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Abstract 

Gunshot residue (GSR) is a key component in forensic chemistry, and many changes have occurred in ammunition and modern chemical warfare. 
In a crime investigation, GSR is important evidence to determine whether suicide occurred or not, firing distance, and many other factors. 
Several methods are available to collect GSR samples from crime scenes, and different techniques are available to qualify and quantify the 
complex samples. GSR can be analyzed by color-based tests and electrochemical, spectroscopic, and microscopic procedures. Color or spot 
test analysis will give faster results but lacks accuracy, poor sensitivity and cannot identify interference; these color tests are not preferred 
nowadays. Electrochemical and spectroscopic procedures can be combined with liquid and gas chromatographic separations. Further, capillary 
electrophoresis methods or scanning electron microscopy can provide accurate results with low detection limits. Even integration of machine 
learning/artificial intelligence to GSR in analysis is being used. The development of portable instrumentation for on-site analysis is important, 
too. However, as discussed in this review, every methodology has some limitations and advantages.
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Introduction

Since 2020, gun-related incidents have emerged as the primary 
cause of mortality in the United States. There was a total of 45,222 
fatalities, up 15% from the previous year. Of those total fatalities, 
24,292 were from suicide, 19,384 were from homicide, 535 
were accidental, 611 were legal intervention, and 400 were from 
undetermined intent [1]. In all situations where firearms were 
used, gunshot residue (GSR) was left behind. Forensic analysis 
of the GSR is instrumental in allowing investigators to determine  

 
the cause of death and intent (homicide, suicide, or accidental) 
and to link the weapon to the suspect and possible witnesses  
[2]. Over the years, many techniques have been developed to 
glean information about the firearm and the suspect who fired 
the weapon. As far back as 1858, forensic researchers tested for 
GSR using various chemical tests, where a positive result would 
produce a colorimetric indicator to verify the presence of multiple 
substances often found in ammunition [3].
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As the world of forensic science evolves, the scope of gunshot 
residue (GSR) analysis is expanding, and methods that have been 
used, such as colorimetry, electrochemistry, and other advanced 
detection approaches, will be adapted to help determine GSR 
analysis. A closer look at this field reveals a realm where analytical 
chemistry meets criminal justice, offering insights crucial in 
forensic investigations and transforming the field. Ammunitions 
and explosives are made with different kinds of metals and are 
composed of various ratios. The purpose of analyzing GSR in 
criminal investigations is to determine whether a suspect fired 
a gun, firing distance estimation, and identifying the size of 
bullet holes [4]. Detection methods for GSR depend on analyzing 
chemical substances, such as organic compounds and inorganic 
compounds deposited on the shooter’s hair, hands, face, and 
clothes, etc. after discharge [5]. It is vital to determine whether 
a gunshot death is a suicide or homicide in forensics or crime 
scene investigation by measuring the distance between the fired 
gun and the victim [6]. A gunshot residue is composed of several 
different components. These include partially burned propellant 
powders, unburned propellant powders, primer particles, 
smoke, lubricants, organic and inorganic metal residues from the 
cartridge, and small metal parts from the weapon [4,7]. Sampling 
of gunshot residue, techniques, and storage procedures are key 
roles in the investigation process. There is concern about cross-
contamination within a forensics lab [8]. As many advances are 
happening in forensic science, there are still limitations in the 
detection of gunshot residue, which are being addressed.

 Background and Relevance of GSR in Forensic 
Investigation

The study of GSR is crucial and one of the valuable pieces 
of evidence in forensic investigation for several reasons. The 
evidence collected from GSR can include partially burnt and burnt 
remains of primers, propellants, cartridge casings, and firearms. 
The GSR is valuable evidence for forensic analysis, and it could 
be found on the hair, hands, and clothes of the shooter, as well 
as their surroundings [9]. As for the source of the components, 
most organic substances come from propellants and lubricants, 
whereas inorganic substances come from primers, propellants, 
cases, rings of jackets, and ammunition barrels [8]. The analytical 
techniques provide high sensitivity, precision, selectivity, and the 
ability to separate and identify complex organic and inorganic 
mixtures, making them crucial for GSR analysis [9]. It is becoming 
increasingly important to detect organic compounds in GSR that 
come from a firearm propellant. Detecting organic residues on 
firearms can help determine the nature of ammunition used and 
help identify the weapon [3].

Gunpowder and Gunshot Residue

Gunpowder is also known as black powder. Nitrocellulose and 
nitroglycerin are key components in gunpowder. Apart from these 

chemicals, gunpowder consists of organic additives, stabilizers, 
plasticizers, flash inhibitors, and lubricants. The higher properties 
of modern propellants, including higher burn rates, reduced 
smoke production, and greater stability, have largely replaced 
black powder [5]. During firing, GSR is generated by the explosive 
reaction inside the barrel [10].

Components of gunpowder and gunshot residue

Gunshot residues (GSR) or firearm residue discharges have 
gained increased interest among forensic investigators due to 
advancements in analytical instrumentation and understanding 
of analyte formation after combustion events [11]. Inorganic 
gunshot residue (IGSR), commonly known as primer residue, has 
been the focus of analysts until recently [12]. Other components 
are known as organic gunshot residue (OGSR), which originates 
from propellant and lubricants [13]. The variations of firearms 
and ammunition are an immense topic beyond this paper’s scope. 
As a general reference, the approach of this paper will discuss the 
typical single-use ammunition fired from a standard handgun, 
revolver, or rifle. As the trigger is squeezed, a series of mechanical 
movements occur, resulting in the primer being impacted by a 
firing pin [9]. As the name implies, the primer is the first substance 
that initiates the reaction that will eventually propel the projectile 
out of the gun barrel. The primer is contained at the ammunition’s 
base, either along the outer rim or the ammunition’s center. The 
primer consists of highly reactive explosives, typically made 
from lead styphnate, with barium nitrate being the oxidizer 
[9]. Although many ammunition manufacturers also use other 
compounds, many contain heavy metals such as lead azide, and 
antimony trisulfide [14]. As will be discussed further in this paper, 
these heavy metal compounds within the primer often play a 
crucial role in determining if a firearm has been discharged [15]. 
The primer then ignites the propellant.

Most propellants are smokeless gunpowder (SG). These 
propellants are often made up of nitrocellulose (NC), or a mixture 
of NC and nitroglycerine (NG), or in military grade ammunition a 
mixture of NC, NG, and nitroguanidine (NQ) [9]. These propellants, 
among many other ingredients within the propellant, leave behind 
OGSR. When the primer ignites these substances, the propellant 
deflagrates [9]. During deflagration, a large amount of heated gas is 
produced, significantly increasing the pressure within the casing. 
This pressure pushes against the projectile, which is held within 
the casing by friction. As the projectile is forced forward down the 
gun barrel, there is a release of GSR. A cut-away diagram of the two 
common types of ammunition, a rimfire and a centerfire, is shown 
in Figure 1. Upon the firing of the ammunition, the temperature 
and pressure within the casing reach intensely high levels, enough 
to cause some of the metals within the ammunition to become 
molten. As these particles escape the gun, the particles rapidly 
cool, forming mostly spheroid microparticles ranging from 1-10m 
[16].
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Figure 1: Parts of rimfire (left) and centerfire (right) cartridges. [No scale]. Reproduced from [9].

Inorganic gunshot residue: Gunshot residues are primarily 
composed of inorganic and organic elements (Table 1). In GSR, 
most of the organic components are derived from propellant 
and lubricant materials, while most of the inorganic ingredients 
come from the primer, propellant, case, core, and barrels of 
the projectiles [17]. Most of the inorganic compounds found 
in gunshot residue (IGSR) originate from the primer, which 
commonly contains three complexes: a primary explosive or 
initiator like lead styphnate (C6HN3O8Pb), an oxidizer like barium 
nitrate (Ba(NO3)2), and fuel-like antimony trisulfide (Sb2S3). 
Each manufacturer prepares the inorganic components of the 
primer mixture differently, and many of these components are 
made up of heavy metals [14]. Even though these primers are 
still used most commonly nowadays, they contain toxic elements 
such as lead, barium, and antimony, which are released into the 
environment when discharged [18]. Indoor shooting activities 
and environmental concerns are particularly at risk from such 
toxic elements. The heavy metals present in ammunition are 
toxic to humans. To make these explosives less toxic, lead-free 
(sometimes called “green”) ammunition is becoming more 

popular. Less toxic elements are utilized, for example, titanium 
chloride (pyrotechnic system), diazole (primary explosive), and 
zinc peroxide as opposed to lead, barium, and antimony [19]. 
Replacing the lead with safer substitute compounds changes 
the chemical makeup, microparticle size and shape, and surface 
characteristics [20]. This has led forensic researchers to adopt 
new criteria to interpret the data from lead-free ammunition [21]. 
Primers have significantly evolved or changed in composition 
because of the firing process and metals used. In the beginning, 
mercury fulminate, potassium chlorate, and antimony trisulfide 
were used as the primary explosive, along with glass powder 
(the friction agent) and potassium chlorate (the oxidant) [22]. 
Due to the use of black powder in ammunition, GSR traditionally 
contained a variety of compounds. In the early 1950s, for the U. S. 
military to avoid firearms corrosion, these primers were replaced 
by the Sinoxid®-type primer, barium nitrate, antimony sulfide 
(pyrotechnic system), and a mixture of lead styphnate (primary 
explosive). In addition to being corrosion resistant, Sinoxid® type 
primers are also chemically stable [23].

Table 1: Inorganic and organic gunshot residue particles and their source [3,7,11,22,27].

Inorganic Main Source Organic Main Source

Antimony Primer Aniline Combustion byproduct

Aluminum Reducing agent Anthracene Combustion byproduct

Barium Primer Benzo nitrile Combustion byproduct

Bronze Cartridge Case Cyclonite Propellant powder

Copper Jacket Diphenylamine Single-base propellant powder

Chromium Propellants Ethyl centralite Propellant powder
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Iron Barrel/bullet Ethyl phthalates Plasticizers/propellant powder

Lead Bullet and primer Ethyl centralite Stabilizer

Mercury Explosive Glyceryl triacetate Plasticizers

Magnesium Primer mix Indole Combustion byproduct

Mercury fulminate Explosive Methyl centralite Propellant powder

Manganese Fuel Nitroglycerine Primer mix/propellant mix

Nitrates/Nitrites Propellants Nitrocellulose Primer mix

Nickel Nickel coating of shell Nitro guanidine Plasticizers/propellant powder

Potassium Propellant/primer mix 2,4-Dinitrotoluene Flash suppressant/propellant powder

Phosphoric acid Oxidizer 2,6-Dinitrotoluene Flash suppressant/propellant powder

Phosphorus Cartridge case 2,3-Dinitrotoluene Flash suppressant/propellant powder

Sodium nitrate Primer mix 2,4,6-Trinitrotoluene Propellant powder/primer mix

Strontium Oxidizer Naphthalene Combustion byproduct

Stannic oxide Oxidizer Nitrobenzene Explosive

Tungsten From bullet Picric acid Explosive

Tin Cartridge case Phytane Stabilizer

Zinc Jacket/Primer cup & mix p-Cresol Stabilizer

Zirconium Reducing agent Triacetin Plasticizer

Organic gunshot residue: The propellant powder and primer 
mixture are the most common sources of organic compounds in 
ammunition, but they can also be found in every part of the weapon. 
Black powder generally contains 75% potassium nitrate, 15% 
sulfur, and 10% charcoal [5]. Organic gunshot residues typically 
comprise a smokeless powder containing primary explosives, 
sensitizers, flash inhibitors, stabilizers, plasticizers, and 
gelatinizers [24]. These stabilizers, moderators, flash inhibitors, 
coolants, anti-wear, plasticizers, and surface lubricants are added 
to smokeless powders to preserve and prolong their shelf life 
[25]. Organic components in GSR are derived from smokeless 
powder propellants with varying compositions. A single-based 
smokeless powder is made from nitrocellulose as an explosive, a 
double-based smokeless powder is made from nitrocellulose and 
nitroglycerin with nitroglycerin increasing the potential energy 
potential of gunpowder, and a triple-based smokeless powder 
is made from nitrocellulose, nitroglycerin, and nitroguanidine 
[5,25]. There is the possibility of a reaction between ammunition 
stabilizers and sensitizers while it is in storage [26]. Due to 
incomplete ignition, vaporization, and condensation of smokeless 
powder, degradation products and unburnt components can be 
found in GSR after a firearm has been discharged. The discharge 
process also produces combustion products such as pyrolysis, 
pyrosynthesis, and stoichiometric combustion. Many combustion 
products in spent cartridges and firearm muzzles can be detected, 
including benzonitrile and polycyclic aromatic hydrocarbons [27]. 
(Table 1)

GSR distribution 

Many factors affect how GSR is distributed, such as the type of 
gun, type of ammunition, variations of the chemicals used to make 
the ammunition, where the gun was fired (inside or outside), 

distance to the target, and environmental conditions. Due to the 
several types of guns, the construction of the gun and how the 
casing is removed from the gun are essential in how the GSR is 
released and where it settles. Most of the GSR exits the gun barrel, 
but as it exits, the microparticles near the edge of the plume tend 
to curl back (vortex) onto itself. In contrast, the microparticles 
near the middle of the plume tend to move toward the projectile’s 
target. Depending on the barrel’s length and the projectile’s 
velocity will depend upon how much of the plume of GSR will 
settle on the shooter. Shorter barrels, such as handguns, tend to 
have more GSR settling on the hands of the shooter than longer-
barreled guns like rifles. Also, slower-moving projectiles generally 
produce more significant plumes of GSR near the end of the barrel 
than higher-velocity projectiles [28]. The other source of the 
GSR plume is where the casing is removed or ejected from the 
chamber of the gun or, in the case of revolver-style guns, along the 
gap within the ammunition barrel. The plume from these areas of 
the gun can settle on the hands, head, and shoulders and even be 
inhaled [28]. Knowing how the GSR plume is dispersed can give 
forensic researchers a better idea of the type of gun used, the type 
of ammunition, and the shooter’s proximity to the target. If a gun 
is fired within a car (as in a drive-by shooting), the GSR tends to 
collect in the car’s headliner, the window frame from which it was 
fired, the dashboard, and the seats [29].

Challenges of gunshot residue identification

The complex composition of GSR and the varied factors 
affecting its detection and analysis make identifying gunshot 
residue extremely challenging. Due to variation in GSR composition, 
it can differ depending on the type of ammunition, environmental 
factors, and firearms [3]. In most cases, GSR is spread from the 
firearm to the body, hair, clothes, and surrounding environment of 
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the person who fired the gun. As a result, finding out the timeline 
of a shooting incident can be challenging due to the persistence of 
residue [3]. Upon contact with contaminated surfaces or objects, 
GSR may be transferred by secondary transmission. As a result 
of this, it can be challenging to interpret locations and residue 
patterns [14]. In complex matrices, detecting trace amounts of 
GSR can be challenging. Limits of detection and quantification of 
analytical techniques play a crucial role in accurately identifying 
GSR components [14]. GSR tests can be false positive or inaccurate 
due to dust, dirt, other debris, and environmental contaminants 
[14].

Gunshot Residue Collection and Sample Preparation

Hand washing

Washing is typically done to the hands and the nearby surfaces 
near the shooter. Water or dilute acid, typically hydrochloric acid, 
and nitric acid is applied to the hands or surface. The rinse is then 
collected and stored in a plastic bottle for later analysis. Washing 
typically produces high yields but may cause skin irritation and 
interfere with some of the inorganic GSR detection methods [7].

Tape lifts

Tape lifting is one of the more common ways of collecting 
GSR, primarily IGSR [4]. An adhesive strip is repeatedly placed on 
the surface of skin, hair, and other materials. It is less effective on 
fabrics as it also collects fibers from the clothing [7]. Using the 
tape lifting method has the advantage of not being so harsh and 
irritating when applied to the skin, compared to doing a mild acid 
wash of the hands. The tape is glued to a plastic polyethylene base, 
which is then soaked in hydrochloric acid and chloroform. This 
process dissolves the glue and releases the trapped GSR contents 
to be analyzed [30]. The best-performing medium for collecting 
IGSR particles was double-sided tape when compared to various 
adhesives [4].

Vacuum lifts

One of the most effective instruments is a vacuum for the 
GSR collection from the clothes where the firing has occurred. 
Inorganic and organic residues from clothing were collected 
successfully using vacuum collection techniques [31]. Few types of 
vacuum filters are used to collect OGSR, polytetrafluoroethylene, 
fiberglass, and Teflon with 0.5 µm particle size, and the results 
show that there was a greater collection efficiency with Teflon 
filters [32]. An effective method for collecting IGSR was to use tape 
lifts on clothing, followed by vacuum lifting for organic residues 
[33].

Swabbing

Gunshot residue or explosive samples can be collected using 
dry or wet swabs. Depending on the type of the target material, 
several types of solvents are often applied to the swabbing 
surface. Typically, swabbing is performed on the hands and solid 

surfaces to capture GSR [7]. Several organic and inorganic solvents 
have been tested for their efficiency in removing nitroglycerin 
from hands. Contact with the skin for a prolonged time is not 
recommended with acetone and acetonitrile [32,34]. By measuring 
the amount of nitroglycerin removed from the hands, the solvent 
efficiency was determined, how much-interfering material was 
removed from the hands, and how stable nitroglycerin was in the 
swabbing solvent. Many chances are there that the solvent used 
in the swabbing procedure could dissolve other compounds and 
cause interference with the experiment. A complete, stable, and 
consistent recovery was achieved with ethanol [32,34].

Glue lifts

The collection of GSR from hands has been achieved using glue 
lifts, which is an efficient technique. To get accurate results, sticky 
glues were applied to the sample, allowed to dry, and removed 
from the surface containing much evidence. Because this method 
is less sticky than tape lift, it is more effective [35].

Paraffin wax

Using paraffin wax is another method of collecting GSR. Wax 
is poured over the hands, allowed to harden, and then peeled off. 
GSR is collected within the wax and is analyzed. Although it is 
effective at trapping a large amount of GSR, it is also prone to give 
false positive test results [7].

Nasal collection

After a gun is fired, a plume of GSR lingers in the air near the 
shooter. During this time, people in the near vicinity would inhale 
some of the GSR, where it would collect in the nasal hairs. One 
method of collecting the GSR is to have the person blow their nose 
into a sterile tissue. The dispelled mucus and proteins within the 
nose can capture GSR for about 48 hours [7,36]. Another method 
is to use a small metal disc with a handle called a “Nasal Stub” with 
a graphite adhesive attached to the flat portions of the disk placed 
inside the nose. The adhesive side of the disc is brushed up against 
the nasal hairs, being careful not to touch the nose so as not to 
collect any mucus. The lab is then able to analyze the Nasal Stub 
with a SEM. Through tests, it was found that even after 20 hours, 
GSR could still be collected from nasal hair [37].

Hair recovery

The hair is another place that GSR typically gathers. One way 
to collect GSR from the hair is to comb the hair with a fine-toothed 
comb. Using a comb to collect GSR proved complicated for those 
with curly hair [7].

Clothing collection

Organic GSR tends to last longer on clothing than on the skin 
[38]. Clothing becomes an effective source of information. The 
presence of GSR would imply that the individual was in the area 
where a gun was fired. Typically, the GSR is removed by swabbing, 
tape lifting, or vacuuming. After which, the GSR that had been lifted 
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is analyzed by a scanning electron microscopy-energy dispersive 
X-ray analysis (SEM/EDX) [7]. Often, SEM is used to analyze the 
GSR and any patterns on the clothing because chemical tests may 
destroy such evidence [39]. If the victim or shooter wears dark 
clothing, finding the GSR becomes challenging. It was found that 
using light between 445 nm to 495 nm while using a filter allowed 
the GSR to stand out and allowed it to be photographed [39].

Contamination

In general, the contribution or source of contamination is air, 
temperature, and humidity when dealing with metal particles. 
A critical issue of sample contamination can significantly affect 
the accuracy and reliability of forensic results in a GSR analysis. 
The collection, handling, and analysis of GSR samples can result 
in accidental contamination. During the GSR sample collection, 
handling procedure, and analysis process, there is a possibility 
that it could lead to accidental contamination [11].

Sample extraction

In crime scenes or where the explosives take place, gunshot 
residues will spill all over, and it is not easy to collect and separate 
them. Once forensics experts collect the samples from different 
surfaces, those samples may undergo a sample extraction 
procedure if necessary. Sample preparation procedures ensure 
that target compounds are extracted from complex matrices or 
that interferences are removed from the target analyte. Many 
sample extraction procedures are available nowadays to make the 
analysis effective. As far as organic gunshot residue and smokeless 
gunpowder samples are concerned, solvent extraction, solid-
phase microextraction (SPME), and headspace sorptive extraction 
(HSSE) are the most common methods for sample preparation 
[40].

Sample preparation

The initial collection of GSR has just been discussed. These 
include swabbing, vacuuming, tape lifting, hand washing, clothing 
recovery, paraffin wax, nasal recovery, and hair recovery. After 
collection, the GSR may have to be shipped to a forensics lab 
and analyzed later. The preservation of the material is critical. 
Therefore, the collected GSR is stored in an airtight container 
to prevent evaporation, and to preserve the OGSR, it is stored 
at temperatures of 0°C or less [41]. When GSR is extracted from 
a surface and onto a collection medium, such as swabs or tape, 
typically, the GSR needs to be separated from its extraction 
medium. One technique of separating swabs from the metallic 
GSR is burning off the cotton swab, in a process called dry ashing. 
The disadvantage of dry ashing the cotton swab is that there are 
significant losses of antimony, one of the three main metallic 
components often used to identify GSR [30]. Another process of 
separating lead GSR from cotton swabs is soaking the swabs in 
EDTA, placing it in vials of nitric acid, or finally placing them in 
an ultrasonic bath. This preparation method demonstrated good 

lead collection results [30]. After the collection of the GSR from 
its lifting material, the extracted material is placed in a centrifuge 
tube. Acetonitrile is added to the centrifuge tube, transferred to 
another centrifuge tube, dried under a nitrogen atmosphere, and 
reconstituted before analysis [38]. A similar process is also used 
in preparing OGSR, such as NC, for electrochemical detection 
methods. A small fabric sample is placed in a centrifuge tube with 
acetonitrile and heated at 60°C for 30 minutes in an ultrasonic 
bath. An organic solvent is added, which may interfere with the 
possibility of extracting IGSR. Using a syringe filter, the solution is 
filtered through a 0.22 μm filter. Depending on the concentration 
of the GSR, diluting the solution with the appropriate solvent 
or buffer solution may be necessary to bring the analyte’s 
concentration within the readable range of the electrochemical 
detection method [42]. Using carbon tape as a lifting medium 
for the GSR has several advantages. First, without any further 
modification, it can be used in SEM equipment to investigate the 
morphology of the GSR [43]. The sample on the carbon tape can 
also be used in square wave voltammetry detecting lead, antimony, 
and copper. Even after voltammetry has been conducted on the 
sample, carbon tape effectively retains the GSR components [43].

Limitations due to environmental conditions and 
human’s actions

Not all shootings occur indoors. Outdoor environmental 
factors, such as wind and temperature, offer additional challenges 
to analyzing GSR. When a gun is fired, the amount of GSR present 
depends on the type of ammunition and the type of gun being 
fired. Most of the GSR exits out of the end of the barrel, while 
some of the GSR exits where the cartridge is ejected [28]. Both 
wind speed and direction play an important role in how the GSR 
is distributed. In calm conditions, such as being indoors, lighter 
GSR tends to stay suspended in the air longer than heavier GSR. 
If GSR is abut 1 μm to 5 μm, it will remain suspended for about 
10 minutes, 1 μm GSR for about 90 minutes, and 0.3 μm for 630 
minutes. Higher wind speeds can carry larger GSR particles 
farther than calmer winds [44]. Wind direction, especially at 
higher wind speeds, can affect the amount of GSR that hits its 
target. In a headwind, less GSR reaches the target, which can give 
a false reading that the shooter is further away from the target. 
In a tailwind, more GSR reaches the target, giving a false reading 
that the shooter is closer to the target [45]. Hot temperatures due 
to air temperature or the individual’s body heat can significantly 
degrade the compounds, especially for OGSR, but have little effect 
on IGSR [46]. As mentioned earlier, this is why OGSR is stored in 
an air-tight container at temperatures below 0°C [41]. Not only 
do environmental temperatures affect the OGSR degradation 
rate, but so do the various analytical methods. Due to the hot 
temperatures during gas chromatography-mass spectrometry 
(GC-MS), organic compounds like NG became undetectable during 
the analytical process [47]. After firing a gun, the shooter’s actions 
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can also affect the GSR distribution and concentration. OGSR, due 
to being more volatile and soluble in oils, tends to dissolve into 
the shooter’s skin or evaporate [46]. Therefore, OGSR is less likely 
to be transferred to other surfaces where the shooter may come 
into contact. Even if the shooter runs shortly after shooting, it has 
been shown to have little effect on lowering the concentration 
of the OGSR that has been absorbed into the skin. Even physical 
rubbing of the hands has little effect on the concentration of 
OGSR. Hand washing, especially with rubbing alcohol-based hand 
sanitizer, has shown a significant drop of OGSR within the skin. 
IGSR, on the other hand, tends to settle onto the skin and clothing 
of the shooter and, as a result, quickly falls or is washed off during 
physical movement or rubbing of the hands [21].

Even if a gun is fired within a vehicle, the GSR disperses 
throughout the car, with higher concentrations of GSR in the 
seats and dashboard where the firing occurred. If a long period 

separates between the firing of the gun and when the car is 
tested for GSR, it was observed that the concentration of GSR was 
significantly lower on the seats. It is hypothesized that this could 
be due to people entering and exiting the vehicle, carrying away 
the GSR on their clothing and skin. In such situations, where there 
is a long separation between the firing of the gun and GSR testing, 
surfaces such as the dashboard are a better candidate to test for 
GSR [29].

One of the significant limitations when analyzing GSR is 
that no single detection method can simultaneously analyze 
the major components of GSR, especially OGSR and IGSR [44]. 
One of the significant indicators that a sample is GSR and no 
residue from other sources is the presence of lead, antimony, and 
barium together. The environment is filled with lead, barium, and 
antimony with non-GSR sources (Table 2).

Table 2: Environmental sources of antimony, barium, and lead [49].

Antimony Barium Lead

Bearings Fireworks Auto body filler

Copper alloys Glass Candle wicks

Cosmetics Grease Ceramics (glazed)

Enamels Lubricating oil Gasoline

Flame retardants Paint Glass

Lacquers Paper Hair dye

Lead alloys Photocells Paint

Matches Printing fabric Pewter

Paint Printer’s ink Plumbing

Pewter Rat poison Printer’s ink

Printer’s type Rubber Putty

Pyrotechnics Sunscreen Solder

Storage batteries Wood Storage batteries

Tin alloys X-ray media Wheel balance weights

As seen in Table 2 individuals can come into contact with lead, 
barium, and antimony from non-GSR sources, which could give a 
false-positive to various detection methods. Another limitation is 
the GSR sample’s concentration not being within the linear range. 
GSR samples can be diluted if they are too concentrated or solvent 
evaporated if the GSR is too diluted [48].

 GSR Analysis Methods

In earlier days, as soon as gunshot residue samples arrived at 
a lab, samples were inspected visually under a microscope. Since 
the early 19th century, numerous color tests have been developed 
for GSR detection. However, these color spot tests degrade, destroy 
samples, contaminate with surrounding particles, and require an 
excess quantity of samples with less accurate results [49]. But 

these tests are easy to perform and give quick results [9,25]. In 
more recent years, gunshot residue detection has been performed 
using a combination of traditional techniques such as colorimetry 
and sophisticated instrumental analysis [14]. A quantitative and 
qualitative assessment of the composition of GSR in microgram 
or nanogram quantities can be performed using these techniques.

Colorimetric/chemical test procedure

 A variety of colorimetric/chemical tests for GSR have been 
used in several forensic laboratories, including the dermal nitrate/
paraffin test, Walker test, Marshall and Tewari test, modified 
Griess test, Harrison and Gilroy test, sodium rhodizonate test, 
Lunge test, and the di-thio-oxamide test.
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Dermal nitrate or paraffin test: To test for nitrates from 
partially and unburned propellants, the dermal nitrate test was 
developed by Gonzalez in 1933. Initially, 0.25% solution of N, N1-
diphenylbenzidine in strong sulphuric acid solution of sprayed 
over the crime scene but eventually replaced by diphenylamine 
was dissolved in a concentrated sulphuric acid solution. This test 
resulted in a deep blue color from partially burned or unburned 
propellant particles. Other commonly used materials also showed 
positive results with this paraffin test. So, due to the inaccurate 
results, this test could not be applied further [50,51]. 

Griess test or walkers test: A method for nitrite testing is the 
Griess test, developed by Griess in 1858. In this test, a bromide 
filter paper was treated with 2-napthylamine and disulphonic 
acid, then placed on a GSR cloth and applied with a hot electric 
iron. A dark red color spot identifies GSR [4,13,17,20,52].

Modified griess test: As an improvement of the Griess test 
to test for nitrites, a Modified Griess test was developed. This test 
uses a desensitized photographic paper treated with sulfanilic 
acid in distilled water, along with α-naphthol in methanol [39]. 
The photographic paper is placed over the suspected GSR area 
and steam-ironed with diluted acetic acid. If nitrites are present, 
orange-colored specks appear on the photographic paper. 
Especially if the GSR is difficult to see due to dark clothing, this 
test can allow the area of the GSR to be visualized. This can be 
beneficial in allowing investigators to see how far away a victim 
was from the shooter based on the spread of the GSR [4,17,52]. 

Harrison and gilroy test: In 1959, Harrison and Gilroy 
developed a test to detect the three common metals found in GSR, 
antimony, lead, and barium. Diluted hydrochloric acid moistened 
a swab. After sample collection, the swab must be dried and 
treated with tri-phenylarsonium iodide before adding sodium 
rhodizonate. The swab would change colors based on the type 
of metal that may be present. The swab would turn orange for 
antimony, red for both lead and barium, purple for lead after 
it was treated with dilute hydrochloric acid, and colorless for 
barium. The disadvantages of this test were that it was prone to 
unstable color changes, did not provide quantifiable results, and 
the GSR was not suitable for additional tests [7,53,54]. 

Marshall and tewari test: These tests are used to estimate the 
range of firing. For the Marshall test, in a diluted sulphanilic acid, 
desensitized photographic paper is soaked for a few minutes. After 
drying this paper, treated with N-α naphthyl-ethylenediamine 
hydrochloride in methanol and then diluted acetic acid. After 
applying heat to the photographic paper, nitrites give a purple 
color. In the Tewari test, 1 gm of antazoline hydrochloride is 
dissolved in water, and then concentrated HCl was added until the 
white precipitate dissolves, then filter paper soaked in acetone is 
placed over the sample, air-dried and a deep yellow spot indicates 
the presence of nitrites [3,4,55].

Di-thio-oxamide Test: A moistened cotton swab or paper 
containing diluted ammonium hydroxide is applied to the bullet 
hole. To a dry swab are add a few drops of di-thio-oxamide 
dissolved in ethanol solvent. Copper gives a green, nickel gives a 
violet, and cobalt gives a brown color [3,25,56].

Sodium rhodizonate method: This test detects Pb efficiently. 
In this test, colored complexes formed through the reaction 
between sodium rhodizonate and metallic divalent ions. pH 
determines the color of the solution, which can range from blue to 
violet. At a neutral pH, it will give a blue-violet color; at an acidic 
pH, it will give a dark red color [57-60].

Evolution of Methods of Detecting Gunshot Residue

 There are limitations associated with color tests, even though 
they can be performed at a lower cost, require few skills, and have 
no complicated procedures involved [25]. False-positive results 
can result when environmental factors are misinterpreted, a lack 
of consistency and specificity is present, and foreign materials 
are present at crime scenes, all of which can interfere with the 
accuracy of the tests [25]. These tests are insufficient for analysis 
due to the possibility of destroying the sample and interfering 
with other environmental constituents. These color tests were 
continuously used in several laboratories between the 1960s and 
the 1970s but are not specific to GSR, so they are less frequently 
used today. As a result, instrumental-based techniques replaced 
the color spot test to quantify the total amount of elements 
present in a GSR sample [3].

Scanning electron microscopy

As previously mentioned, the chemical/color tests for GSR 
can interfere with the integrity of the samples to be further 
investigated. When dealing with forensics, it is crucial to maintain 
the integrity of the evidence if future tests need to be performed. 
An essential tool that can be found in a forensics lab is a scanning 
electron microscope (SEM). As in traditional light microscopes, 
visible light’s longer wavelengths limit their resolution, 
magnification, and depth of field. Electrons have a much shorter 
wavelength than visible light, thus allowing for the material to be 
investigated in greater detail [61]. SEM can resolve GSR that is 0.5 
to 10 μm in size [3] and reveal the spherical morphology of the 
GSR [14]. Along with the SEM, using an energy-dispersive X-ray 
(EDX) can determine the elemental composition of the GSR in a 
non-destructive manner [47]. This ability of SEM to investigate 
the form, structure, and composition of GSR makes it a valuable 
tool in forensic labs [43]. Some of the drawbacks of SEM are the 
size of the instrument, the need for trained personnel, and the 
amount of time to operate it [43]. OGSR can degrade within 4 to 
24 hours. Getting the GSR collected, sent to a lab, and prepared 
and analyzed can exceed the critical time to record the necessary 
evidence [62].
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 Spectral methods

In many labs, spectroscopy is a common technique to 
determine the composition and structure of a material by its 
interaction with various electromagnetic radiation, such as 
visible light, infrared (IR), ultraviolet (UV), X-rays, or radio waves. 
Spectroscopy also has the advantage in that the sample is not 
compromised, as it often is with the chemical/color detection 
methods mentioned earlier. Compared to SEM, there is often less 
sample preparation needed before being analyzed [63].

Atomic absorption spectroscopy: Atomic absorption 
spectroscopy (AAS) has long been known as one of the most 
powerful, sensitive, and convenient instruments. This instrument 
is used for quantitatively determining trace elements and metal 
content in gunshot residue. The principle behind this technique 
is free atoms in a gaseous state absorb radiation at a specific 
frequency in an atomizer [3]. The two most common atomization 
methods used in AAS are flame atomization and electrothermal 
atomization (graphite furnace). Atomic absorption spectrometers 
consist of a radiation source, atomizer, monochromator, detector, 
and readout device [64]. Atomic absorption spectroscopy 
alone cannot determine barium and antimony, but flameless or 
electrochemical atomizers can help determine these elements 
[64]. Lower-energy state atoms absorb energy from a radiation 
source to produce atomic absorption spectra. On returning to 
the lower-energy or ground state, neutral atoms in an excited 
state emit energy, producing atomic absorption spectra [64]. 
AAS provides information on whether a person fired based on 
the amount of metal or element constituents, and it is estimated 
that 90% of cases of success could be achieved using these 
techniques. This technique can accurately detect lead metal. Fluid 
nebulization had a lower detection limit and was more sensitive 
than conventional AAS [3].

Inductively coupled plasma-atomic (optical) emission 
spectroscopy (ICP-AES): Examples of Inductively Coupled 
Plasma-Atomic (Optical) Emission Spectroscopy (ICP-AES) 
use include quantitative determination in GSR analysis and 
predictions of the number of shots fired [65–67]. With the ICP 
a sample solution is nebulized to form a mist and introduced 
directly into an argon plasma torch where it is atomized and the 
subsequent emission spectra are detected, often with a charge 
coupled device.

Infrared spectroscopy: Infrared (IR) spectrometers utilize 
the infrared section of the electromagnetic (EM) spectrum to 
analyze various chemical structures. When the IR shines upon 
various compound regions, various groups will absorb specific 
wavelengths of the IR and exhibit symmetric, asymmetric, or 
scissoring oscillations [68]. IR spectroscopy is typically used 
with other tests, such as SEM, to verify findings. The results of IR 

spectroscopy allow for the identification of various components 
within the GSR, and by combining the results from Raman 
spectroscopy, it can also be used to help determine the shooter’s 
distance and the ammunition’s caliber [69].

Raman spectroscopy: Raman spectroscopy utilizes an 
incident monochromatic light (laser) to excite the particles within 
the sample. Most scattering photons do not change their energy 
(Rayleigh scattering). Still, some of the photons will experience a 
shift in their energy due to inelastic interactions with the material. 
These photons may have more or less energy than the incident 
light. These shifts correspond to the vibration and rotation of the 
bonds within the molecule (like IR spectroscopy and NMR) [70]. 
Raman spectroscopy is typically used to analyze the chemical 
composition of GSR, which includes lead, barium, and strontium. 
Part of the challenge is identifying GSR from lead-free ammunition. 
Combining the results from Raman spectroscopy and SEM-EDX 
can be an effective tool in correctly identifying GSR [20]. There is 
also research on using Raman spectroscopy to identify the caliber 
size from the GSR [69].

X-ray spectroscopy: As indicated previously, Energy-
Dispersive X-ray Spectroscopy (EDX) is often integrated with SEM. 
The SEM provides the beam of electrons onto the sample. The inner 
electrons become excited, and X-rays are emitted as they return to 
the ground state. An X-ray detector detects the X-rays recording 
the energy being emitted. By combining the SEM with the EDX, 
they can simultaneously examine both the elemental composition 
of the objects and the GSR morphology [71,72]. The SEM-EDX is 
ideal for analyzing GSR’s primer residue, which produces some of 
the most identifying features within the GSR [73].

Laser-induced breakdown spectroscopy (LIBS): Laser-
induced breakdown spectroscopy (LIBS) is a technique that can 
be applied in the forensic analysis of IGSR. The process involves 
focusing a high-energy laser pulse onto a GSR sample, causing 
heating and vaporization of the material. The heated vapor emits 
specific wavelengths, where a spectrometer analyzes and identifies 
the composition of the GSR samples [74]. One of the advantages 
of LIBS is that with minimal sample preparation, it produces 
results in less than a minute of multiple elements simultaneously. 
Even if the GSR is from environmentally friendly/lead-free 
ammunition, LIBS can identify the lead-free IGSR components of 
the ammunition. During analysis, there is limited destruction of 
the sample, allowing the sample to be further examined by SEM-
EDX or electrochemical detection [74]. Portable LIBS can be used 
for on-site analysis of GSR, enabling spatial analysis. By scanning 
the hands of the shooter and the surrounding area, the spatial 
analysis can provide information into the deposition pattern of 
the GSR, aiding in the collection of the GSR for further analysis and 
potentially reconstructing the scenario during the shooting [74].
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Ion mobility spectrometry: Ion Mobility Spectrometry 
(IMS) is a widely recognized method used for many years to 
identify gunshot residues and a variety of explosives [75]. It is 
an atmospheric pressure approach that uses an electric field to 
separate the reactant and product ions after they react with the 
sample. This technique is widely used due to its high sensitivity 
and small size (field-portable), and it can detect in the range of 
parts per billion (ppb) [75]. Gunpowder extracted from different 
cartridges was studied to determine positive and negative 
ions, nitro, and nitroso derivatives produced from gunpowder 
stabilizers such as diphenylamine (DPA) and ethyl centralite (EC). 
The EC peak was more intense than the DPA peak; according to 
the plasma-grams acquired in the positive and negative ion mode, 
DPA and EC produced no significant number of anions [75]. The 
IMS instruments, such as benchtop and portable models, produced 
similar findings regarding the presence of gunshot residue on 
hand swabs [76]. In an IMS analysis, stability studies revealed 
that gunshot residue components are degraded when stored at 
room temperature. Owing to this reason, analysis is required fast 
and accurate to overcome this problem [76]. IMS is not a suitable 
technique to determine the limit of detection of organic gunshot 
residue, although it is a semi-quantitative method [76].

Mass spectrometry: Mass spectroscopy (MS) is a standard 
analytical tool used to determine the molecular mass by measuring 
its mass-to-charge ratio (m/z). The unknown sample is ionically 
charged and then electrostatically pulled along a pathway. The 
ions are separated depending on the mass-to-charge (m/z), and 
then a detector registers the signals [77]. For GSR to be analyzed 
using MS, typically, the GSR is collected by swabbing or tape 
lifting from the hands and surrounding surfaces [3]. The GSR is 
removed from its lifting material by dissolving the lifting material 
or soaking it. Then, an ultrasonic bath (sonicator) may remove 
the GSR from its holding surface [44,78]. MS has the advantage 
of detecting and measuring the various metals (lead, barium, and 
antimony), along with the IGSR and OGSR components. Since each 
substance has its unique m/z ratios, MS can play a crucial role in 
the forensic analysis of GSR [79]. Forensic tools such as SEM are 
crucial in helping to identify GSR. However, Raman spectroscopy, 
IR spectroscopy, EDX spectroscopy, and MS spectroscopy provide 
support and confirmation from the SEM results [11].

i.	 Inductively coupled plasma-mass spectrometry 
(ICP-MS): ICP-MS was initially demonstrated in 1980 for 
determining elemental concentrations [80]. In this technique, 
the sample was ionized by high-temperature plasma, and ions 
were detected and separated by mass spectra based on the mass-
to-charge ratio (m/z) [3]. The ICP-MS method is widely used in 
environmental, forensic, industrial, nuclear, medical, and other 
diverse applications for tracing and ultra-tracing liquid, gaseous, 
and solid samples [81]. Most commercial ICP-MS equipment has 
quadrupole mass analyzers with a resolution of about unit mass 

numbers, allowing the user to perform rapid full mass scanning 
and multiple element analyses [81]. For trace element analysis, 
ICP-MS has gained wide acceptance for its high sensitivity, low 
detection limits, linear dynamic ranges, low interference, and 
speed of analysis and has been used extensively in forensics 
[17,81,82]. This technique will improve precision and recovery 
if preventive measures are taken [81]. ICP-MS was used to 
determine the total element concentrations of Sb, Ba, and Pb 
using the isotopes Sb, Ba, and Pb [3]. When analytes are present 
at positive GSR levels, using internal standards and large dilutions 
will reduce nonspecific interference problems (matrix effects) to 
a minimum [81].

ii.	 Gas chromatography-mass spectrometry (GC-MS): In 
the gas chromatographic (GC) technique, a sample was injected 
into the injection port and passed through a column with a carrier 
gas, and components were separated based on their boiling point 
[3]. Pyrolysis gas chromatography is a more advanced approach 
than gas chromatography. In this approach, small solid forensic 
samples are heated at high temperatures to decompose or convert 
them into gaseous molecules. These molecules will be separated 
by gas chromatography and detected by mass spectrometry 
and different detectors [83]. Thermal energy analysis (TEA), 
mass spectrometry (MS), electron capture detector (ECD), flame 
ionization detector (FID), and various detectors are used with 
GC to detect efficiently organic residues in firearm smokeless 
powder. However, better results are achieved by combining 
GC with thermal energy analysis and mass spectrometry [84]. 
Gas chromatography is not optimal for GSR analysis due to the 
incompatibility of some compounds, such as nitrate esters [84].

iii.	 High-performance liquid chromatography-mass 
spectrometry (LC-MS): In HPLC, the mobile phase (liquid) passes 
through a column filled with solid (silica with different particle 
sizes) particles, and the mobile phase carries the sample so that it 
can be eluted at different retention times depending on the nature 
of the sample. HPLC can operate at different temperatures based 
on the target analyte. HPLC can be used in both normal phase 
and reversed phase, and it is connected to UV-visible, refractive 
index (RI), and mass detectors. There are different kinds of 
mass analyzers are available based on the requirements. Many 
forensics labs use liquid chromatography coupled to tandem mass 
spectrometry (LC-MS/MS) to detect GSR due to its high sensitivity 
and selectivity, and it has become a widely used instrument 
[26]. Additional sample preparations are necessary due to the 
IGSR particle structure to qualify and quantify samples correctly 
using LC-MS/MS [21]. LC-MS/MS is commonly used to identify 
analytes using multiple reaction monitoring, and quantifier and 
qualifier ions are crucial in this process. In this technique, ionized 
molecules and atoms are separated based on the differences in 
charge-to-mass ratios. In OGSR detection, LC-MS methods have 
the most accurate detection limits and appear to be one of the 
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most effective techniques for detecting OGSR [85].

 Capillary Electrophoresis (CE)

A wide range of forensic samples has been analyzed using 
capillary electrophoresis, including explosive compounds and 
gunshot residues [86]. Compared to current techniques, capillary 
electrophoresis analyses organic and inorganic gunshot residues 
simultaneously, faster, and cheaper [7]. Diaminocyclohexane 
tetraacetic acid (CDTA) was used as a complexing agent in the 
pre-capillary complexation process to separate inorganic residues 
and efficiently separate aminopolicarboxilic acids for lanthanoid 
elements [87]. All the metals must be complexed in pre-capillary 
complexation. To prevent complexes from dissociating inside the 
capillary during pre-capillary complexation, a low concentration 
of CDTA is added to the background electrolyte to prevent the 
complexes from dissociating inside the capillary [88]. Micellar 
phases were added to the background electrolyte to separate 
organic gunshot residues since most lack acid-base properties [7]. 
Counter-electroosmotic conditions separate inorganic residues, 
and simultaneous inorganic and organic residues were analyzed 
using sodium dodecyl sulfate (SDS) micelles. Separation of organic 
gunshot residues was achieved by increasing the concentration of 
SDS [7]. Adding SDS to the metal–CDTA complexes did not affect 
selectivity or separation, enabling the simultaneous separation of 
organic and inorganic gunshot residues [7].

 Electrochemistry

Electrochemical detection methods involve using various 
electrochemical sensors to identify and analyze various chemical 
substances. The electrochemical sensors usually consist of 
electrodes where the reaction occurs, a reference electrode, 
and an electrolyte solution. As the electrodes are placed in a 
solution of the substance being analyzed, an electrical process 
occurs at the surface of the working electrode producing a small 
electrochemical signal that is recorded by the instrument.

Voltammetric methods Voltammetry is one of the 
electrochemical methods used to identify and quantify the 
presence of specific substances within the GSR. Voltammetry 
measures the current produced through an oxidation or reduction 
reaction of the sample substance as an electrical potential 
difference is applied the electrodes [89]. 

Cyclic Voltammetry (CV): In cyclic voltammetry (CV), an inert 
electrode material is used to control the energy of the electrons 
by modulating it with a potentiostat [90]. During this process, 
a voltammogram shows the relationship between the applied 
potential and current response [91]. The potential is varied 
linearly at a specific scan rate. The potential may be first swept 
negatively from the starting potential to the switching potential, 
referred to as the cathodic trace. The scan direction is reversed, 
and the potential is swept positively back to the starting point, 

referred to as the anodic trace [90]. CV uses three electrodes, 
a working electrode, a reference electrode, and an auxiliary 
electrode. In this type of setup, a small number of current flows 
through the reference electrode, allowing the electrode potential 
to remain stable. Also, having three electrodes minimizes voltage 
errors from ohmic losses in the solution by having the reference 
electrode near the working electrode [92]. A thin diffusion layer 
develops near the electrode’s surface where the mass transport 
processes occur [92]. An application of CV is to analyze the 
presence of copper in GSR. This has shown to be a quick and 
reliable procedure for quantifying copper, from the projectile, at 
a crime scene. A shooter’s hands and arms are swabbed with a 
gold-coated screen-printed carbon electrode (SPCE). The GSR 
is analyzed by CV after 20 μL of acetate buffer is placed on the 
SPCE. The CV is scanned at a rate of 100 mV/s, scanning from 
−100 mV to 100 mV. The oxidation of Cu0 to Cu2+ is detectable 
at low concentrations. Since the diffusion rate of Cu2+ increases 
linearly at the electrode’s surface as the Cu2+ increases, the peak 
current of the cyclic voltammogram can be used to determine the 
concentration of Cu2+ [93].

Square-Wave Voltammetry (SWV): Square Wave 
Voltammetry (SWV) is an electrochemical technique that provides 
greater performance, compared to cyclic voltammetry. SWV utilizes 
computer software to achieve greater sensitivity and the ability 
to reduce background currents. Using a computer, a staircase 
waveform is combined with a large amplitude square wave 
modulation. This technique helps analyze reversible electrode 
reactions. It measures the current response to a normalized 
current function, which depends on the potential sequence 
applied to the electrode. The current function is independent of 
time and can be used to analyze the data obtained from SWV tests 
[94]. One of the applications of SWV is to detect the existence of 
an inorganic chemical marker made up of a luminescent complex 
[(Eu2Zr)(btc)3(Hbtc)0.5

.6H2O]. This is advantageous when working 
with GSR from nontoxic ammunition (NTA), which lacks the 
typical metals of barium, lead, and strontium [95]. A supporting 
electrolyte solution of 0.1 M KCl and a carbon paste electrode 
surface were used. With the incorporated luminescent marker, 
the carbon paste electrode presented two anodic peak currents at 
the 0.4 V region (vs. Ag/AgCl) and at the 0.75 V (vs Ag/AgCl). Plus, 
a single peak is at 0.4 V (vs Ag/AgCl) at the cathodic [95]. Even 
though SEM-EDX can detect GSR from both standard and nontoxic 
ammunition, the SWV is advantageous due to its lower cost and 
inexpensive supplies and equipment for forensic laboratories [95]. 
In addition to detecting trace levels, square-wave voltammetry is 
used in high-performance liquid chromatography (HPLC) with 
electrochemical detection [42].

Anodic Stripping Voltammetry (ASV): Anodic Stripping 
Voltammetry (ASV) is a sensitive electrochemical technique that 
detects common metals in GSR, such as lead and antimony. The 
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detection of barium is more challenging as it requires such a high 
negative potential that water reduction occurs [30]. The GSR is 
collected by adhesion or swabbing. Then, the GSR is dissolved in 
an electrolyte solution such as hydrochloric acid, sulfuric acid, or 
nitric acid. The analysis of GSR with ASV usually consists of a three-
electrode setup using a hanging mercury drop electrode (HMDE) 
or a thin mercury film electrode (MFE) acting as the working 
electrode [96]. A deposition step accumulates the metallic ions 
in the mercury working electrode. At a negative potential value, 
metallic ions are reduced, forming an amalgam on the electrode’s 
surface. Depending on the target analytes’ concentration, the 
deposition duration may vary [97]. For lead and antimony, 
deposition times range from 180 to 280 s within GSR, with lead 
peaks at -0.50 V and antimony at -0.24 V [30].

Amperometry

Amperometry is another electrochemical detection method 
with applications in analytical chemistry, biosensing, and chemical 
environmental monitoring. Some of the earlier and popular 
applications are monitoring dissolved oxygen or glucose within 
blood [98]. Amperometry is performed by placing a working 
electrode into a solution that contains the analyte that is being 
investigated. The electrode’s potential is set to a specific value, 
and the current is measured as it flows through the electrode. A 
redox reaction occurs between the analyte and the electrode’s 
surface as a potential is applied to the electrode. The current 
between the working and auxiliary electrodes is measured due to 
the flow of electrons from the redox reaction. The concentration of 
the analyte can be determined since the concentration is directly 
proportional to the current [98]. By using various membranes 
and electrodes, amperometry sensors can be made sensitive 
to the substance of interest and reduce interference with other 
substances. Many of these sensors can produce fast results with 
minimal preparation. The sensitivity of these sensors can detect 
concentrations in a micromolar range [98].

Nitrite amperometric sensor: One application of 
amperometry used in GSR analysis is the nitrite amperometric 
sensor. Nitrites (NO2

−) are inorganic anions originating from the 
primer [3]. A glassy carbon electrode (GCE) that is used to detect 
the nitrites is coated with palladium which has good conductivity 
and catalytic properties. The sensitivity towards nitrites can be 
further enhanced by including carbon nanoparticles [3]. As the 
electrode is placed into the sample, the nitrites undergo a redox 
reaction at the electrode’s surface. The redox reaction generates 
an electric current proportional to the concentration of the nitrite 
ions, which produces a linear range of 0.10 μmol/L to 4 mmol/L, 
with the lowest detection limit being 0.030 μmol/L [3].

Potentiometric Ion-Selective Electrodes (ISE)

Ion-selective electrodes (ISE) are a type of electrode chemical 

sensor that selectively detects and measures the concentration 
of a specific ion while excluding other ions. The ion-selective 
electrodes fundamentally differ from the other electrochemical 
detection methods in that a redox reaction does not occur at the 
electrode. At the base of the electrode, a thin selective membrane 
is attached to the end of the electrode that is capable of binding to a 
specific ion [99]. Although ISEs tend to be used more for biological 
or environmental monitoring applications, detecting specific ions 
in GSR, such as lead or nitrate, is feasible. The electrode available 
for detecting and measuring lead uses a polycrystalline membrane 
made from a 1 to 2 mm thin pellet of a mixture of Ag2S and PbS. 
The pellet is sealed in a nonconductive plastic cylinder with an 
internal solution of the lead analyte and a reference electrode. The 
lead ions carry the charge across the membrane. A potential forms 
across the membrane due to the difference between the activities 
of the lead ions [98].

Nitrates are detectable by liquid-based ISE which uses a 
porous polyvinyl chloride (PVC) membrane saturated with 
tetradodecyl ammonium nitrate. Due to the difference in the 
equilibrium position between the nitrate ions and the tetradodecyl 
ammonium nitrate a potential form across the membrane. One of 
the advantages of liquid-based ISE is their ability to be stored and 
re-used quickly. If care is taken by keeping the PVC membrane 
moist by keeping a wet gauze over the membrane while in storage, 
the longevity of the electrode can be significantly extended. Prior 
to use, the electrode needs to be soaked for 0.5 to 1 hour in an 
analyte solution [98].

 Determination of Firing Distance Methods

An important piece of information in the ballistic 
reconstruction of a shooting incident is the distance between 
the firing gun and the victim, as it may help determine whether 
a gunshot death was a suicide or homicide [4,100]. Numerous 
approaches are involved in estimating firing distance, such as 
visual comparison, instrumental techniques, chemical tests, and 
evaluation with existing standard procedures. GSR analysis data 
can estimate shooting distances, time since firearm discharges, 
ammunition types, and injury patterns and connect the shooter 
with their firearm use [4]. At the first instance in the crime scene, 
the GSR pattern was examined by visualization methods, and the 
investigators relied on color tests for immediate results [101]. 
These methods are not always accurate. In addition to being 
destructive, such color tests are also insensitive [102]. These color 
tests also can not give a clear GSR pattern for lead-free or nontoxic 
ammunition [103]. Due to these reasons, non-destructive methods 
must be developed for accurate measurement and classification of 
GSR. Several techniques based on chromatography coupled with 
a diode array detector (DAD) and mass spectrometry have been 
employed in GSR analysis with reliable outcomes [104,105].
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For better results, shooting distances are estimated by 
analyzing gunshot residues on targets, such as by using an ICP-
AES instrument [65], or by visualizing their distribution patterns, 
such as by using X-ray fluorescence [106], atomic absorption 
spectroscopy (AAS) [107], and inductively coupled plasma-mass 
spectrometry (ICP-MS) [108]. The colorimetric method is one 
of the methods to perform a GSR analysis for shooting distance 
estimation. This colorimetric method depends on the formation 
of colors, and organic and inorganic GSR particles can be detected 
[109]. This method is still in use, but it has some limitations. 
For example, the sodium rhodizonate test was used for the GSR 
sample collection on the skin to determine the difference between 
close and far-range shots. Since sodium rhodizonate reagents also 
produced positive results by keratinous hair follicle structures 
in this case, skin samples may increase the possibility of false 
positives [110]. This technique was improved with small changes 
and is used to transfer GSR particles to clothing for shooting 
distance estimation [111]. In addition, the firing distance range 
was estimated using the modified Griess test (MGT) based on 
the GSR distribution pattern on the victim’s clothes. When the 
potassium hydroxide solution and the MGT reagent react with GSR, 
the MGT test detects nitrites. The MGT is an effective method, but 
it would be preferable if the GSR pattern could be revealed without 
reagents or chemicals [112]. In spectroscopy, electromagnetic 
radiation interacts with the GSR sample, and it will estimate the 
firing distance [55]. Additionally, Neutron Activation Analysis 
(NAA) [113] was used to evaluate the concentration and pattern 
of Sb deposited around bullet entrance holes to determine the 
firing distance [114].

Development of Rapid and Portable/On-Site 
Detection

Once a gun is fired, collecting evidence as soon as possible 
is crucial as the evidence begins to degrade and disperse. The 
development of rapid and portable detectors to analyze gunshot 
residue has been significant in the advancement of forensic 
science. Forensic laboratories can take weeks to months to 
analyze GSR samples. Therefore, having portable instruments to 
analyze the evidence increases the likelihood of getting accurate 
results. Due to technological advancements, what was once done 
in a laboratory by a trained expert can now be fast, inexpensive, 
portable, and performed by someone with some basic training. 
Electrochemical, LIBS, and MS devices have been developed that 
can analyze IGSR, OGSR, or both [38]. Using abrasive stripping 
voltammetry (AbrSV), a portable unit can test a potential shooter’s 
skin for traces of GSR using a “swipe and scan” procedure. A 
screen-printed sensor strip is rubbed on the suspect’s hand. A few 
drops of a buffer solution are added to the electrode, and ASV is 
performed on the sample, testing for lead, antimony, and copper. 
A digital display shows the positive or negative results of whether 
GSR is detected [115]. All these developments have improved the 
efficiency of forensic investigation and increased the ability to 

gather evidence promptly.

Integration of Machine Learning/Artificial 
Intelligence into GSR Analysis

The integration of machine learning (ML), neural networks 
(NN), and artificial intelligence (AI) is being developed to aid in 
the analysis of GSR and improve upon the forensic investigation 
[116]. The analysis of GSR is performed by an expert who analyzes 
and evaluates the results based on their knowledge and expertise. 
Using ML, a likelihood ratio (LR) is being developed. Developing 
this LR system can help support the claims of the forensic 
researcher [117]. In one of the research studies, ML algorithms 
and NN were trained with 204 images of various gunshot wounds 
from varying distances. The algorithm, with 98% accuracy, was 
able to determine whether the wound was from a gunshot and the 
relative distance to the gun [118]. ML can assist in analyzing large 
datasets of GSR analysis and identifying trends. Combining IGSR 
and OGSR information with ML generates an LR to determine if an 
individual is a high risk of being the shooter or a bystander. This 
capability can support forensic investigative decision-making [46]. 
The successful implementation of ML, NN, and AI in GSR analysis 
requires large datasets that have been validated to be accurate. 
Collaboration between forensic scientists and programmers is 
crucial in the development and application of reliable forensic 
analysis.

Conclusion

This review emphasizes topics related to gunshot residue, 
sample collection, and different conventional and instrumental 
techniques. GSR was classified into two different categories: 
organic and inorganic components. Inorganic gunshot residue, 
commonly known as primer residue, and these components 
are made up of heavy metals [14]. The propellant powder and 
primer mixture are GSR’s most common sources of organic 
compounds. Organic gunshot residues are typically composed of 
a smokeless powder containing primary explosives, sensitizers, 
flash inhibitors, stabilizers, plasticizers, and gelatinizers [24]. 
A few challenges are involved in GSR identification and sample 
collection because the composition of GSRs varies depending on 
ammunition, environmental factors, and firearms [3]. Due to dust, 
dirt, other debris, and environmental contaminants, GSR tests can 
be false positive or inaccurate [14]. Different sampling procedures 
are available to collect GSR and explosive particles. This field has 
many gaps and scope to develop artificial intelligence-based 
equipment, scanners, tailor-made electrodes, electrochemical 
sensors, and instruments for detecting GSR. If the forensic devices 
are portable and easy to move, then those are beneficial to quick 
results and immediate response. Future research may focus on 
an environmentally friendly, fast, accurate, highly sensitive, and 
inexpensive instruments that may be developed for the forensic 
community.
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