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ABSTRACT: Methods of extraction of gunshot residue (GSR) swabs for determination of anti-
mony (Sb), barium (Ba), and lead (Pb) by flameless atomic absorption spectrophotometry (AAS)
have been studied. Optimum extraction parameters were determined using recovery studies of
Sb, Ba, and Pb added to swabs at amounts representative of actual GSR and handblank levels.
Two difficulties with most extraction-AAS procedures are incomplete extraction of Sb and incor-
rect Ba resulfts arising from improper matching of sample and standard matrices before AAS
determinations. Utilization of standards made by spiking analyte elements on swabs and
extraction along with samples by an efficient procedure minimizes errors in Sb, Ba, and Pb
determination.
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When a firearm is discharged, an assortment of vaporous and particulate materials are
expelled in the area around the firearm. These products of firearm discharge, collectively
referred to as gunshot residue (GSR), may be deposited on the hands of the person holding
the firearm when it discharged. Collection of GSR from a suspected shooter’s hands and
quantitative analysis for antimony (Sb), barium (Ba), and sometimes lead (Pb), major ele-
mental components of most cartridge primer mixtures, provide data commonly used to asso-
ciate the suspect with the recent discharge of a firearm or handling of a contaminated fire-
arm or ammunition component.

Several procedures have been advocated for the collection of GSR from the hands for
quantitative elemental analysis. The procedure most commonly used in the United States
involves swabbing the suspected shooter’s hands using pairs of plastic shafted cotton tipped
swabs moistened with 5% nitric acid solution. As a result of publications in the 1970s (I, 2]
and GSR seminars held at the FBI Academy in 1982 and 1984, there is general agreement
among investigative jurisdictions in the United States as to the number of swabs used and
areas of the hands swabbed. Consistent materials and collection procedures are a necessity if
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interlaboratory handblank and test-firing data bases are to be used in the interpretation of
GSR results.

Gunshot residue swabs are analyzed for Sb, Ba, and sometimes Pb using one or more of
several analytical methods depending upon the capabilities of the forensic science labora-
tory. The most common methods of analysis of GSR swabs are neutron activation analysis
(NAA) and atomic absorption spectrophotometry (AAS). NAA first received widespread ac-
ceptance [3] and was used to obtain the bases which are still used for the interpretation of
data obtained by other methods. Primarily because of cost considerations and the lack of
adequate nuclear facilities to conduct NAA, most forensic science laboratories currently an-
alyzing GSR samples do so using AAS. A published, favorable comparison of NAA and AAS
without direct accuracy measurements of either method contributed to the ready acceptance
of AAS [4].

Earliest attempts to use AAS to analyze GSR samples involved flame atomization and
were generally unsuccessful because of unacceptable sensitivity for the analyte elements [5].
The first flameless AAS procedures used to analyze GSR samples were introduced in the
early 1970s [6-9]. Problems were encountered regarding the determination of barium using
a carbon rod atomizer, reportedly as a result of carbide formation [6]. A tantalum strip
atomizer and tantalum lining of graphite tubes were reported to overcome these problems
[6,7]. The AAS technique then became widely accepted. However, since its initial accep-
tance, there have been several noteworthy developments including changes in analytical in-
strumentation, swab composition, and swab extraction procedures. Principal among these
changes was the introduction of carbon furnace atomizers of the hollow tube design which
are currently used by virtually all forensic science laboratories doing GSR analysis. More
recently, fast digital electronic integration of absorbance-time profiles and higher purity car-
bon furnaces have been introduced by instrument manufacturers. Concurrent with these
changes, participants of the 1982 and 1984 GSR seminars reported difficulties in extraction
and measurement of both Sb and Ba in GSR swabs. Published procedures do not adequately
resolve these difficulties, so analysts in forensic science laboratories throughout the United
States have developed individual procedures of cotton swab extraction and analysis.

This paper reports the results of our investigation of several factors that can affect the
efficiency of removal of Sb, Ba, and Pb from swabs of the type used in most GSR collection
kits and of the AAS procedures used to analyze the resulting extract solutions. For these
studies, we used swabs to which known amounts of Sb, Ba, and Pb were added in solution
form and recovery percentages of these elements were determined. In the analysis of GSR
samples, inaccurate results can arise because of either incomplete extraction of the analyte
from the swabs or errors in determination of element concentrations in the extract solution,
or both. A general analytical procedure was sought which would meet the following four
requirements:

1. Result in essentially complete recoveries of Sb, Ba, and Pb from swabs.

2. Provide accurate measurement of Sb, Ba, and Pb in the extract solution.

3. Have adequate sensitivity for Sb, Ba, and Pb in the ranges of concentrations found on
the hands of shooters and nonshooters.

4. Be amenable to batch analysis to handle the sample load of the typical forensic science
laboratory employing AAS for GSR analysis.

Experimental Details

Materials

The plastic shafted swabs used in our studies (Johnson & Johnson) are similar to those
found in most commercially available GSR sampling kits. According to the manufacturer,
the swabs are composed of 75% cotton and 25% rayon.
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Polystyrene and polypropylene 15- by 75-mm tubes with polyethylene snap tops (Falcon)
were used interchangeably for swab extraction. No differences in their behavior were de-
tected. Preleaching of these tubes with acid for contaminant removal was determined to be
unnecessary.

All analytical glassware was cleaned by leaching with 5% nitric acid solution for two weeks
before initial use. All reagent and standard solutions were transferred to prewashed polyeth-
ylene or Teflon® bottles for storage immediately following their preparation.

Standard Ba, Sb, and Pb solutions were prepared by dilution of 1000-pg/mL stock solu-
tions (Fisher Scientific and Aldrich Chemical). All dilutions were made using deionized wa-
ter of 18 MQ quality and ultrapure nitric acid (Baker *‘Ultrex”’).

Spiking Procedure for Recovery Studies

For comparison of the recovery efficiency for Sb, Ba, and Pb from GSR swabs as a func-
tion of extraction parameters, three levels of each element were studied. The levels of Sb, Ba,
and Pb selected represent the ranges in amounts of these elements typically observed in
swabs taken from the hands of shooters and the general nonshooting population.

A working standard solution containing 10 ug/mL of Sb, 50 pg/mL of Ba, and 50 pg/mL
of Pb in 5% nitric acid (HNO;) was prepared by dilution of 1000-ug/mL stock standard
solutions. Four solutions were used for spiking known amounts of each element on pairs of
swabs. BLANK, LOW, MID, and HIGH spiking solutions were made by dilution of the
working standard solution in 5% HNO; to give the element concentrations shown in Table 1.

For each value of the altered extraction parameter under study, a set of sixteen tubes was
prepared, as follows. Twelve of the tubes contained samples made up in triplicate at each of the
four spike levels. Each sample was prepared by pipetting 200 uL of the appropriate spiking
solution onto a pair of swabs and placing these swabs in a plastic snap-top tube. The remaining
four tubes contained standards prepared by pipetting 200 pL of each of the four spiking solu-
tions into tubes to which no swabs had been added. During the extraction and analysis proce-
dure, the standards and samples within a set were treated identically. This procedure of having
a set containing standards and samples for each value of the extraction parameter under study
allows exact matrix matches of samples and standards for each analysis, as will be discussed in
the basic extraction procedure to follow. The amounts of elements added to the spiked swabs
for our studies were 0.05 pg of Ba and Pb and 0.01 ug of Sb on LOW, 0.25 pg of Ba and Pb and
0.05 ug of Sb on MID, and 1.0 ug of Ba and Pb and 0.2 pg of Sb on HIGH level spiked
samples. Recoveries of these elements are expressed in terms of either micrograms of element
or percent of the amount of element added.

For most values of extraction parameters, complete recovery of added elements from the
standard tubes was achieved. Comparison between standard absorption response curves
within each experiment indicated those few cases where incomplete recoveries of spiked ele-
ments in the standards occurred (example, when extraction acid concentrations were less
than 1%). In these instances, recovery percentages for elements in samples were calculated
using the best similar set of standards.

TABLE 1—Composition of spiking solutions used to make element addition to swabs
for recovery studies. All spiking solutions are 5% HNQ);.

Spike Level Sb, pg/mL Ba, ug/mL Pb, ug/mL

BLANK 0 0 0
LOW 0.050 0.250 0.250
MID 0.250 1.25 1.25

HIGH 1.00 5.00 5.00
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Basic Swab Extraction and Analysis Procedure

The following procedure was used as the basic procedure by which to compare the effects
of altering extraction parameters on subsequent recovery of Sb, Ba, and Pb spikes from GSR
swabs. In each experiment, one extraction parameter was selected and altered under con-
trolled conditions to determine its effect on element recovery efficiency. For each value of the
altered parameter under study, 1 set of 16 tubes containing samples and standards prepared
as stated in the spiking procedure was analyzed, except for the altered parameter, as follows:

1. Uncapped tubes containing the spiked swabs and standards were placed in an 80°C
oven overnight or as needed to obtain dryness.

2. Into each tube, 2.00 mL were pipetted of 10% (v/v) HNQ;, the caps were replaced in
the tightly closed position, and the tubes vortex mixed for approximately 30 s or until swabs
were dispersed. Caps were loosened slightly and tubes placed in an 80°C oven for 2 h.

3. Tubes were removed from oven, caps snapped on tightly, and tubes vortex mixed again
for approximately 30 s. Tubes were allowed to cool to room temperature and centrifuged for
approximately 5 min to pack swab material firmly below supernate.

4. Supernate solution was removed from BLANK, LOW, and MID level samples and
standards by pipet, taking care not to remove swab material, and transferred to a second set
of tubes. HIGH level samples and standards were diluted fivefold by pipetting a precise
amount of extract supernate and four times that amount of 10% HNO; into the vials.

5. Concentrations of Sb in sample solutions were determined by AAS without further di-
lution by transferring a portion of the extract solutions to a set of autosampler cups and
analysis of samples and standards.

6. Before determination of Ba and Pb, all samples and standards were diluted twofold to
bring the concentrations into the linear response range of the AAS instrument and to match
the matrices of samples and standards. To effect this dilution, a third set of tubes was pre-
pared in correspondence to the LOW, MID, and HIGH level samples and standards. Sam-
ple and standard solutions from the tubes used for Sb analysis were pipetted into the third
set of sample tubes and either 10% HNO; or the BLANK solution was added to each tube to
make a twofold dilution of both the analyte concentrations and the concentrations of all
nonanalyte constituents in the original BLANK extract.

7. Ba and then Pb concentrations in these samples were determined using AAS. The con-
centrations of all nonanalyte constituents from both extracting solution and swabs were
present at the same levels in all sample and standard solutions. There were no BLANK level
solutions to be analyzed for Ba and Pb using this procedure since they had been added to ali
standards as part of the matrix matching operation.

Instrument Operating Parameters

The atomic absorption spectrophotometer used in our studies is a Model 5000 with HGA
500 controlled temperature furnace, AS-40 autosampler, and 3600 data station (Perkin-
Elmer). Optimization of instrumental operating parameters for the determination of Sb, Ba,
and Pb in GSR swab extract solutions is not as straightforward as with many other elements
and matrices. These three elements exhibit wide ranges of chemical, physical, and spectral
properties. As a result, instrument operating parameters were carefully selected to insure
reliable AAS results. These parameters are shown in Table 2. In the following discussion
some details are given of the considerations used in selecting these parameters.

Antimony—We considered atomization of Sb both directly from the wall of the graphite
tube and using the stabilized temperature platform furnace insert (STPF). The sensitivity
using the 217.6-nm Sb atom line is greater and detection limits are lower with the STPF than
with wall atomization. Since amounts of Sb expected in GSR swab extracts are close to the
detection limits of the AAS method, the lower detection limits of STPF make it the method
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TABLE 2—AAS instrument and graphite furnace operating parameters for determination
of S§b, Ba, and Pb in 10% HNQj; extracts of GSR collection swabs.

Sb Ba Pb
Wavelength, nm 217.6 553.6 283.3
Slit width, mm 0.2 0.14 0.7
Light source EDL HCL EDL
Background correction source D, w D,
Furnace configuration STPF Pyro STPF
Injection volume, pl. 20 20 20
Purge gas Ar Ar Ar
ProGraM

Step 1 (Dry)

temp(°C)/ramp(s)/hold(s) 200/5/25 140/5/25 200/5/25

internal gas flow (mL/min) 300 300 300
Step 2 (Char)

temp(°C)/ramp(s)/hold(s) 1000/15/15 1600/15/15 500/15/15

internal gas flow (mL/min) 300 300 300
Step 3 (Atomize)

temp(°C)/ramp(s)/hold(s) 2700/0/5 2700/0/6 2300/0/5

internal gas flow (mL/min) 0 300 0
Step 4 (Burnoff)

temp(°C)/ramp(s)/hold(s) 2700/0/2 2700/1/1

internal gas flow (mL/min) 300 300

of choice. Selection of optimum temperature programming with the STPF is more difficult
than with wall atomization, however.

The absorbance-time profiles of Sb in solutions containing swab extract constituents and
10% HNO; solutions of Sb standard are shown in Fig. 1. The profiles shown in Fig. 1 are
typical, that is, standards generally result in doublet peaks and swab extract solutions have
sharper singlet profiles. In experiments with a variety of matrices, we have observed that
highly ionic media tend to improve the shape of the Sb absorbance-time profile to the single
peak. Mechanisms for the production of absorbance-time profiles similar to that shown in
Fig. 1 for both Sb and Pb on several furnace platform configurations have been reported
[10,11]. 1t is apparent from these studies and ours that the mechanisms for interferences
during STPF atomization of Sb are at present poorly understood. Fortunately, however, the
integrated absorbance-time profile (peak area) for a given mass of Sb is independent of its
shape.

A fast-response recorder, such as the one used in our studies, or the peak area mode of the
AAS instrument provide accurate integrated absorbance measurements of both Sb profiles
of the types shown in Fig. 1. If a chart recorder or similar slow response device is used to
record absorbance or if the peak height mode of the AAS instrument is used, then samples
will result in positive errors relative to standards. In the development of a procedure for GSR
extraction and Sb determination, use of such a recording device may hide low recovery effi-
ciencies by high apparent absorbance measurements. These two effects cannot be used to
cancel each other, because the shape of the Sb absorbance-time profile is dependent upon
the sample matrix, a factor which cannot be completely controlled when analyzing GSR
swabs. The changes in absorbance-time profile behavior with different sample matrices are
more pronounced using STPF atomization than with furnace tube wall atomization, but they
are present to some degree in both configurations.

The addition of nickel to the sample before atomization is reported to immprove Sb determi-
nations using the STPF by permitting a substantial increase in charring temperature without
loss of volatile Sb species [12]. For GSR extract solutions, the addition of nickel produced no
significant improvement in Sb absorbance measurements. In our studies, a charring tempet-
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FIG. 1—Absorbance versus time behavior of antimony. Each curve represents atomization of 20 uL of
solution containing 0.5 ng of Sb. Curve labelled acid standard is absorbance of Sb in 10% HNO; and
curve labelled swab extract is Sb extracted from a cotton swab using 10% HNO;.

ature of 1000°C removed potential interfering species without loss of Sb. However, for ex-
tracts of GSR swabs which contain large amounts of grease or dirt, it may be necessary to
add a matrix modifier and increase charring temperatures.

The useful linear range for Sb absorbance measurements using the parameters shown in
Table 2 is 0.01 to 1.0 ng of Sb in the 20-pL sample injection or a solution concentration of
0.0005 to 0.05 pg/mL of Sb.

Barium—Barium is difficult to determine accurately by AAS at the levels found in GSR
swab extracts. It is critical that the furnace and both source and background light paths be
carefully aligned to make accurate background cotrections at the relatively high noise levels
occurring in the 553.6-nm wavelength region. Qur AAS instrument uses a tungsten back-
ground source lamp since a deuterium-arc lamp does not provide enough intensity at
553.6 nm to balance the hollow cathode lamp intensity. Pyrolytically coated graphite tubes
(PE part 091504) were used for our studies. The useful lifetime of these tubes when injecting
10% HNO; solutions under the conditions of Table 2 is about 150 injections. This is a signifi-
cant improvement over uncoated furnace tubes or furnaces of older manufacture dates.

Some discussion has appeared in the literature concerning the difficulties in making Ba
absorbance measurements because of carbide formation, chemical interferences, and in-
tense emission levels characteristic of the wavelength region of Ba atomic absorption
[13-15]. In our studies, the most significant difficulty associated with the determination of
Ba in GSR swab extract solutions is enhancement of the absorbance signal at the Ba I line
resulting from the presence of constituents leached from the swabs. Absorbance measure-
ments of two series of Ba standard solutions made up in 10% HNO; and in a 10% HNO;
extract of unspiked GSR swabs are shown in Fig. 2. The greater slope of the Ba response
curve in the presence of swab blank components compared to that of nitric acid alone indi-
cates an interference which is similar in effect to ionization interferences common to flame
AAS methods. Sodium (Na) is the predominant element leached from swabs. Extraction of
swabs of the variety used in our studies removes about 125 pg of Na per swab. Therefore, a
2-mL extraction of a pair of swabs results in a solution concentration of approximately
125 pg/mL of Na. We have found that about the same 20% enhancement in Ba absorbance
as shown in Fig. 2 for swab extract solutions, occurs when 125 pg/mL of Na is added to Ba
standard solutions in nitric acid. This effect is in general agreement with results reported in
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FIG. 2—Effect of presence nonanalyte cotton swab extract constituents on the atomic absorbance of
barium. Lines represent responses for standard barium solutions in 10% HNQO; and in a 10% HNOQO;
extract of cotton swabs.

the literature [16]. Errors of the type shown in Fig. 2 are particularly critical for GSR swab
analysis because they result in higher reported levels of Ba than are actually removed from
the swabs.

There are several methods that can be used to minimize the effects of absorbance en-
hancement arising from the presence of nonanalyte constituents in swab extracts. These in-
clude dilution of samples, the method of standard additions, addition of swab constituents
to standards (matrix matching), addition of an easily ionized element to both samples and
standards to diminish the effects of swab constituents, and removal of the interfering ions by
some separation procedure. All of these methods require additional steps in the GSR analyt-
ical procedure. In our basic extraction and analysis procedure and the recommended proce-
dure for analysis of actual GSR swabs (Appendix), steps are included to match the matrix of
samples and standards, thereby reducing the effects of nonanalyte constituents on measured
Ba concentrations.

The useful linear range for Ba absorbance measurements using the parameters shown in
Table 2 is 0.1 to 2.0 ng of Ba in a 20-pL injection or a solution concentration of 0.005 to
0.1 pg/mL of Ba.

Lead—The instrument parameters used for the determination of Pb are shown in Table 2.
Optimization of instrumental parameters for Pb determination using the 283.3-nm line and
STPF atomization are straightforward. In our studies, we did not detect any advantage in
using matrix modification methods mentioned in the literature [17]. The lack of a matrix
modifier, however, does not allow use of charring temperatures above S00°C or loss of some
Pb occurs. Therefore, in actual GSR cases involving dirty swabs, it may become necessary to
add a matrix modifier and raise charring temperatures. The levels of Pb tested in our recov-
ery studies and typically found on GSR swabs are close to the upper limit of the linear range
using the instrument parameters shown in Table 2. As a result, procedures including further
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dilution of samples and the addition of a matrix modifier can easily be implemented. The
loss of lead as volatile chlorides as reported in other studies [/§] was not found to be a prob-
lem in GSR extract solution analysis because the excess of nitric acid present causes loss of
all chloride as HC1 at low temperatures. The principal difficulty associated with Pb analysis
is laboratory contamination. This will become particularly critical in the forensic science
laboratory conducting GSR analyses in close proximity to the firearms examination or test-
firing areas.

The useful linear range for Pb absorbance measurements using the parameters shown in
Table 2 is 0.02 to 1.6 ng in a 20-xL injection volume, or a solution concentration of 0.001 to
0.08 pg/mL of Pb.

Results and Discussion

The effects of varying several extraction parameters on recoveries of Sb, Ba, and Pb from
GSR-type swabs were evaluated in this study. In each experiment, the basic extraction pro-
cedure was used as a reference point by which to compare the effects of altering extraction
variables. The basic procedure was devised using extraction parameters determined in pre-
liminary studies in which a wide range of extraction procedures were tested. In each experi-
ment, one of the extraction parameters was varied under controlled conditions and all the
others were held constant at the values described in the basic extraction procedure. One of
the values selected for the parameter under study was that stated in the basic extraction
procedure. By having one set of samples in each experiment extracted and analyzed under
the same set of conditions, daily experimental biases were apparent when they occurred.
Discussion of the results of experiments to study each extraction parameter follow.

Method of Drying Spiked Swabs Before Extraction

GSR swabs, as received by the laboratory, may contain various amounts of the solution
used in swabbing the suspect’s hand. To determine accurately the quantity of elements on
the swabs by an AAS procedure which measures solution concentrations, the analyst must
either know this solution volume or dry the swabs before analysis. To illustrate, the 200 L of
solution which is typically contained by a pair of swabs immediately after swabbing a hand
will contribute a relative error of 10% in measured element levels when using a 2-mL extrac-
tion volume. The evaporation loss of 200 uL of MID level spiking solution from pairs of
swabs stored at room temperature (20°C) for a period of up to three weeks is shown in Fig. 3.
The upper curve in the figure represents the loss of solution from swabs stored in snap-top
tubes with the cap placed in the loosely closed position. The lower curve represents the loss
for swabs which were placed in tubes with the caps tightly closed. As demonstrated by Fig. 3,
unless the amount of solution originally retained by the swabs after use and the conditions of
storage are known, there is no reliable way to predict the solution volume following swab
extraction. Therefore, quantitative determination of element concentrations in actual GSR
swabs requires drying the swabs before analysis.

In our preliminary studies, we found evidence that the extraction efficiency of Sb from
cotton swabs depended upon the manner in which the spiking solution was dried on the
swabs before extraction. In those studies, the recovery of Sb was better for swabs which were
dried quickly than for those dried more slowly at a lower temperature. To investigate the
effects of the method of drying spiked swabs before extraction, we compared recoveries from
spiked swabs dried at 55°C in tubes with the caps in the loosely closed position for three
days, swabs dried at 80°C in uncapped tubes for 20 h, and swabs which were not dried after
spiking. Extraction and analysis of the three sets of samples was carried out using the basic
extraction procedure. The recoveries of Sb, Ba, and Pb in this experiment are shown in
Table 3. The data for the undried swabs are corrected for solution volume by using undried
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FIG. 3—Rate of loss of solution from spiked swabs during storage at 20°C. Swabs were spiked with
200 pL of MID level spiking solution and amount of solution remaining determined by weight. Bar
lengths indicate ranges of loss for five brands of swabs.

TABLE 3—Resulits of study of effects of method of drying spiked swabs on recoveries
of §b, Ba, and Pb. Results shown are mean = standard deviation of
percent recovery of triplicate samples.

Recovery Percentage

Element Level Undried Dried at 55°C  Dried at 80°C

Sb LOW 88 + 19 54,7 £ 1.2 55.0 £ 1.8
MID 849 + 0.4 55.0 = 0.5 61.3 + 1.3
HIGH 97.9 + 0.6 61 +2 68.2 = 0.9

Ba LOW 99 + 7 106 + 7 98 + 5
MID 111 =6 103.3 + 1.8 95.3 £ 0.3
HIGH 123 %5 102.4 + 1.7 103 £3

Pb LOW 99 +- 4 102 =7 97 £ 2
MID 99.9 + 0.8 106 £ 9 100 + 4
HIGH 106 =2 101.5 £ 0.7 102 +3

standards for calculation of analyte masses. As shown in Table 3, the only procedure by
which nearly complete recovery of Sb is obtained is the one in which the swabs were not dried
after spiking solution was added. The recovery of Sb from the swabs dried rapidly at 80°C is
slightly higher than the recovery from the swabs dried more slowly at the lower temperature.
There is no significant difference in recovery of Ba and Pb from swabs dried under any of the

conditions used in this experiment.

Method of Placing Swabs in Extraction Tube

Recovery efficiencies of Sb, Ba, and Pb from swabs were studied as a function of the man-
ner in which the cotton portion of the swabs were introduced into the extraction tube. The
two methods considered were complete removal of the swabs from the shafts using a scalpel
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and snipping each shaft at the base of the swab, leaving a small piece of shaft inside the
swab. This study was undertaken because, in our experience, swabs which are cut off with a
short piece of the shaft remaining do not get as wet under some extraction conditions, and
extraction is consequently less efficient than when swabs are removed completely from the
shaft. For this study, we cut the swabs off of the shafts before spiking them as stated in the
spiking procedure to eliminate incomplete transfer of solution during swab handling as a
variable in these studies. The Sb, Ba, and Pb recoveries using these two methods of swab
introduction into extraction tubes are shown in Table 4. As shown, Sb, Ba, and Pb recoveries
are not affected by the method of handling the swabs. Note that recovery efficiency for spike
elements using the basic extraction procedure is greater than by the several other procedures
we tested in prior studies. Also, the lower yielding procedures showed improvement when
swabs were removed from the shafts as compared to being snipped off with a piece of shaft
remaining.

Effect of Composition of Extractant

In the third series of experiments, we compared the use of nitric, hydrochloric, acetic, and
citric acids for extraction of Ba, Sb, and Pb from spiked swabs. Of these four extractants,
only nitric acid is suitable for routine analysis of GSR swabs. Hydrochloric acid is not a
suitable matrix for electrothermal AAS because of the formation of volatile chlorides of lead
and, possibly, antimony. Acetic acid causes severe absorbance signal depression of Sb. The
loss in sensitivity for Sb in an acetic acid matrix makes this extract unsuitable for determina-
tion of Sb at the levels expected in GSR extracts. Citric acid is a relatively good extractant for
all three elements of concern, probably as a result of the stability of both Sb and Ba citrate
complexes. However, smoke formation from citrate during the atomization cycle in the
graphite furnace makes it difficult to determine accurately the absorbance signals for Sb and
Pb, since for these two elements charring temperatures must be kept below the temperature
required to remove all citrate. Of the reagents tested, only nitric acid meets the requirements
of relatively high extraction efficiency for all three elements and routine measurement of
absorbances of the resulting solutions using AAS. One disadvantage of nitric acid solutions
is that repeated injection of nitric acid into graphite furnace tubes decreases their useful
lifetime somewhat. The problems of furnace tube deterioration are much less with the newer
furnace tubes than with those of older manufacture. In this study, all further data were
acquired using nitric acid solutions for extraction.

TABLE 4—Results of comparison of recovery efficiencies for swabs removed completely from
plastic shafts and swabs cut off by snipping shaft with a short piece retained inside swab.
Results shown are mean recovery percentages * one standard deviation for three replicates.

Recovery Percentage

Element Level Without Shaft With Shaft

Sb LOW 53+2 54.1 + 1.4
MID 60.1 + 1.4 58 &2

HIGH 67 =7 64.2 £ 1.6
Ba LOW 106 £ 8 99 £+ 7
MID 101 £2 103 + 4
HIGH 104 + 2 101 £3

Pb LOW 95 + 2 94 + 11
MID 88.8 + 1.2 84 +3

HIGH 101.5 1.5 99.1 = 1.0
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Effect of Nitric Acid Concentration in Extract

The effect of the concentration of nitric acid on the recovery of Sb, Ba, and Pb from spiked
swabs was evaluated using nitric acid extract concentrations from 0.1 to 20% (v/v). The
results of this experiment are shown in Fig. 4. In the figure, the percent recovery of each
element is shown as a function of the concentration of nitric acid in the extracting solution.
The bar lengths represent the range of results for triplicate extractions at each of three levels
of an element, or a total of nine individual measurements. As shown in Fig. 4, recovery of Sb
increases throughout the nitric acid concentration range studied. However, the rate of in-
crease diminishes and recovery of Sb becomes nearly constant above 10% HNO;. The results
for both Ba and Pb indicate a rapid increase in recovery with increasing acid concentration
up to about 1% HNO; and a constant nearly 100% recovery at higher acid concentrations.
The results for Ba using 20% HNO; have greater uncertainty than results obtained using
.other conditions because of high noise levels resulting from deterioration of the graphite
furnace when injecting 20% HNO,. A practical upper limit to nitric acid concentration dic-
tated by lifetime of the graphite furnace tubes and reproducibility of Ba absorbance mea-
surements is about 10%.

Effect of Extraction Time

The effect of time during which the extraction tube is placed in the oven at a temperature
of 80°C was evaluated over the range of 15 min to 16 h. The results of this experiment are
shown in Fig. 5. Each result shown in Fig. 5 is the average recovery percentage of the three
spike levels for the element indicated (nine samples) at each extraction time. For extraction
times of less than about 1 h, the extract solution does not reach 80°C. This results in the
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FIG. 4—Effects of concentration of HNO; on recoveries of Sb, Ba, and Pb. Length of bars indicates
range of recoveries for three spiking levels of each element.
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FIG. S—Effect of extraction time on recoveries of Sb, Ba, and Pb. Points represent mean recovery of
triplicate measurements at each of three spiking levels.

relatively low recoveries of Pb and Ba at short extraction times. The extraction efficiency of
Sb improves for times up through about 2 h and then remains constant for longer extraction
times. The data for an extraction time of 16 h were corrected for a loss in solution volume of
25%. The sample-to-sample error in applying a volume correction factor and the difficulties
associated with measurements of the more concentrated solutions resulting from prolonged
oven treatment result in greater uncertainties associated with these recoveries. At 8 h, the
volume loss was less than 1%, so a correction was not applied to the data for this time. Eight
hours represents the upper time limit beyond which correction factors must be applied.

Effect of Extraction Temperature

Extraction of spiked swabs was conducted at three temperatures, namely room tempera-
ture (27°C), 60°C, and 80°C. The results of this experiment are shown in Fig. 6. In this
figure, the recovery efficiency for each element is plotted against the temperature of the
extraction. The points shown in Fig. 6 are connected for ease of comparison although an
explicit functional relationship between variables is not implied. As shown, the recovery effi-
ciency for Sb increases as the extraction temperature is raised throughout the range studied.
An upper limit on extraction temperature is set by the polystyrene extraction tubes, which
begin to soften at temperatures above about 80°C.

Effect of Analyte Element Mass

In each of the experiments in our studies, three spiking levels of Sb, Ba, and Pb were used.
The effect of analyte mass on recovery can be studied using the results of any of the experi-
ments previously discussed. For ease of display, results have been presented thus far as aver-
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FIG. 6—Effect of extraction temperature on recoveries of Sb, Ba, and Pb. Each point represents
mean of triplicate measurements at each of three spiking levels.

age recovery for LOW, MID, and HIGH level spikes for each element after correcting for
blank levels. Comparison of the individual spike level results of all experiments consistently
indicates that the amount of Ba and Pb added to the swabs has no effect on subsequent
recovery efficiencies for these elements. There is, however, an effect of Sb level on its recov-
ery efficiency. To demonstrate this, the portion of Fig. 4 showing the effect of nitric acid
concentration on recovery efficiency for Sb is redisplayed as Fig. 7 with the mean values for
each spike level shown rather than the overall mean. As shown in Fig. 7, for all extraction
conditions, the recovery percentage of Sb improves as the analyte mass is increased. This
result was observed in all experiments where Sb recoveries were higher than about 15% of
the amount added.

The observation that the recovery efficiency for Sb from GSR-type swabs increases as the
amount of Sb on the swab increases suggests the existence of at least two mechanisms by
which Sb is retained by the swabs. In the first, a number of Sb ions are bound to swabs so
that they are not removed by the extracting acid. The number of sites per swab available for
this binding mechanism is nearly constant from swab to swab, so the relative amount of Sb
which is strongly bound is greater the less the total Sb applied to the swab. To account for the
mass balance of Sb in our studies, there must also be an additional bonding mechanism of
Sb with the cotton such that the Sb is released by ion exchange or solubility of a solid phase
in the extracting acid. Regardless of the mechanism of Sb retention by swabs, it is apparent
from our data that extraction methods which result in good recovery of Sb at high spike
levels may not do so at lower levels. Previous procedures reported for GSR swab extraction
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FIG. 7—Effect of mass of $b on swab on subsequent recovery. Each point represents results of extrac-
tion and analysis of triplicate samples at the spiking level indicated.

and analysis were evaluated using 1 ug or more of Sb [6]. This level is 5 times greater than
our highest spiking level and higher than generally observed on GSR swabs taken from the
hands of known shooters. From the results shown in Fig. 7, it can be estimated by extrapola-
tion that even relatively poor extraction procedures will give 95% recovery of Sb for 1-ug
spike levels. It is important that recovery studies be performed at the levels of Sb, Ba, and Pb
which are expected in real GSR swabs.

Conclusions and Recommendations

This study was undertaken to investigate extraction and AAS analysis parameters and
their effects on measured recovery efficiencies of Sb, Ba, and Pb from swabs of the type used
for GSR collection. As a result of these studies, the principal difficulties associated with
extraction of GSR swabs and determination of Sb, Ba, and Pb in the resulting extract solu-
tions have been defined and improvements in methodology can be suggested to diminish the
significance of the identified problems. Our goals were to develop a procedure providing
consistent high recoveries of Sb, Ba, and Pb at realistic GSR levels in a solution amenable to
accurate AAS analysis at sample loads of a typical forensic science laboratory. The proce-
dure that we suggest as best meeting these goals is given in the Appendix.

The major problem in the extraction process is incomplete removal of Sb from the cotton
swabs. The selection of conditions for method of drying swabs, introduction of swabs into
the extraction tube, composition and concentration of the extractant, extraction time and
temperature, and analyte mass all affect the recovery efficiency for Sb from spiked swabs.
An acceptable extraction procedure for GSR swabs should provide maximum recovery of Sb
at a high level of reproducibility. In our studies, Sb recoveries greater than about 70% of the
amount added could not be obtained consistently. The extraction procedure given in the
Appendix consistently produces 60 to 70% recovery of Sb at realistic GSR levels. Recovery of
added Ba and Pb is nearly complete for many choices of extraction variables, so optimization
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made for Sb results in complete recoveries of the other two elements. Note that one could
theoretically use a procedure yielding much lower Sb recovery, say 20%, if it were known to
be reproducible and correction in interpretation of results could be made. We do not recom-
mend this approach because reproducibility of extraction is poorer at lower levels of recovery
than at higher levels, and the relative analytical uncertainty increases as the AAS detection
limit is approached.

The second area where errors in GSR swab analysis can arise is in the AAS analysis of
extract solutions. Two problems which have been identified are variable absorbance-time
profiles of Sb and enhancement of Ba absorbance caused by the presence of various matrix
constituents. The variability of Sb absorbance peak shapes is not significant when absorb-
ance peak areas are carefully monitored by the rapid response recording systems available on
most newer AAS instruments. The barium enhancement problem was eliminated in our re-
covery studies using clean spiked swabs by matching of the samples and standards with re-
gard to every constituent except the elements of interest. This was accomplished by adding
the extract from the unspiked swabs (BLANK level solutions) to each standard solution as
detailed in the basic extraction and analysis procedure. However, the basic procedure must
be modified somewhat for the analysis of actual GSR swabs. In this case, it is not possible to
match the matrices of standards to the samples, since the composition of the sample swabs
varies tremendously from one sample to another and no true swab blank containing all of the
contaminants present on hand swabs exists. In our suggested GSR swab extraction proce-
dure detailed in the Appendix, standards are mounted on swabs so that their extracts con-
tain swab constituents. Both dilution and matrix modification can readily be applied to GSR
swabs containing high levels of contaminants with only slight modifications of this proce-
dure.

Based on results of recovery tests discussed previously, the procedure detailed in the Ap-
pendix is proposed for use in determination of Sb, Ba, and Pb concentrations in actual GSR
swabs. This procedure is similar to the basic extraction procedure with modification of the
method of handling the standards to diminish the effects of swab constituents on Ba absorb-
ance signals and to handle the wide range of compositions which may be encountered in
analyzing GSR swabs. The key to the proposed extraction and analysis method is the use of
standards made by spiking standard solutions on cotton swabs and extracting them by the
same method as used for the samples. This procedure offers the dual advantages of automat-
ically correcting sample Sb concentrations for incomplete extraction and approximating the
extract solution matrix composition as needed to diminish the effects of barium absorbance
enhancement.

The recommended extraction and analysis procedure offers several advantages over other
procedures which we have tested. The parameters selected for extraction are chosen to pro-
vide the maximum reproducible recovery of Sb, thereby improving the reliability of standard
recoveries as being representative of sample recoveries. The proposed procedure also offers
the advantages of allowing for the addition of matrix modifiers and ionization suppressants
and dilution of concentrated samples without reworking the entire procedure.

There are two potential drawbacks to the proposed procedure arising from violations of
inherent assumptions. First, the spiking of standards on swabs matching the samples in
composition is done so that recovery of Sb will be similar for samples and standards. Similar
recoveries of samples and standards will be difficult to achieve when either the sample swabs
cannot be matched by the laboratory performing the analysis or the samples are so greatly
soiled that extraction of the GSR is physically inhibited. The first of these drawbacks, lack of
a match to swab compositions, should not present a problem to the forensic science labora-
tory that has control over the swabs sent in by its contributors. In addition, it is our experi-
ence that Sb recoveries do not vary much among plastic shafted, cotton tipped swabs from
different manufacturers. The case of heavily soiled swabs which prevent effective extraction
of GSR constituents has always presented a problem when using extraction-AAS techniques.
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It has been suggested that heavily soiled swabs should be ashed and dissolved rather than
extracted for AAS analysis [/9]. Using the procedure given in the Appendix minimizes the
effects of physical inhibition of extraction of swabs because the swabs fall apart during ex-
traction, resulting in good recoveries even in the presence of soil. Further studies comparing
ashing and extraction techniques for analysis of swabs contaminated with a variety of sub-
stances are ongoing in our laboratory and will be published separately.

The second potential drawback to the proposed procedure lies in the assumption that
extracting the standards from swabs will generate solutions of the same composition regard-
ing nonanalyte constituents as the sample solutions. This is needed to diminish the effects of
enhancement of Ba absorbance signals. Again, the presence of high amounts of contamina-
tion on sample GSR swabs will cause a mismatching of the sample and standard extract
solution matrices. When this occurs, there are several methods of overcoming the enhance-
ment. Samples can be analyzed by the method of standard addition, which will eliminate the
effects of absorbance enhancement. Another method of diminishing the effects of enhance-
ment resulting from contamination is the addition of large amounts of an easily jonized ele-
ment to both samples and standards. For example, addition of Na (as nitrate) to a concen-
tration of S00 ug/mL in both sample and standard extracts will reduce the effects of Na and
other hand swab constituents to negligible levels. This is readily accomplished in the pro-
posed procedure by making a 1:1 dilution of all samples and standards with a 1000-ug/mL
Na solution before determination of Ba. In those cases where Ba concentrations are high
enough in the samples, dilution of the sample will reduce the Ba concentrations into the
range of the standards and diminish the enhancing effects of other constituents by lowering
their concentrations. A third method which can be used to diminish or eliminate the effects
of enhancement of Ba absorbance signals is to use atomic emission for Ba analysis. The most
practical means of making this measurement is with the use of inductively coupled plasma-
atomic emission spectrometry (ICP-AES). Further studies in our laboratory comparing
ICP-AES and AAS for Ba determination are ongoing and results will be presented else-
where.
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APPENDIX

Analysis of Gunshot Residue Swabs for Antimony, Barium, and Lead Using Flameless
Atomic Absorption Spectrophotometry

This method describes the determination of antimony, barium, and lead in cotton appli-
cator swabs which have been applied to the hands of suspected shooters. It can also be used
to determine the lower levels of these elements in cotton applicator swabs which have been
applied to the hands of nonshooters.
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Equipment

Atomic absorption spectrometer with flameless atomizer, background correction, auto-
sampler, chart recorder, and data recorder

Gravity convection oven

Vortex mixer

Table top centrifuge

Assorted volumetric flasks

Assorted glass pipets

Assorted micropipets

Test tube racks

Assorted plastic storage bottles

Expendable Supplies

12- by 75-mm (5-mL) polypropylene tubes with snap caps
Micropipet tips

Plastic beakers

Autosampler cups

Disposable scalpels

Pyrolytic graphite furnace tubes and platform inserts

Expendable Chemicals

Ultrapure concentrated nitric acid (Baker “Ultrex” or equivalent)
Certified barium, antimony, and lead standard solutions
Deionized water

Argon gas

Reagents

5% (v/v) Nitric Acid Solution—Dilute 50 mL of ultrapure concentrated nitric acid to 1000 mL
with deionized water. Store in a clean dedicated plastic bottle.

10% (v/v) Nitric Acid Solution—Dilute 100 mL of ultrapure concentrated nitric acid to 1000
mL with deionized water. Store in a clean dedicated plastic bottle.

Standards

Stock Standard Solution—Pipet 25 mL of 1000-pg/mL barium standard, 25 mL of 1000-pg/
mL lead standard, and 5 mL of 1000-pg/mL antimony standard into a S00-mL volumetric
flask. Dilute to mark using 5% nitric acid solution. Thoroughly mix and transfer this solu-
tion to a 500-mL plastic bottle for storage. Label and date bottle. This solution, which con-
tains 50-ug/mL barium, 50-pg/mL lead, and 10-ug/mL antimony, has a shelf life of several
months if care is taken to maintain its integrity.

Working Standard Solution—Pipet 10 mL of stock standard solution into a dedicated 100-mL
volumetric flask and dilute to mark with 5% nitric acid solution. Thoroughly mix and trans-
fer the solution to a 100-mL Teflon® bottle for short-term storage. Label and date this bottle.
This solution, which contains 5-pg/mL barium, 5-ug/mL lead, and 1-pg/mL antimony, has
a short shelf life and should be prepared fresh daily.
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Analytical Standard Preparation

Prelabel seven 12- by 75-mm (5-mL) polypropylene snap-top tubes to be used for stan-
dards. Using a clean surgical scalpel, remove two cotton tips from applicator swabs, and
place into each standard tube. Micropipet the following volumes of standard working solu-
tion into the seven tubes:

S0 S1 S2 83 54 S5 S6

OmL 0.050mL 0.100mL 0150 mL 0200 mL 0.500 mL 1.000 mL

Sample Preparation

Using a clean surgical scalpel, remove the cotton from the plastic shafts of each sample
and place into prelabelled tubes like those used for the analytical standards. Since sample
swabs will have varying volumes of liquid associated with them, it is essential that they be
dried in a contamination-free environment before further processing. The analytical stan-
dards must be similarly dried. This can be accomplished by placing open sample and stan-
dard tubes in an 80°C oven overnight, or as needed to remove moisture.

Sample and Standard Digestion

Pipet 2.00 mL of 10% nitric acid solution into each sample and standard tube. Tightly cap
each tube and vortex mix each for approximately 30 s. Loosen the caps from all tubes and
place tubes in an 80°C oven for 2 h.

Remove all tubes from the oven at the conclusion of the extraction period, reseal caps on
the tubes, and again vortex mix each for approximately 30 s or until the cotton is dispersed.
Centrifuge all tubes for approximately 5 min to pack the swab fibers into the bottoms of the
tubes.

Before analysis for antimony, barium, and lead, samples and standards generally must be
diluted to bring analyte concentrations into the working range of the atomic absorption instru-
ment. The magnitude of these dilutions will be dependent upon the particular instrument
used. The following dilutions have been determined to be most appropriate for the atomic
absorption spectrophotometer used in the FBI Laboratory (Perkin Elmer Modei 5000).

Sample and Standard Dilutions

For Antimony Determination—Prepare a second set of 5-mL polypropylene tubes in a one-to-
one correspondence with the first set. Micropipet 0.500 mL of extract solution from each
sample and standard into their corresponding tubes followed by the addition of 0.500 mL of
deionized water. For some instruments, it may be advantageous to substitute a matrix modi-
fier solution for the deionized water. Mix each solution thoroughly and transfer to disposable
autosampler cups for immediate analysis.

For Barium and Lead Determinations—Prepare a third set of 5-mL polypropylene tubes in a
one-to-one correspondence with the first set. Micropipet 0.200 mL of extract solution from
each primary sample and standard into their corresponding tubes followed by the addition of
2.00 mL of deionized water. Mix each solution thoroughly and transfer 1 mL of each to
disposable autosampler cups for immediate analysis.



864 JOURNAL OF FORENSIC SCIENCES

Analyses

Make antimony, barium, and lead absorbance measurements on sample and standard
solutions using the optimum operating parameters for the particular instrument being used.
All absorbance values should be determined using peak areas. The use of peak heights or
output directly from the spectrometer can lead to incorrect absorbance measurements, par-
ticularly for antimony.

Determination of Micrograms of Antimony, Barium, and Lead in Hand Swabs and Contro] Swabs

The standards described in this procedure correspond to 0, 0.25, 0.50, 0.75, 1.0, 2.5, and
5.0 pg of barium and lead and 0, 0.05, 0.10, 0.15, 0.20, 0.50, and 1.0 pg of antimony.
Sample analyte weights in micrograms may be directly interpolated from the instrument
standard response curves or from manual standard working curves provided all dilutions of
standards and samples are made equally.
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