA 1 and (b) NTA 2.

GC-MS spectra of oxime-methoxy-phenyl (retention time 5.191 min) in samples (a) NTA 1 and (b) NTA 2.
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GC-MS spectra of benzonitrile (retention time 6.668 min) in samples (a) NTA 1 and (b) NTA 2.

GC-MS spectra of naphthalene (retention time 9.992 min) in sample NTA 1.

GC-MS spectra of 2,6-di-tert-butylbenzoquinone (retention time 15.703 min) in sample NTA 2.
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GC-MS spectra of 2,4-ditert-butyl-6-nitrophenol (retention time 20.058–20.445 min) 
in samples (a) NTA 1 and (b) NTA 2.

GC-MS spectra of N,N’-diethyl-N,N’-diphenylurea (retention time 24.059–24.452 
min) in samples (a) NTA 1 and (b) NTA 2.
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GC-MS spectra of pyridine (retention time 3.002–3.015 min) in samples (a) DPA 1 and (b) DPA 2.

GC-MS spectra of 2,4,7,9-tetramethyl-5-decyne-4,7-diol (retention time 14.357–
14.362 min) in samples (a) DPA 1 and (b) DPA 2.
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GC-MS spectra of 6-tert-butyl-4-ethyl-1,1-dimethylindan (retention time 19.155–
19.156 min) in samples (a) DPA 1 and (b) DPA 2.

GC-MS spectra of 7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione (retention time 
24.104 min) in sample DPA 1.
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GC-MS spectra of benzene (retention time 2.231–2.248 min) in samples (a) BDC 1 and (b) BDC 2.

GC-MS spectra of alfa-methylbenzeneethanamine (retention time 3.298 min) in sample BDC 2.
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GC-MS spectra of benzaldehyde (retention time 6.235 min) in samples (a) BDC 1 and (b) BDC 2.

GC-MS spectra of nitrobenzene (retention time 8.244–8.249 min) in samples (a) BDC 1 and (b) BDC 2.
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GC-MS spectra of biphenyl (retention time 13.820–13.872 min) in samples (a) BDC 1 and (b) BDC 2.

GC-MS spectra of acenaphthylene (retention time 15.346–15.347 min) in samples (a) BDC 1 and (b) BDC 2.
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GC-MS spectra of dibenzofuran (retention time 16.833–16.834 min) in samples (a) BDC 1 and (b) BDC 2.

GC-MS spectra of benzophenone (retention time 19.255–19.258 min) in samples (a) BDC 1 and (b) BDC 2.
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GC-MS spectra of benzene (retention time 2.231–2.248 min) in samples (a) BTC 1 and (b) BTC 2.

GC-MS spectra of 3-(3-Carboxy-4-hydroxyphenyl)-d-alanine (retention time 5.121 min) in sample BTC 2.

GC-MS spectra of benzaldehyde (retention time 6.237 min) in sample (a) BTC 1.
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GC-MS spectra of phenol (retention time 6.460 min) in sample BTC 1.

GC-MS spectra of biphenyl (retention time 13.809–13.813 min) in samples (a) BTC 1 and (b) BTC 2.

GC-MS spectra of acenaphthylene (retention time 15.347 min) in sample BTC 1.
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