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Abstract

Gas chromatography with electron capture detection (GC—ECD) is a highly explosive—sensitive analytical technique. However, its application
to the analysis of sediment extracts is hampered by the presence of nhumerous endogenous interferences. In the present study, solid-phas
microextraction (SPME) was used both as a purification technique for sediment extracts and as an extraction technique for water samples prior
to analysis by GC—-ECD. SPME/GC-ECD coupling was optimized and applied to the trace analysis of nine explosives including nitroaromatics
and RDX in real seawater and marine sediment samples. Addition of a high concentration of salt (30%, w/v) in the aqueous medium and use
of a carbowax/divinylbenzene (CW/DVB) coating led to optimal extraction efficiencies. Method detection limits (MDLs) ranged from 0.05 to
0.81pg/L in water and from 1 to f.g/kg in dry sediment. Except for RDX, spike recoveries in seawater were satisfactory (89—147%) when
samples were fortified atj2g/L of each analyte. Spike recoveries from dry sediment fortified atglkg of each analyte gave lower recoveries
but these could also be due to degradation in the matrix. With a smaller volume of aqueous sample required compared to solid-phase extraction
(SPE), SPME is an attractive method for the analysis of limited volumes of sediment pore-water. Moreover, the use of SPME eliminated
interferences present in sediment extracts thus allowing the detection of the target analytes that were otherwise difficult to detect by direct
injection.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction is of prime importance. In a marine environment where natu-
ral attenuation (biodegradation, photolysis and hydrolysis) of
Military training and wartime activities, including dump-  explosives occurs and therefore leads to trace levels, sensitive
ing of ammunition and sinking of warships have resulted in analytical methods that are able to suppress matrix effects are
the undersea deposition of large amounts of unexploded ord-required.
nances (UXO). Since most explosives are tdfi@], their Water and soil samples collected at military installations
potential leakage from UXO and the subsequent contami- are generally analyzed by U.S. Environmental Protection
nation of various bodies of water are presently a subject of Agency SW-846 Method 83383]. This method involves the
concern to several federal agencies including the Canadianextraction of water samples by either salting-out or solid-
and U.S. Navy. Due to the lack of effective tools to survey phase extraction (SPHJ], the extraction of solid by soni-
underwater areas and map the location of undersea UXO, thecation with acetonitrile, and the analysis of the acetonitrile
detection of the latter by both physical and chemical means extract using high-performance liquid chromatography with
an ultraviolet detector (HPLC-UV). An alternative gas chro-

* Corresponding author. Tel.: +1 514 496 6267; fax: +1 514 496 6265. matography method involving an electron capture detector
E-mail addressjalal.hawari@cnrc-nrc.gc.ca (J. Hawari). (GC-ECD) has also been developed to complement the SW-
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846 Method 833(5-8]. The advantages of the GC-ECD from Restek Corp (Bellefonte, PA). Mix A contained 2-
method include lower detection limits and improved chro- amino-4,6-dinitrotoluene (2-ADNT); 4-amino-2,6-dinitro-
matographic resolutiofb]. toluene (4-ADNT); 1,3-dinitrobenzene (1,3-DNB); 2,4-dini-
SPE is a robust method for extracting explosives from wa- trotoluene (2,4-DNT); 2,6-dinitrotoluene (2,6-DNT); 1,3,5-
ter[4,9-12] However, the numerous steps that SPE method trinitro-1,3,5-triazine  (RDX); 1,3,5,7-tetranitro-1,3,5,7-
involves including conditioning, retention, rinse and elution tetraazacyclooctane (HMX); tetryl; 1,3,5-trinitrobenzene
make the technique a lengthy and time-consuming tech- (TNB); 2,4,6-trinitrotoluene (TNT); each at a concentration
nique. Moreover, in the case of marine samples where theof 1mg/mL. 3,4-Dinitrotoluene (3,4-DNT), which was
volume of sediments and consequently the volume of poreused as an internal standard, was purchased as 1 mg/mL
water may be limited, application of SPE, which generally solution in methanol (8330 internal standard) from Restek
requires large volumes of water-$00mL), may not be  Corp. (Bellefonte, PA). The solvent used, acetonitrile,
possible. An extraction technique that could be applied to was of HPLC grade (Fisher, Nepean, Ont.). Deionized
smaller volumes of water would thus be profitable. As for water was obtained with a Milli-&¥ plus (Millipore)
the solid fraction of sediments, extraction by sonication with system.
acetonitrile often gives rise to organic-rich extracts that in-
terfere with explosives during GC analysis. A purification 2.2. Sediments and seawater sampling
technique that allows analyzing traces of explosives in an ex-
tract that contains numerous interferences would therefore be  Four areas located offshore near the Hawaiian Islands
beneficial. were selected for collection of marine sediment and wa-
Solid-phase microextraction (SPME) that was developed ter samples. Samples UXO-1 and UXO-3 were collected
by Pawliszyn is a rapid, simple, sensitive and solvent-free ex- from WWII-ERA UXO disposal site, sample UXO-5 was
traction techniqugl3,14]. Compared with SPE, SPME uses collected at a subsurface detonation site and sample REF-7
a miniature cylindrical coated fused-silica fiber that allows came from a reference site with no ordnance field nearby.
rapid mass transfers during the adsorption and desorptionAt each labeled site, water was collected about 0.5m be-
processes, and therefore requires smaller volumes of samiow the surface, in polyethylene 4L bottles, and sam-
ples. SPME extraction has been applied in combination with ples were immediately transferred into 1L amber glass
GC/MS for the determination of TNT and the amino metabo- bottles containing 1.5g of sodium bisulphate for acidi-
lites in seawatef15]. It has also been used by Darrach et fication. A 4L sample was also collected in the refer-
al. [16] to purify a water/solvent extract from marine sedi- ence site and stored without acidification. Sediment sam-
ment collected near an UXO before applying reversal elec- ples were scooped into 4L plastic cores. At the end of
tron attachment detection (READ) or GC/MS for TNT and the 6.5h campaign, all samples were immediately placed
DNT analysis, respectively. Furton et al. investigated the useon ice in a commercial cooler and processed for ship-
of SPME/GC-ECD and SPME/HPLC-UV for the recovery ping. Upon arrival at BRI-CNRC (Montreal, Que.), sam-
of explosives from aqueous solutions and demonstrated thatples were immediately stored at@, and analyzed 3 days
both couplings could be used for detecting traces of explo- later.
sives[17]. Samples were identified as follows: the above site names
The aim of this study was to develop a reproducible were used followed by letters “w” or “s” for water or sedi-
method to quantify energetic chemicals (nitroaromatics and ment samples, respectively (for instance UXO-1w and UXO-
nitramines) in seawater and marine sediments while using1s correspond to water and sediment samples, respectively,
commercially available and commonly used instrumentation. taken at the first site visited). The non-acidified water sample
We used SPME as both a purification technique for sedi- from the reference site was denoted REF-7wna where “na”
ment extracts and an extraction technigue for water samples stands for non-acidified.
and coupled it with GC—ECD, a highly explosive—sensitive
detection technique. The method was optimized and ac-2.3. Solid-phase microextraction
curacy, precision and limits of detection were determined.
The applicability of the method to natural samples was  Water samples were extracted by immersing a fused-
evaluated with natural water and sediment samples fromsilica fiber coated with the sorbent phase of inter-
Hawaii. est (Supelco) in the aqueous solution (35mL) that was
stirred continuously at room temperature and 990rpm
with a Variomag magnetic stirrer (ColeParmer Instru-

2. Experimental section ment, Anjou, Que.). Three different fibers were tested
for their ability to extract explosives: a @bn film of
2.1. Chemicals carbowax/divinylbenzene (CW/DVB); a 8n film of

polydimethylsiloxane/divinylbenzene (PDMS/DVB); and an
The target analytes were in the form of an ace- 85um film of polyacrylate (PA). The three fibers were con-
tonitrile solution (8095 calibration mix A) purchased ditioned in a GC injector port prior to use, according to the
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manufacturer's recommendations. Optimization of desorp- 3. Results and discussion
tion temperature, concentration of NaCl, and adsorption time
will be described herein. 3.1. Optimization of SPME/GC—ECD analysis

] ) 3.1.1. Selection of desorption temperature
2.4. Solid-phase extraction When using SPME/GC, the desorption temperature can
) i i affect drastically the recovery of the analyte from the fiber.
For comparison with the SPME technique, water samples 1o mnerature should be high enough to allow fast and quan-
were also extracted using solid-phase extraction with @ Porajaiive desorption without decomposing the thermolabile
pak Rdx Sep-Pak cartridge (500 mg) (Waters, Mississauga,chemicals. Three desorption temperatures were investigated
Ont.) as described in the U.S. EPA SW-846 Method 3535A (200, 225 and 25%) for each of the three fibers, CW/DVB,

[4]. The cartridge was conditioned with 15 mL of acetonitrile  pp\vs/DVB and PA, using the conditions indicatedig. 1

followed by 30 mL of deionized water as recommended by Explosives from mix A (each at 10g/L) were extracted from
the manufacturer. The aqueous sample (500 mL) was passed, 5queous solution by immersing the fiber for 30 min. The

through the cartridge at a rate of 10 mL/min. After letting the |5tter was then placed in the GC injector and allowed to des-

cartridge dry under reduced pressure, potentially adsorbed, tor 5min at the required temperature. As seefin 1,

con'taminants were eluted with 5mL of acetonitrile. The re- o temperature effect on analyte desorption depended on
sulting concentrate was analyzed by GC-ECD (see methode fiper used, but for most explosives, increasing desorption
below). temperature up to 25 decreased the chromatographic re-
sponse. A probable explanation for this is that explosives
are by nature thermally unstable. The continuously declining
response observed with PA coating upon increasing temper-

Sediment samples were extracted by sonication with ace-ture from 200 to 250C may also suggest the occurrence

tonitrile, as described in the U.S. EPA SW-846 Method 8330 ©f Some reactions between the polyacrylate groups and the
[3], but using a higher solid-to-liquid ratio. A dry sediment nitro-containing energetic chemicals. An optimal tempera-

sample (15g) was weighted, sonicated with 20 mL of ace- turé of 225°C was thus selected as the best compromise
tonitrile at 20°C for 18h and centrifuged. The resulting Petween a sufficient response and a limited degradation of
yellow—green extract was analyzed by GC—ECD as described2n@lytes. Under these conditions, HMX led to very low and
below, and by HPLC using U.S. EPA SW-846 Method 8330 irreproducible vla4lues, mainly due to its very low vapor pres-
[3] for comparative purposes. Another fraction of the extract SUr€ (3'3% 10~*"mmHgat25'C, as compared to more than
(10 mL) was placed in a glass vial, and solvent was evaporated*-00> 10~ mmHg for the other tested explosives) and/or to
at room temperature undepNtream. After desiccation was IS low affinity for organic phases such as the SPME fiber
complete, 35mL of water and 10.5g of NaCl were added (L09Kow=0.13 as compared 10.87 for other tested ex-

to each sample, and the sample was sonicated for 2 h. Thé?/0Sives)[18]. Its analysis by SPME/GC-ECD was there-
aqueous solution was then extracted by SPME using the Op_fore abandoned, as it has been done previously by Furton et
timized extraction method described herein and analyzed byal' [17].

GC-ECD.

2.5. Analysis of sediment samples

3.1.2. Effect of NaCl concentration on analyte extraction
The addition of salt can reduce the solubility of some an-
2.6. GC-ECD system alytes thereby favoring their extraction by the fiber. In par-
ticular, it was shown for explosives that addition of up to
Analyses were carried out on a Hewlett Packard 6890 30% (w/v) of NaCl had positive effects on SPME extraction
gas chromatograph coupled to an electron capture detectof17,19] Because the present study was initiated to analyze
(ECD) (Agilent Technologies, Wilmington, DE). Separation marine samples, the effect of NaCl on explosives extraction
was performed on a capillary column Rtx-TNT from Restek had to be well understood. Four salt (NaCl) concentrations (0O,
(6 mx 0.53mmx 1.50.m). The GC oven was initially held  0.10, 0.20 and 0.30 g/mL corresponding to 0, 10, 20 and 30%
at 100°C for 2 min, raised to 200C at a rate of 10C/min, (w/v), respectively) were thus tested, using the three fibers
then to 240 C at a rate of 20C/min, and hold at 249C for mentioned above and a desorption temperature of@25
1min. The carrier gas was helium at 15 mL/min. The make Fibers were rinsed before placement into the injection port
up gas for ECD detector was nitrogen (15 mL/min). The de- to avoid accumulation of salt in the syringe needle and/or
tector temperature was maintained at 260 Samples were  in the liner. Detailed experimental conditions and results are

either injected directly from an acetonitrile solutionu(R) given inFig. 2 The addition of salt did not significantly af-
or from the SPME fiber using a deactivated glass liner for fect the chromatographic response of 1,3-DNB, TNB, RDX
universal packed column inlet (1@ internal volume). In- and tetryl, but it enhanced the GC response of 4-ADNT, 2-

jector temperature was kept at 225 (see below for opti-  ADNT, 2,4-DNT and 2,6-DNT. As for TNT, addition of NaCl
mization). enhanced the peak areas with PDMS/DVB and PA fibers, but
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sives.
Fig. 1. Effect of desorption temperature on the analysis of explosives by
SPME/GC-ECD. Ex_traction vials contgin_ed wgter (35 mI__) and energetic 3.1.3. Effect of adsorption time
ggm‘?ognds (0:3g in 35uL of acetonitrile). Fiber was immersed for The amount of analyte adsorbed by the SPME fiber is a
min in the solution stirred at 990 rpm. . L. . .
function of the distribution constant between the fiber and the
solution, the thickness of the adsorbing phase, and the ana-
decreased them with CW/DVB fiber. The reason why dissim- lyte’s diffusion coefficienf10]. Given that all of these param-
ilar behaviors were observed with different fibers for TNT is eters differ from one analyte to the other and from one fiber to
unclear. the other, the equilibration time should be measured for each
Given the extraction enhancement caused by the ad-analyte/fiber couple. Adsorption profiles were determined as
dition of salt for several analytes, sodium chloride solu- afunction oftime for the three fibers, CW/DVB, PDMS/DVB
tions (30%, w/v) were used throughout the present study and PA, using the conditions givenfig. 3. The profiles were
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Fig. 3. Adsorption time profiles for RDX[{); TNT (H); 2,4-DNT (©);
2,6-DNT (O) and 4-ADNT @) by SPME/GC-ECD using CW/DVB,
PDMS/DVB and PA fibers. Extraction vials contained NaCl (30%, w/v), wa-
ter (35mL) and energetic compounds (Opdbfor CW/DVB and PA fibers,

or 0.07n.g for PDMS/DVB, in 350uL of acetonitrile). Fiber was immersed
for various periods of time in the solution stirred at 990 rpm. The desorption
temperature was 22%.

only represented for five analytes (4-ADNT; 2,4-DNT,; 2,6-
DNT; TNT; RDX) to avoid curves overlapping. Compound
2-ADNT, which is not represented, behaved similarly to 4-
ADNT, whereas tetryl, 1,3-DNB and TNB behaved in the
same way as RDX. Analysis of a 1@/L solution of mix

A with the PDMS/DVB fiber led to an overloaded signal af-
ter 30 min of adsorption, so that qu@/L solution was used
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with this fiber. As for CW/DVB and PA coatings, 1@/L
solutions were used. As shownhing. 3, around 1 h was nec-
essary to reach the equilibrium when using CW/DVB and
PA coatings, while more than 2 h were necessary when using
PDMS/DVB coating. These equilibrium times were approx-
imately twice longer than those observed by SPME/HPLC
with equivalent fiberg19], although the present explosives
concentrations (2 or J0g/L) were lower than those analyzed
by SPME/HPLC (10Geg/L). Itis possible that while enhanc-
ing the capacity of sorption, the conditioning of GC fibers also
lengthened the diffusion path of each analyte. PDMS/DVB
coating required longer time for the distribution of analyte
between the solid phase and the solution to reach equilib-
rium (Fig. 3). A similar trend had been observed when ap-
plying SPME/HPLC19]. We previously attributed the slow
adsorption of analyte to the longer diffusion path caused by
the presence of a porous polymer such as DVB. The faster
equilibriareached inthe present study with CW/DVB coating
suggest that the low polarity of PDMS may have also been
partially responsible for the slow adsorption processes.

3.1.4. Selection of SPME fiber

Three different SPME fiber coatings were evaluated for
their ability to extract explosives from agueous solutions.
As seen inFig. 1, the extraction efficiency of the fibers de-
pended on the analyte considered. The PDMS/DVB coating
was highly efficient for extracting DNTs and TNT, but was
less efficient for the other explosives. In contrast, the polar
CWI/DVB coating exhibited an extraction efficiency that was
inferior to that of PDMS/DVB for DNTs and TNT but that
was more homogeneous between analytes. The PA fiber was
less efficient than CW/DVB and PDMS/DVB fibers for all
analytes. On the basis of the adsorption kinetics, PDMS fiber
required 2 h to reach adsorption equilibrium when 1 h was
sufficient for CW/DVB and PA and coatingEi@. 3). Using
a 2 h adsorption time would make the technique less advan-
tageous. CW/DVB was thus the only fiber used hereafter to
evaluate the performances of the SPME/GC-ECD technique
for analyzing various types of explosives in ocean samples.

3.1.5. Effect of acetonitrile on analyte recovery

Energetic chemicals were introduced in all standard so-
lutions dissolved in acetonitrile. By increasing the solubility
of the analyte in the aqueous solution, acetonitrile could act
negatively on the extraction efficiency of the method. To de-
termine whether both samples and standards should be pre-
pared with a constant volume of acetonitrile, or whether all
samples should be prepared free of acetonitrile, the effect
of the solvent was evaluated. Samples each containing NaCl
(30%, wiv), analytes (each ap@y/L), and acetonitrile (0, 35,
350 or 70QuL, corresponding to 0, 0.1, 1 or 2% (v/v), re-
spectively) were prepared and analyzed using the CW/DVB
fiber (Fig. 4). No trend, whether positive or negative, could
be drawn from the experimental data and in some cases re-
covery was even enhanced in the presence of acetonitrile.
However, with the aim to conduct all extractions under simi-
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Fig. 4. Effect of the presence of acetonitrile on the extraction of energetic
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(0, 0.1, 1 or 2%, v/v). CW/DVB fiber was immersed for 1 h in the solution
stirred at 990 rpm.
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deterioration of the fiber over time or to a loss in the response
ofthe GC-ECD system. Calibration should therefore be often
repeated to verify the response level of the SPME/GC-ECD
system.

3.2.2. Accuracy, repeatability and detection limits for
SPME

The method detection limits (MDLs) were calculated for
the nine analytes according to published guidelif2€§, as
three times the standard deviation for a measurement value
not higher than 10 times the MDL. On the basis of these
guidelines, the method quantification limits (MQL) can also
be estimated as 10 times the standard deviation. The accuracy
(% recovery) and precision (% RSD) of the SPME/GC-ECD
method were evaluated for each analyte by analyzing deion-
ized water spiked with a standard solution (concentration in
the spiked solution: gg/L for RDX, 1,3-DNB and TNB;
0.25ug/L for other analytes) seven times, on different days,
and quantifying it using linear calibration curves. The results
for the detection limits, precision and accuracy of quantifi-
cation are given imable 2 Depending on the analytes, de-
tection limits ranged between 0.05 and Ou&fL, in good

lar conditions, acetonitrile (1%, v/v) was added to all samples agreement with the detection limits measured by Furton et

henceforth.

3.2. Evaluation of SPME/GC—ECD method performance

3.2.1. Preparation of SPME calibration curves

al. [17] using a similar technique. The precision, as deter-
mined by the relative standard deviation, ranged from 5 to
23%. When comparing the measured concentrations of all
analytes to the nominal concentrations in the check stan-
dard, recoveries ranging from 78 to 139% were obtained

Calibration curves were prepared for the nine analytes (Table 2.

spiked at 0.05, 0.1, 0.5, 1, 2, 3, 4 and&/L using CW/DVB
fiber. All standards were analyzed in duplicate using 3,4-

DNT as internal standard. The linearity ranges, equation pa-
rameters and correlation coefficients resulting from linear re-

gression are given iable 1 Typical SPME/GC-ECD chro-
matograms are presentedfig. 5 While RDX calibration
curve was poorly linearrf =0.9015), the curves of the eight

3.2.3. Comparison of SPME and SPE for the analysis of
aqueous samples

Since the SPE method is commonly used for routine anal-
ysis of explosives in water, its accuracy, precision and de-
tection limits were also determined and compared to that of
SPME using detection by GC-ECDgble 2. Data obtained

other energetic chemicals were well represented by linearwith the conventional SPE/HPLC technigi®] were also
equations, as demonstrated by the correlation coefficientsincluded inTable 2for comparison.

(Table ). Standard curves performed with the same fiber

The precision of both SPME/GC-ECD and SPE/GC-ECD

5 months later showed a slope around 60% lower than thetechniques was found to be more or less in the same range
initial ones. The observed drop of response could be due to a(5% <RSD <23% for SPME/GC-ECD; 4% <RSD<28%

Table 1

Analysis of calibration standaréiey SPME/GC—ECD using CW/DVB coating

Analyte Linearity rangei(g/L) Linear equatioh Correlation coefficierit(r?)
4-ADNT 0.1-5 y=4.2942x 10° (+8431)x 0.9940 (=7)
2-ADNT 0.05-5 y=5.3644x 10° (+6366)x 0.9978 (1=8)
2,6-DNT 0.1-5 y=6.5756x 1P (+2.039x 10%) x 0.9873 a=7)
2,4-DNT 0.1-5 y=3.069x 10° (£2135)x 0.9993 a=7)
TNB 0.5-5 y=3.3537x 10* (£515)x 0.9972 (1=6)
1,3-DNB 0.5-5 y=5.0084x 10* (+1774)x 0.9822 (1=6)
TNT 0.5-5 y=2.0154x 10° (£5733)x 0.9900 (1= 6)
RDX 0.5-5 y=2.5272x 10* (£2188)x 0.9050 (1= 6)
Tetryl 0.1-5 y=1.3175x 10° (£2113)x 0.9960 (1=7)

2 All standards contained 30% (w/v) NaCl and 1% (v/v) acetonitrile in distilled water.
b yis the measured peak area arid the concentration of energetic chemicapig/L. Errors are given between brackets.
¢ Determined from the linear regression analysis of six to eighstandards, using Microcaf Origin 6.0 software.
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Fig. 5. Typical SPME/GC-ECD chromatograms of (A) a standard solution of a mixture of explosives, eagilgt(B) an ocean sample (REF-7wna) from
Hawaii; and (C) sample REF-7wna spiked with explosives eachugll2 Samples (35Q.L of acetonitrile, 30% (w/v) of NaCl and 35 mL water) were stirred
at 990 rpm and extracted for 30 min using a CW/DVB fiber. (IS) internal standard: 3,4-DNT.

for SPE/GC-ECD). This precision was significantly poorer TNB, which were less efficiently extracted by SPME fiber
than that of SPE/HPLC technique (3% <RSD <13%), sug- and hence less efficiently detected, both SPME/GC-ECD
gesting that the detection technique was a factor affectingand SPE/GC-ECD led to similar levels of detection limits
the precision of the analysis. Except for RDX, 1,3-DNB and (0.05-0.25.0/L, depending on the analyte). These values

Table 2
Comparison of detection limits, precision (% RSD) and accuracy (% recovery) for analysis of agueous samples by SPME and SPE
Analyte SPME/GC-ECD (using CW/DVB) SPE/GC-ECD SPE/HPLC
MDL?2 % RSDP % Recover§ MDL?2 % RSDP % Recover§ MDL2 % RSDP % Recover§
(rg/L) at MQL (rg/L) at MQL (rg/L) at MQL
4-ADNT 0.14 133 1394 0.11 175 871 0.27 9.8 91.4
2-ADNT 0.13 190 923 0.06 103 735 ND¢ NDd NDd
2,6-DNT 0.05 64 1044 0.04 45 1055 ND¢ NDd NDd
2,4-DNT 0.06 66 1229 0.04 51 1069 0.14 4.6 97.6
TNB 0.62 94 1114 0.16 241 874 0.10 13.12 99.7
1,3-DNB 0.27 45 1020 0.07 86 1051 0.03 4.4 100.3
TNT 0.18 223 1053 0.08 109 967 0.12 438 84.1
RDX 0.81 100 1351 0.12 199 787 0.29 10.0 97.0
Tetryl 0.13 218 783 0.28 280 1354 0.15 6.7 75.9

2 Method detection limits were calculated using the equation, MD&Aghereo is the standard deviation of seven measurements of low-concentration
spikes.

b percent relative standard deviation was based on seven replicate analyses at concentrations not exceeding 10 times the MDL.

¢ Percent recoveries were based on seven replicate analyses at concentrations not exceeding 10 times the MDL.

d Not determined due to co-elution of 2-ADNT with 4-ADNT and 2,4-DNT with 2,6-DNT.
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Table 3
SPME and SPE recoveries (%) of explosives by GE-ECD in artificially contaminated ocean water samples (REF-7wna) in the presence and absenge of NaHSO
4-ADNT 2-ADNT 2,6-DNT 2,4-DNT TNB 1,3-DNB TNT RDX Tetryl
Spike, mix A: 0.25.9/L
SPME
pH 8.0 Inter® 65 75 50 NDY ND 129 ND 134
pH 2.0 Inter® ND 99 126 ND ND ND ND ND
SPE
pH 8.0 92 61 102 101 127 97 119 98 201
pH 2.0 67 50 98 86 132 76 122 91 235
Spike, mix A: 2u.g/L
SPME,t=0d
pH 8.0 96 89 103 108 147 118 117 332 122
pH 2.0 21 32 107 118 132 110 133 410 89
SPME,t=10d (4°C)
pH 8.0 78 85 102 111 142 113 141 212 65
pH 2.0 9 1 113 135 177 127 159 155 86

@ Duplicate experiments. SPME samples containedud50f acetonitrile and 10.5 g of NaCl in addition to the analytes.
b ND: not detected.
¢ Interference.

are in the same order of magnitude as the detection limits nine explosives could be detect&d. 5C) and percentrecov-
measured by SPE/HPLOdble 2. eries [(measured concentration/actual concentratid)0],

The SPME method has the advantage of being organicexcept that of RDX, ranged from 89 to 147%, implying a
solvent-free and more rapid than SPE. For example, total reasonably good agreement between nominal and measured
SPME analysis including adsorption and analysis did not ex- concentrationsTable 3. RDX on the other hand led to a
ceed 80 min as opposed to approximately 6 h (including time much higher recovery (332%). Since analysis of REF-7wna
needed for cartridge conditioning, adsorption, elution and did not show any interference with RDXig. 5B), the source
analysis) for the SPE method. In addition to the time factor, of overestimation was most likely analytical. This could be
collecting sediments in a marine field where UXOs are still explained by the fact that the level of spikep@/L) was
present requires numerous precautionary measures includindower than the method quantification limit for this compound
use of specialized equipment and restriction of the amount of (MQL = 100 =3.33 MDL = 2.7ug/L).
sample. Atechnique like SPME that utilizes smaller volumes  Acidification of the medium had a drastic effect on the

of samples than SPE thus becomes very attractive. detection of most of the explosives at 0j24/L: only two
energetic chemicals (2,6-DNT and 2,4-DNT) were detected

3.3. Application of SPME/GC—ECD to real samples in the solution at pH 2 when five (2-ADNT, 2,6-DNT, 2,4-
DNT, TNT and tetryl) had been detected at pHraljle 3. A

3.3.1. Aqueous samples previous study involving SPME/HPLC for the analysis of ex-

SPE and SPME were compared for their efficiencies to plosives demonstrated that protonation of amines under acid
analyze ocean water samples (UXO-1w, UXO-3w, UXO-5w conditions prevented their extraction by SP¥IB], which
and UXO-7w) using GC—ECD detection. Whether SPME or €xplains that 2-ADNT was not observed here. As for tetryl
SPE was applied as the extraction method prior to GC—ECD and TNT, their absence at pH 2 is likely related to their higher
analysis, none of the 10 explosives used in the present studydetection limits Table 2 coupled to an increased background
was detected in any of the four ocean water samples. Sam-oise when performing the extraction under acid conditions.
ple UXO-7wna (pH 8.0) was thus fortified with 8.75 or These findings indicate that neutral or slightly alkaline condi-
70nL of a 1mg/L acetonitrile solution of the 10 explo- tions are favorable for detecting traces of energetic chemicals
sives to yield 0.25 or Ag/L of each energetic chemical in by SPME/GC-ECD. Samples that have been maintained un-
the samples. In order to check the effect of pH on explo- der acid conditions to limit decomposition (hydrolysis, bio-
sives extractability, similar samples were prepared but with transformation) should thus be also analyzed after neutral-
1.5g/L of NaHSQ (pH 2). The results for the quantifica- ization.
tion of energetic chemicals in the spiked natural samples us- In contrast to SPME, all nine explosives, present at
ing either SPME/GC—ECD or SPE/GC-ECD are given in 0.25pg/L, could be detected by GC-ECD following SPE
Table 3 As mentioned above, HMX was not analyzed in the extraction. The concentration of tetryl measured represented
solutions. RDX, TNB and 1,3-DNB could not be detected twice the nominal concentration however the level of spiking
by SPME/GC—ECD when their concentration did not exceed (0.25ug/L) was below the method quantification limit for
0.25p.g/L. In the non-acidified sample fortified ap@y/L all this compound (MQL =3.33 MDL =0.9@g/L).
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Table 4
Analysis of explosives in field sediment samples: direct GC-ECD and HPLC vs. SPME/GC-ECD
Sample 2,4-DNT ig/kg) 2,6-DNT (ua/kg)
Desiccatiof Direct Inj. Direct Inj. Desiccatiof Direct Inj. Direct Inj.
SPME (GC-ECD) (HPLC) SPME (GC-ECD) (HPLC)
UXO-1s (If 497 813 675 25 39 -
UXO-1s (I1)¢ NDd ND ND ND ND -
UXO-3s (1) 1398 1856 1997 113 123 -
UXO-3s (I1) ND ND ND ND ND -
UXO-5s (1) ND ND ND ND ND -
UXO-5s (I1) ND ND ND ND ND -
REF-7s (1) ND ND ND ND ND -
REF-7s (Il) ND ND ND ND ND -

a Ten milliliters of extract was evaporated to dryness and redissolved in 35 mL of water containing 10.5g of NaCl.

b 2,4-DNT and 2,6-DNT were not separated using U.S. EPA Method 8330. Signal was quantified using 2,4-DNT response factor.
¢ Numbers | and Il correspond to two different subsamples.

d ND: not detected.

In order to evaluate the potential loss of explosives during 2,4-DNT and 2,6-DNT were not separable by HPLC applying
the time period separating sampling and analysis, the non-the U.S. EPA Method 8330. GC-ECD, with its higher chro-

acidified and acidified samples each containinggfd of matographic resolution, allowed quantifying each chemical
each of the 10 energetic chemicals were stored for 10 daysseparately.
at 4°C and analyzed again by SPME/GC-ECTalfle 3. Evaporation of the above acetonitrile extracts to dryness

Most of the analytes did not show significant variation in and redissolution in water followed by SPME/GC—ECD gave
concentration, except for tetryl, which is known to undergo lower results as compared to direct analysis by GC—ECD.
hydrolysis in watel{21] and consequently degraded at pH DNTSs being among the most volatile compounds considered
8.0. Results suggested that if any of the chemicals, ADNTSs, [18], the lower concentrations observed for 2,4- and 2,6-DNT
DNTs, 1,3-DNB, TNB and TNT, were present at a concen- by SPME/GC—-ECD could result from aloss occurring during
tration>2 p.g/L in the ocean samples, they should have been the evaporation step required before applying SPME. More-
detected by the method described herein. Overall, althoughover, a potential competitive distribution of DNTs between
slightly less sensitive than SPE method, SPME gave satisfac-the fiber and the organic matter extracted from the sediment
tory results when used to quantify explosives in ocean water. that was deposited when the acetonitrile extract was evapo-

rated to dryness could also be responsible for the lower re-
3.3.2. Sediment samples coveries observed for the two chemicals.

Four sediment samples, UXO-1s and UXO-3s (disposal To evaluate the applicability of the SPME/GC—ECD
site), UXO-5s (subsurface detonation site) and REF-7s (ref- method to the analyses of low concentrations of explosives
erence site) were each extracted in duplicate with acetoni-in sediments, sample REF-7s was spiked withw.itkg of
trile. Sonication of the four sediment samples led to greenish- each analyte of the standard mix A by adding the required
yellow extracts, which were analyzed directly by HPLC and volume of an acetonitrile solution. Spiked samples were al-
by GC-ECD. A fraction of each extract was also evapo- lowed to stand for 2h under the fume hood before adding
rated to dryness and redissolved in 35 mL of NaCl aqueousacetonitrile for extraction. After sonication with acetonitrile,
solution (30%, w/v) for subsequent SPME/GC—ECD anal- theresulting extractwas analyzed by GC—-ECD either directly
ysis (Table 4. Samples UXO-1s and UXO-3s showed the or after desiccation, resuspension of the residue in water, and
presence of 2,4- and 2,6-DNT at concentrations that varied extraction by SPME. Direct GC analysis of the extract led
between duplicates, thus suggesting a heterogeneous distrito the appearance of several large peaks that interfered with
bution of explosives, in agreement with the heterogeneousthe detection and quantification of most explosiveg (6).
nature of the samples. Several GC chromatograms showedVoreover, repeated injections led to a significant degradation
peaks at retention times that matched those of TNT, TNB, in the GC peak shapes of energetic chemicals.

RDX and 2-ADNT but extensive LC/MS analysis of the ex- Applying SPME after evaporating and resuspending the
tracts concentrated 10 times did not confirm the presence ofextract in water improved significantly the detection of the
these compounds. energetic chemicalsF{g. 7). MDLs were determined for

Direct analysis of extracts from samples UXO-1s and SPME/GC-ECD by extracting seven times the sediment
UXO-3s by GC-ECD led to values comparable to the HPLC REF-7s fortified at 1hg/kg (Table 9, and were found to
ones Table 4. Walsh and Ranney observed that GC concen- be between 1 and|9g/kg, which is generally higher than the
trations of TNT and 2,4-DNT in soils were found to be higher MDLs previously reported for direct analysis of soil extracts
than the HPLC measuremeifit}. It should be noted here that by GC—ECD[8]. However, the organic interferences present
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Table 5
Recoveries and method detection limiggy(kg) of explosives in spiked sediment SPME/GC-ECD
4-ADNT 2-ADNT 2,6-DNT 2,4-DNT TNB 1,3-DNB TNT RDX Tetryl

% Recovery data for spiked REF-7s (mix A: 10/kg)

Direct injection Inte Inter. 107+ 10 Inter. 52+ 21 Inter. Inter. Inter. 7610

Desiccation SPME 34 Inter. 79+11 95+ 16 151+ 14 64+ 20 103+ 28 Inter. 2H10
MDL (pg/kg) (mix A: 10ng/kg)

Desiccation SPME 1.2 Inter. 3.3 4.8 4.2 6.0 8.4 Inter. 3

2 Fifteen gram sediment extracted with 20 mL acetonitrile; 10 mL of extract was desiccated and redissolved in 35 mL of water containing 10.5 g of NaCl.
Seven replicates were conducted.
b Interference.

in sediment REF-7s were larger than what is commonly ob-
tained in soils so that most of the analyzed explosives could
not be observed directly by GC-ECD atj1§/kg.

SPME/GC-ECDrecoveries fromthe 1§/kg spiked sed-
iment ranged between 27 and 151Valjle 5, with tetryl and
4-ADNT showing the poorest recoveries. Tetryl hydrolysis
[21], and irreversible binding of aminodinitrotoluenes to the
organic mattef22] of sediments might have contributed to
their loss. The excessive recovery of TNB (151%) is likely
due to the interference that can be seen in the non-spiked
sediment REF-7Hg. 7A).
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Xe 9ng/kg in dry sediment. Except for RDX, spike recoveries in

(A) seawater were satisfactory (89—147%) but poorer analytes re-
IS coveries were obtained for sediment, which was possibly due
3 § to degradation/irreversible binding of the chemicals rather
] f than to the accuracy of the analytical method. With a smaller
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extraction, SPME appeared as an attractive method for the
analysis of limited volumes of sediment pore-water. More-
over, the use of SPME eliminated interferences present in
sediment extractsH{gs. 6 and Y allowing detection of the
target analytes that were not detected by direct injection of
the extracts.
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