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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 numerous endogenous interferences. In the present study, solid-phase
microextraction (SPME) was used both as a purification technique for sediment extracts and as an extraction technique for water samples prior
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o analysis by GC–ECD. SPME/GC–ECD coupling was optimized and applied to the trace analysis of nine explosives including nitro
nd RDX in real seawater and marine sediment samples. Addition of a high concentration of salt (30%, w/v) in the aqueous mediu
f a carbowax/divinylbenzene (CW/DVB) coating led to optimal extraction efficiencies. Method detection limits (MDLs) ranged from
.81�g/L in water and from 1 to 9�g/kg in dry sediment. Except for RDX, spike recoveries in seawater were satisfactory (89–147%
amples were fortified at 2�g/L of each analyte. Spike recoveries from dry sediment fortified at 10�g/kg of each analyte gave lower recove
ut these could also be due to degradation in the matrix. With a smaller volume of aqueous sample required compared to solid-phas
SPE), SPME is an attractive method for the analysis of limited volumes of sediment pore-water. Moreover, the use of SPME
nterferences present in sediment extracts thus allowing the detection of the target analytes that were otherwise difficult to dete
njection.
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. Introduction

Military training and wartime activities, including dump-
ng of ammunition and sinking of warships have resulted in
he undersea deposition of large amounts of unexploded ord-
ances (UXO). Since most explosives are toxic[1,2], their
otential leakage from UXO and the subsequent contami-
ation of various bodies of water are presently a subject of
oncern to several federal agencies including the Canadian
nd U.S. Navy. Due to the lack of effective tools to survey
nderwater areas and map the location of undersea UXO, the
etection of the latter by both physical and chemical means
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is of prime importance. In a marine environment where n
ral attenuation (biodegradation, photolysis and hydrolysi
explosives occurs and therefore leads to trace levels, sen
analytical methods that are able to suppress matrix effec
required.

Water and soil samples collected at military installati
are generally analyzed by U.S. Environmental Protec
Agency SW-846 Method 8330[3]. This method involves th
extraction of water samples by either salting-out or so
phase extraction (SPE)[4], the extraction of solid by son
cation with acetonitrile, and the analysis of the aceton
extract using high-performance liquid chromatography
an ultraviolet detector (HPLC-UV). An alternative gas ch
matography method involving an electron capture dete
(GC–ECD) has also been developed to complement the
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846 Method 8330[5–8]. The advantages of the GC–ECD
method include lower detection limits and improved chro-
matographic resolution[5].

SPE is a robust method for extracting explosives from wa-
ter [4,9–12]. However, the numerous steps that SPE method
involves including conditioning, retention, rinse and elution
make the technique a lengthy and time-consuming tech-
nique. Moreover, in the case of marine samples where the
volume of sediments and consequently the volume of pore
water may be limited, application of SPE, which generally
requires large volumes of water (∼500 mL), may not be
possible. An extraction technique that could be applied to
smaller volumes of water would thus be profitable. As for
the solid fraction of sediments, extraction by sonication with
acetonitrile often gives rise to organic-rich extracts that in-
terfere with explosives during GC analysis. A purification
technique that allows analyzing traces of explosives in an ex-
tract that contains numerous interferences would therefore be
beneficial.

Solid-phase microextraction (SPME) that was developed
by Pawliszyn is a rapid, simple, sensitive and solvent-free ex-
traction technique[13,14]. Compared with SPE, SPME uses
a miniature cylindrical coated fused-silica fiber that allows
rapid mass transfers during the adsorption and desorption
processes, and therefore requires smaller volumes of sam-
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from Restek Corp (Bellefonte, PA). Mix A contained 2-
amino-4,6-dinitrotoluene (2-ADNT); 4-amino-2,6-dinitro-
toluene (4-ADNT); 1,3-dinitrobenzene (1,3-DNB); 2,4-dini-
trotoluene (2,4-DNT); 2,6-dinitrotoluene (2,6-DNT); 1,3,5-
trinitro-1,3,5-triazine (RDX); 1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane (HMX); tetryl; 1,3,5-trinitrobenzene
(TNB); 2,4,6-trinitrotoluene (TNT); each at a concentration
of 1 mg/mL. 3,4-Dinitrotoluene (3,4-DNT), which was
used as an internal standard, was purchased as 1 mg/mL
solution in methanol (8330 internal standard) from Restek
Corp. (Bellefonte, PA). The solvent used, acetonitrile,
was of HPLC grade (Fisher, Nepean, Ont.). Deionized
water was obtained with a Milli-QUV plus (Millipore)
system.

2.2. Sediments and seawater sampling

Four areas located offshore near the Hawaiian Islands
were selected for collection of marine sediment and wa-
ter samples. Samples UXO-1 and UXO-3 were collected
from WWII-ERA UXO disposal site, sample UXO-5 was
collected at a subsurface detonation site and sample REF-7
came from a reference site with no ordnance field nearby.
At each labeled site, water was collected about 0.5 m be-
low the surface, in polyethylene 4 L bottles, and sam-
p lass
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les. SPME extraction has been applied in combination
C/MS for the determination of TNT and the amino meta

ites in seawater[15]. It has also been used by Darrach
l. [16] to purify a water/solvent extract from marine se
ent collected near an UXO before applying reversal e

ron attachment detection (READ) or GC/MS for TNT a
NT analysis, respectively. Furton et al. investigated the
f SPME/GC–ECD and SPME/HPLC-UV for the recov
f explosives from aqueous solutions and demonstrate
oth couplings could be used for detecting traces of ex
ives[17].

The aim of this study was to develop a reproduc
ethod to quantify energetic chemicals (nitroaromatics
itramines) in seawater and marine sediments while u
ommercially available and commonly used instrumenta
e used SPME as both a purification technique for s
ent extracts and an extraction technique for water sam
nd coupled it with GC–ECD, a highly explosive–sens
etection technique. The method was optimized and
uracy, precision and limits of detection were determi
he applicability of the method to natural samples
valuated with natural water and sediment samples
awaii.

. Experimental section

.1. Chemicals

The target analytes were in the form of an a
onitrile solution (8095 calibration mix A) purchas
les were immediately transferred into 1 L amber g
ottles containing 1.5 g of sodium bisulphate for ac
cation. A 4 L sample was also collected in the re
nce site and stored without acidification. Sediment s
les were scooped into 4 L plastic cores. At the en

he 6.5 h campaign, all samples were immediately pl
n ice in a commercial cooler and processed for s
ing. Upon arrival at BRI-CNRC (Montreal, Que.), sa
les were immediately stored at 4◦C, and analyzed 3 da

ater.
Samples were identified as follows: the above site na

ere used followed by letters “w” or “s” for water or se
ent samples, respectively (for instance UXO-1w and U
s correspond to water and sediment samples, respec

aken at the first site visited). The non-acidified water sam
rom the reference site was denoted REF-7wna where
tands for non-acidified.

.3. Solid-phase microextraction

Water samples were extracted by immersing a fu
ilica fiber coated with the sorbent phase of in
st (Supelco) in the aqueous solution (35 mL) that
tirred continuously at room temperature and 990
ith a Variomag magnetic stirrer (ColeParmer Ins
ent, Anjou, Que.). Three different fibers were te

or their ability to extract explosives: a 65�m film of
arbowax/divinylbenzene (CW/DVB); a 65�m film of
olydimethylsiloxane/divinylbenzene (PDMS/DVB); and
5�m film of polyacrylate (PA). The three fibers were c
itioned in a GC injector port prior to use, according to
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manufacturer’s recommendations. Optimization of desorp-
tion temperature, concentration of NaCl, and adsorption time
will be described herein.

2.4. Solid-phase extraction

For comparison with the SPME technique, water samples
were also extracted using solid-phase extraction with a Pora-
pak Rdx Sep-Pak cartridge (500 mg) (Waters, Mississauga,
Ont.) as described in the U.S. EPA SW-846 Method 3535A
[4]. The cartridge was conditioned with 15 mL of acetonitrile
followed by 30 mL of deionized water as recommended by
the manufacturer. The aqueous sample (500 mL) was passed
through the cartridge at a rate of 10 mL/min. After letting the
cartridge dry under reduced pressure, potentially adsorbed
contaminants were eluted with 5 mL of acetonitrile. The re-
sulting concentrate was analyzed by GC–ECD (see method
below).

2.5. Analysis of sediment samples

Sediment samples were extracted by sonication with ace-
tonitrile, as described in the U.S. EPA SW-846 Method 8330
[3], but using a higher solid-to-liquid ratio. A dry sediment
s ace-
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3. Results and discussion

3.1. Optimization of SPME/GC–ECD analysis

3.1.1. Selection of desorption temperature
When using SPME/GC, the desorption temperature can

affect drastically the recovery of the analyte from the fiber.
Temperature should be high enough to allow fast and quan-
titative desorption without decomposing the thermolabile
chemicals. Three desorption temperatures were investigated
(200, 225 and 250◦C) for each of the three fibers, CW/DVB,
PDMS/DVB and PA, using the conditions indicated inFig. 1.
Explosives from mix A (each at 10�g/L) were extracted from
an aqueous solution by immersing the fiber for 30 min. The
latter was then placed in the GC injector and allowed to des-
orb for 5 min at the required temperature. As seen inFig. 1,
the temperature effect on analyte desorption depended on
the fiber used, but for most explosives, increasing desorption
temperature up to 250◦C 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-
ature from 200 to 250◦C may also suggest the occurrence
of some reactions between the polyacrylate groups and the
nitro-containing energetic chemicals. An optimal tempera-
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ample (15 g) was weighted, sonicated with 20 mL of
onitrile at 20◦C for 18 h and centrifuged. The resulti
ellow–green extract was analyzed by GC–ECD as desc
elow, and by HPLC using U.S. EPA SW-846 Method 8

3] for comparative purposes. Another fraction of the ext
10 mL) was placed in a glass vial, and solvent was evapo
t room temperature under N2 stream. After desiccation w
omplete, 35 mL of water and 10.5 g of NaCl were ad
o each sample, and the sample was sonicated for 2 h
queous solution was then extracted by SPME using th

imized extraction method described herein and analyze
C–ECD.

.6. GC–ECD system

Analyses were carried out on a Hewlett Packard 6
as chromatograph coupled to an electron capture de
ECD) (Agilent Technologies, Wilmington, DE). Separat
as performed on a capillary column Rtx-TNT from Res

6 m× 0.53 mm× 1.50�m). The GC oven was initially he
t 100◦C for 2 min, raised to 200◦C at a rate of 10◦C/min,

hen to 240◦C at a rate of 20◦C/min, and hold at 240◦C for
min. The carrier gas was helium at 15 mL/min. The m
p gas for ECD detector was nitrogen (15 mL/min). The

ector temperature was maintained at 250◦C. Samples wer
ither injected directly from an acetonitrile solution (2�L)
r from the SPME fiber using a deactivated glass line
niversal packed column inlet (170�L internal volume). In

ector temperature was kept at 225◦C (see below for opt
ization).
ure of 225 C was thus selected as the best compro
etween a sufficient response and a limited degradati
nalytes. Under these conditions, HMX led to very low

rreproducible values, mainly due to its very low vapor p
ure (3.33× 10−14 mmHg at 25◦C, as compared to more th
.00× 10−9 mmHg for the other tested explosives) and/o

ts low affinity for organic phases such as the SPME fi
LogKow = 0.13 as compared to≥0.87 for other tested e
losives)[18]. Its analysis by SPME/GC–ECD was the

ore abandoned, as it has been done previously by Fur
l. [17].

.1.2. Effect of NaCl concentration on analyte extraction
The addition of salt can reduce the solubility of some

lytes thereby favoring their extraction by the fiber. In p
icular, it was shown for explosives that addition of up
0% (w/v) of NaCl had positive effects on SPME extrac

17,19]. Because the present study was initiated to ana
arine samples, the effect of NaCl on explosives extra
ad to be well understood. Four salt (NaCl) concentration
.10, 0.20 and 0.30 g/mL corresponding to 0, 10, 20 and
w/v), respectively) were thus tested, using the three fi
entioned above and a desorption temperature of 22◦C.
ibers were rinsed before placement into the injection

o avoid accumulation of salt in the syringe needle an
n the liner. Detailed experimental conditions and results
iven inFig. 2. The addition of salt did not significantly a

ect the chromatographic response of 1,3-DNB, TNB, R
nd tetryl, but it enhanced the GC response of 4-ADNT
DNT, 2,4-DNT and 2,6-DNT. As for TNT, addition of NaC
nhanced the peak areas with PDMS/DVB and PA fibers
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Fig. 1. Effect of desorption temperature on the analysis of explosives by
SPME/GC–ECD. Extraction vials contained water (35 mL) and energetic
compounds (0.35�g in 35�L of acetonitrile). Fiber was immersed for
30 min in the solution stirred at 990 rpm.

decreased them with CW/DVB fiber. The reason why dissim-
ilar behaviors were observed with different fibers for TNT is
unclear.

Given the extraction enhancement caused by the ad-
dition of salt for several analytes, sodium chloride solu-
tions (30%, w/v) were used throughout the present study

Fig. 2. Effect of medium salinity on the extraction of energetic compounds
by SPME/GC–ECD. Extraction vials contained various amounts of NaCl
(0, 10, 20 or 30%, w/v), water (35 mL), energetic compounds (0.35�g in
35�L of acetonitrile). Fiber was immersed for 30 min in the solution stirred
at 990 rpm.

to ensure maximal extraction of most of the tested explo-
sives.

3.1.3. Effect of adsorption time
The amount of analyte adsorbed by the SPME fiber is a

function of the distribution constant between the fiber and the
solution, the thickness of the adsorbing phase, and the ana-
lyte’s diffusion coefficient[10]. Given that all of these param-
eters differ from one analyte to the other and from one fiber to
the other, the equilibration time should be measured for each
analyte/fiber couple. Adsorption profiles were determined as
a function of time for the three fibers, CW/DVB, PDMS/DVB
and PA, using the conditions given inFig. 3. The profiles were
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Fig. 3. Adsorption time profiles for RDX (�); TNT (�); 2,4-DNT (♦);
2,6-DNT (©) and 4-ADNT (�) by SPME/GC–ECD using CW/DVB,
PDMS/DVB and PA fibers. Extraction vials contained NaCl (30%, w/v), wa-
ter (35 mL) and energetic compounds (0.35�g for CW/DVB and PA fibers,
or 0.07�g for PDMS/DVB, in 350�L of acetonitrile). Fiber was immersed
for various periods of time in the solution stirred at 990 rpm. The desorption
temperature was 225◦C.

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 10�g/L solution of mix
A with the PDMS/DVB fiber led to an overloaded signal af-
ter 30 min of adsorption, so that a 2�g/L solution was used

with this fiber. As for CW/DVB and PA coatings, 10�g/L
solutions were used. As shown inFig. 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 fibers[19], although the present explosives
concentrations (2 or 10�g/L) were lower than those analyzed
by SPME/HPLC (100�g/L). It is 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/HPLC[19]. 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
equilibria reached in the 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 aqueous solutions.
As seen inFig. 1, the extraction efficiency of the fibers de-
p ating
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ended on the analyte considered. The PDMS/DVB co
as highly efficient for extracting DNTs and TNT, but w

ess efficient for the other explosives. In contrast, the p
W/DVB coating exhibited an extraction efficiency that w

nferior to that of PDMS/DVB for DNTs and TNT but th
as more homogeneous between analytes. The PA fibe

ess efficient than CW/DVB and PDMS/DVB fibers for
nalytes. On the basis of the adsorption kinetics, PDMS
equired 2 h to reach adsorption equilibrium when 1 h
ufficient for CW/DVB and PA and coatings (Fig. 3). Using
2 h adsorption time would make the technique less ad

ageous. CW/DVB was thus the only fiber used hereaft
valuate the performances of the SPME/GC–ECD techn
or analyzing various types of explosives in ocean samp

.1.5. Effect of acetonitrile on analyte recovery
Energetic chemicals were introduced in all standard

utions dissolved in acetonitrile. By increasing the solub
f the analyte in the aqueous solution, acetonitrile could
egatively on the extraction efficiency of the method. To

ermine whether both samples and standards should b
ared with a constant volume of acetonitrile, or whethe
amples should be prepared free of acetonitrile, the e
f the solvent was evaluated. Samples each containing
30%, w/v), analytes (each at 2�g/L), and acetonitrile (0, 35
50 or 700�L, corresponding to 0, 0.1, 1 or 2% (v/v),
pectively) were prepared and analyzed using the CW/
ber (Fig. 4). No trend, whether positive or negative, co
e drawn from the experimental data and in some case
overy was even enhanced in the presence of aceton
owever, with the aim to conduct all extractions under s
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Fig. 4. Effect of the presence of acetonitrile on the extraction of energetic
compounds by SPME/GC–ECD. Extraction vials contained water (35 mL),
NaCl (30%, w/v), energetic compounds (0.07�g of each) and acetonitrile
(0, 0.1, 1 or 2%, v/v). CW/DVB fiber was immersed for 1 h in the solution
stirred at 990 rpm.

lar conditions, acetonitrile (1%, v/v) was added to all samples
henceforth.

3.2. Evaluation of SPME/GC–ECDmethod performance

3.2.1. Preparation of SPME calibration curves
Calibration curves were prepared for the nine analytes

spiked at 0.05, 0.1, 0.5, 1, 2, 3, 4 and 5�g/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 inTable 1. Typical SPME/GC–ECD chro-
matograms are presented inFig. 5. While RDX calibration
curve was poorly linear (r2 = 0.9015), the curves of the eight
other energetic chemicals were well represented by linear
equations, as demonstrated by the correlation coefficients
(Table 1). Standard curves performed with the same fiber
5 months later showed a slope around 60% lower than the
initial ones. The observed drop of response could be due to a

deterioration of the fiber over time or to a loss in the response
of the 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 guidelines[20], 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: 2�g/L for RDX, 1,3-DNB and TNB;
0.25�g/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 inTable 2. Depending on the analytes, de-
tection limits ranged between 0.05 and 0.81�g/L, in good
agreement with the detection limits measured by Furton et
al. [17] using a similar technique. The precision, as deter-
mined by the relative standard deviation, ranged from 5 to
2 of all
a stan-
d ined
(

3 f
a

nal-
y de-
t at of
S d
w
i

CD
t range
( 8%

Table 1
Analysis of calibration standardsa by SPME/GC–ECD using CW/DVB coating

Analyte Linearity range (�g/L) Linear e

4-ADNT 0.1–5 y= 4.294
2-ADNT 0.05–5 y= 5.364
2 = 6.575
2 = 3.069
T = 3.353
1 = 5.008
T = 2.015
R = 2.527
T = 1.317

in distil
emica

ards, u
,6-DNT 0.1–5 y
,4-DNT 0.1–5 y
NB 0.5–5 y
,3-DNB 0.5–5 y
NT 0.5–5 y
DX 0.5–5 y
etryl 0.1–5 y
a All standards contained 30% (w/v) NaCl and 1% (v/v) acetonitrile
b y is the measured peak area andx is the concentration of energetic ch
c Determined from the linear regression analysis of six to eight (n) stand
3%. When comparing the measured concentrations
nalytes to the nominal concentrations in the check
ard, recoveries ranging from 78 to 139% were obta
Table 2).

.2.3. Comparison of SPME and SPE for the analysis o
queous samples

Since the SPE method is commonly used for routine a
sis of explosives in water, its accuracy, precision and
ection limits were also determined and compared to th
PME using detection by GC–ECD (Table 2). Data obtaine
ith the conventional SPE/HPLC technique[19] were also

ncluded inTable 2for comparison.
The precision of both SPME/GC–ECD and SPE/GC–E

echniques was found to be more or less in the same
5% < RSD < 23% for SPME/GC–ECD; 4% < RSD < 2

quationb Correlation coefficientc (r2)

2× 105 (±8431)x 0.9940 (n= 7)
4× 105 (±6366)x 0.9978 (n= 8)
6× 105 (±2.039× 104) x 0.9873 (n= 7)
× 105 (±2135)x 0.9993 (n= 7)
7× 104 (±515)x 0.9972 (n= 6)
4× 104 (±1774)x 0.9822 (n= 6)
4× 105 (±5733)x 0.9900 (n= 6)
2× 104 (±2188)x 0.9050 (n= 6)
5× 105 (±2113)x 0.9960 (n= 7)

led water.
l in�g/L. Errors are given between brackets.
sing MicrocalTM 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, each at 2�g/L; (B) an ocean sample (REF-7wna) from
Hawaii; and (C) sample REF-7wna spiked with explosives each at 2�g/L. Samples (350�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
than that of SPE/HPLC technique (3% < RSD < 13%), sug-
gesting that the detection technique was a factor affecting
the precision of the analysis. Except for RDX, 1,3-DNB and

TNB, which were less efficiently extracted by SPME fiber
and hence less efficiently detected, both SPME/GC–ECD
and SPE/GC–ECD led to similar levels of detection limits
(0.05–0.25�g/L, depending on the analyte). These values

Table 2
Comparison of detection limits, precision (% RSD) and accuracy (% recovery) for analysis of aqueous samples by SPME and SPE

Analyte SPME/GC–ECD (using CW/DVB) SPE/GC–ECD SPE/HPLC

MDLa

(�g/L)
% RSDb

at MQL
% Recoveryc MDLa

(�g/L)
% RSDb

at MQL
% Recoveryc MDLa

(�g/L)
% RSDb

at MQL
% Recoveryc

4-ADNT 0.14 13.3 139.4 0.11 17.5 87.1 0.27 9.8 91.4
2-ADNT 0.13 19.0 92.3 0.06 10.3 73.5 NDd NDd NDd

2,6-DNT 0.05 6.4 104.4 0.04 4.5 105.5 NDd NDd NDd

2,4-DNT 0.06 6.6 122.9 0.04 5.1 106.9 0.14 4.6 97.6
TNB 0.62 9.4 111.4 0.16 24.1 87.4 0.10 13.12 99.7
1,3-DNB 0.27 4.5 102.0 0.07 8.6 105.1 0.03 4.4 100.3
TNT 0.18 22.3 105.3 0.08 10.9 96.7 0.12 4.8 84.1
RDX 0.81 10.0 135.1 0.12 19.9 78.7 0.29 10.0 97.0
Tetryl 0.13 21.8 78.3 0.28 28.0 135.4 0.15 6.7 75.9

a Method detection limits were calculated using the equation, MDL = 3σ, whereσ 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.
c 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 absence of NaHSO4

a

4-ADNT 2-ADNT 2,6-DNT 2,4-DNT TNB 1,3-DNB TNT RDX Tetryl

Spike, mix A: 0.25�g/L
SPME

pH 8.0 Inter.c 65 75 50 NDb ND 129 ND 134
pH 2.0 Inter.c 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: 2�g/L
SPME,t= 0 d

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= 10 d (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

a Duplicate experiments. SPME samples contained 350�L of acetonitrile and 10.5 g of NaCl in addition to the analytes.
b ND: not detected.
c Interference.

are in the same order of magnitude as the detection limits
measured by SPE/HPLC (Table 2).

The SPME method has the advantage of being organic
solvent-free and more rapid than SPE. For example, total
SPME analysis including adsorption and analysis did not ex-
ceed 80 min as opposed to approximately 6 h (including time
needed for cartridge conditioning, adsorption, elution and
analysis) for the SPE method. In addition to the time factor,
collecting sediments in a marine field where UXOs are still
present requires numerous precautionary measures including
use of specialized equipment and restriction of the amount of
sample. A technique like SPME that utilizes smaller volumes
of samples than SPE thus becomes very attractive.

3.3. Application of SPME/GC–ECD to real samples

3.3.1. Aqueous samples
SPE and SPME were compared for their efficiencies to

analyze ocean water samples (UXO-1w, UXO-3w, UXO-5w
and UXO-7w) using GC–ECD detection. Whether SPME or
SPE was applied as the extraction method prior to GC–ECD
analysis, none of the 10 explosives used in the present study
was detected in any of the four ocean water samples. Sam-
ple UXO-7wna (pH 8.0) was thus fortified with 8.75 or
70�L of a 1 mg/L acetonitrile solution of the 10 explo-
s in
t plo-
s with
1 a-
t s us-
i n in
T the
s ted
b eed
0

nine explosives could be detected (Fig. 5C) and percent recov-
eries [(measured concentration/actual concentration)× 100],
except that of RDX, ranged from 89 to 147%, implying a
reasonably good agreement between nominal and measured
concentrations (Table 3). RDX on the other hand led to a
much higher recovery (332%). Since analysis of REF-7wna
did not show any interference with RDX (Fig. 5B), the source
of overestimation was most likely analytical. This could be
explained by the fact that the level of spike (2�g/L) was
lower than the method quantification limit for this compound
(MQL = 10σ = 3.33 MDL = 2.7�g/L).

Acidification of the medium had a drastic effect on the
detection of most of the explosives at 0.25�g/L: only two
energetic chemicals (2,6-DNT and 2,4-DNT) were detected
in the solution at pH 2 when five (2-ADNT, 2,6-DNT, 2,4-
DNT, TNT and tetryl) had been detected at pH 8 (Table 3). A
previous study involving SPME/HPLC for the analysis of ex-
plosives demonstrated that protonation of amines under acid
conditions prevented their extraction by SPME[19], which
explains that 2-ADNT was not observed here. As for tetryl
and TNT, their absence at pH 2 is likely related to their higher
detection limits (Table 2) coupled to an increased background
noise when performing the extraction under acid conditions.
These findings indicate that neutral or slightly alkaline condi-
tions are favorable for detecting traces of energetic chemicals
b d un-
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t
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able 3. As mentioned above, HMX was not analyzed in
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y SPME/GC–ECD when their concentration did not exc
.25�g/L. In the non-acidified sample fortified at 2�g/L all
y SPME/GC–ECD. Samples that have been maintaine
er acid conditions to limit decomposition (hydrolysis, b

ransformation) should thus be also analyzed after ne
zation.

In contrast to SPME, all nine explosives, presen
.25�g/L, could be detected by GC–ECD following S
xtraction. The concentration of tetryl measured represe
wice the nominal concentration however the level of spi
0.25�g/L) was below the method quantification limit f
his compound (MQL = 3.33 MDL = 0.93�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 (�g/kg) 2,6-DNT (�g/kg)

Desiccationa

SPME
Direct Inj.
(GC–ECD)

Direct Inj.b

(HPLC)
Desiccationa

SPME
Direct Inj.
(GC–ECD)

Direct Inj.b

(HPLC)

UXO-1s (I)c 497 813 675 25 39 –
UXO-1s (II)c NDd ND ND ND ND –

UXO-3s (I) 1398 1856 1997 113 123 –
UXO-3s (II) ND ND ND ND ND –

UXO-5s (I) ND ND ND ND ND –
UXO-5s (II) ND ND ND ND ND –

REF-7s (I) ND ND ND ND ND –
REF-7s (II) ND ND ND ND ND –

a Ten milliliters of extract was evaporated to dryness and redissolved in 35 mL of water containing 10.5 g 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.
c Numbers I and II correspond to two different subsamples.
d ND: not detected.

In order to evaluate the potential loss of explosives during
the time period separating sampling and analysis, the non-
acidified and acidified samples each containing 2�g/L of
each of the 10 energetic chemicals were stored for 10 days
at 4◦C and analyzed again by SPME/GC–ECD (Table 3).
Most of the analytes did not show significant variation in
concentration, except for tetryl, which is known to undergo
hydrolysis in water[21] and consequently degraded at pH
8.0. Results suggested that if any of the chemicals, ADNTs,
DNTs, 1,3-DNB, TNB and TNT, were present at a concen-
tration≥2�g/L in the ocean samples, they should have been
detected by the method described herein. Overall, although
slightly less sensitive than SPE method, SPME gave satisfac-
tory results when used to quantify explosives in ocean water.

3.3.2. Sediment samples
Four sediment samples, UXO-1s and UXO-3s (disposal

site), UXO-5s (subsurface detonation site) and REF-7s (ref-
erence site) were each extracted in duplicate with acetoni-
trile. Sonication of the four sediment samples led to greenish-
yellow extracts, which were analyzed directly by HPLC and
by GC–ECD. A fraction of each extract was also evapo-
rated to dryness and redissolved in 35 mL of NaCl aqueous
solution (30%, w/v) for subsequent SPME/GC–ECD anal-
ysis (Table 4). Samples UXO-1s and UXO-3s showed the
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2,4-DNT and 2,6-DNT were not separable by HPLC applying
the U.S. EPA Method 8330. GC–ECD, with its higher chro-
matographic resolution, allowed quantifying each chemical
separately.

Evaporation of the above acetonitrile extracts to dryness
and redissolution in water followed by SPME/GC–ECD gave
lower results as compared to direct analysis by GC–ECD.
DNTs being among the most volatile compounds considered
[18], the lower concentrations observed for 2,4- and 2,6-DNT
by SPME/GC–ECD could result from a loss occurring during
the evaporation step required before applying SPME. More-
over, a potential competitive distribution of DNTs between
the fiber and the organic matter extracted from the sediment
that was deposited when the acetonitrile extract was evapo-
rated to dryness could also be responsible for the lower re-
coveries observed for the two chemicals.

To evaluate the applicability of the SPME/GC–ECD
method to the analyses of low concentrations of explosives
in sediments, sample REF-7s was spiked with 10�g/kg of
each analyte of the standard mix A by adding the required
volume of an acetonitrile solution. Spiked samples were al-
lowed to stand for 2 h under the fume hood before adding
acetonitrile for extraction. After sonication with acetonitrile,
the resulting extract was analyzed by GC–ECD either directly
or after desiccation, resuspension of the residue in water, and
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resence of 2,4- and 2,6-DNT at concentrations that v
etween duplicates, thus suggesting a heterogeneous
ution of explosives, in agreement with the heterogen
ature of the samples. Several GC chromatograms sh
eaks at retention times that matched those of TNT, T
DX and 2-ADNT but extensive LC/MS analysis of the

racts concentrated 10 times did not confirm the presen
hese compounds.

Direct analysis of extracts from samples UXO-1s
XO-3s by GC–ECD led to values comparable to the HP
nes (Table 4). Walsh and Ranney observed that GC con

rations of TNT and 2,4-DNT in soils were found to be hig
han the HPLC measurements[7]. It should be noted here th
-
xtraction by SPME. Direct GC analysis of the extract
o the appearance of several large peaks that interfered
he detection and quantification of most explosives (Fig. 6).
oreover, repeated injections led to a significant degrad

n the GC peak shapes of energetic chemicals.
Applying SPME after evaporating and resuspending

xtract in water improved significantly the detection of
nergetic chemicals (Fig. 7). MDLs were determined fo
PME/GC–ECD by extracting seven times the sedim
EF-7s fortified at 10�g/kg (Table 5), and were found t
e between 1 and 9�g/kg, which is generally higher than t
DLs previously reported for direct analysis of soil extra
y GC–ECD[8]. However, the organic interferences pres



186 F. Monteil-Rivera et al. / J. Chromatogr. A 1066 (2005) 177–187

Table 5
Recoveries and method detection limits (�g/kg) of explosives in spiked sediment SPME/GC–ECDa

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�g/kg)
Direct injection Inter.b Inter. 107± 10 Inter. 52± 21 Inter. Inter. Inter. 70± 10
Desiccation SPME 30± 4 Inter. 79± 11 95± 16 151± 14 64± 20 103± 28 Inter. 27± 10

MDL (�g/kg) (mix A: 10�g/kg)
Desiccation SPME 1.2 Inter. 3.3 4.8 4.2 6.0 8.4 Inter. 3

a 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.

Fig. 6. GC–ECD chromatograms of the extracts of (A) non-spiked and (B)
spiked (mix A: 10�g/kg) REF-7s sediment. Sediment (15 g) was extracted
with acetonitrile (20 mL). (1) 1,3-DNB; (2) 2,6-DNT; (9) tetryl; (X3) inter-
ference with 2,4-DNT; (X4) interference with 1,3,5-TNB; (X5) interference
with TNT; (X6) interference with RDX; (X7) interference with 4-ADNT;
(X8) interference with 2-ADNT. (IS) internal standard: 3,4-DNT.

Fig. 7. SPME/GC–ECD chromatograms of the extracts of (A) non-spiked
and (B) spiked (mix A: 10�g/kg) REF-7s sediment. Sediment (15 g) was
extracted with acetonitrile (20 mL). Extract (10 mL) was desiccated and re-
suspended in 35 mL of water containing CH3CN (350�L) and NaCl (30%,
w/v). (1) 1,3-DNB; (2) 2,6-DNT; (3) 2,4-DNT; (4) 1,3,5-TNB; (5) TNT;
(7) 4-ADNT; (9) tetryl; (X6) interference with RDX; (X8) interference with
2-ADNT. (IS) internal standard: 3,4-DNT.

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 at 10�g/kg.

SPME/GC–ECD recoveries from the 10�g/kg spiked sed-
iment ranged between 27 and 151% (Table 5), with tetryl and
4-ADNT showing the poorest recoveries. Tetryl hydrolysis
[21], and irreversible binding of aminodinitrotoluenes to the
organic matter[22] 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-7s (Fig. 7A).

4. Conclusion

An SPME/GC–ECD method was optimized for the deter-
mination of explosives in marine water and sediment sam-
ples. Addition of a high concentration of salt (30%, w/v) in
the aqueous medium and use of a carbowax/divinylbenzene
coating led to optimal extraction efficiencies. When apply-
ing SPME/GC–ECD to the analysis of real marine samples,
MDLs ranged from 0.05 to 0.81�g/L in water and from 1 to
9�g/kg in dry sediment. Except for RDX, spike recoveries in
seawater were satisfactory (89–147%) but poorer analytes re-
coveries were obtained for sediment, which was possibly due
t ther
t aller
v hase
e r the
a ore-
o nt in
s e
t n of
t

A

nt-
g ora-
t OD
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q nical
a e Of-
o degradation/irreversible binding of the chemicals ra
han to the accuracy of the analytical method. With a sm
olume of aqueous sample required compared to solid-p
xtraction, SPME appeared as an attractive method fo
nalysis of limited volumes of sediment pore-water. M
ver, the use of SPME eliminated interferences prese
ediment extracts (Figs. 6 and 7) allowing detection of th
arget analytes that were not detected by direct injectio
he extracts.

cknowledgements

The authors gratefully acknowledge Drs. M.T. Mo
omery and C.L. Osburn from the Naval Research Lab

ory, Washington, DC, and LT M. Runkle and crew of E
U3 DET MIDPAC for marine sample collection. Louise P
uet and St́ephane Deschamps are thanked for their tech
ssistance. Funding for this research was provided by th



F. Monteil-Rivera et al. / J. Chromatogr. A 1066 (2005) 177–187 187

fice of Naval Research (ONR, US Navy) (Grant N00014-03-
1-0269) and the U.S. DoD/DoE/EPA Strategic Environmen-
tal Research and Development Program (SERDP CP-1431).

References

[1] J. Yinon, Toxicity Metabolism of Explosives, CRC Press, Boca Ra-
ton, FL, 1990, p. 145.

[2] S.S. Talmage, D.M. Opresko, C.J. Maxwell, C.J.E. Welsh, F.M.
Cretella, P.H. Reno, F.B. Daniel, Rev. Environ. Contam. Toxicol.
161 (1999) 1.

[3] U.S. Environmental Protection Agency Method 8330 SW-846 update
III Part 4: 1 (B), Nitroaromatics and nitramines by high performance
liquid chromatography (HPLC), Office of Solid Waste, Washington,
DC, 1997.

[4] U.S. Environmental Protection Agency Method 3535A SW-846,
Solid-phase extraction (SPE), Office of Solid Waste, Washington,
DC, 1998.

[5] M.E. Walsh, T. Ranney, J. Chromatogr. Sci. 36 (1998) 406.
[6] M.E. Walsh, T. Ranney, Determination of nitroaromatic, nitramine,

and nitrate ester explosives in water using solid-phase extraction and
GC–ECD: comparison with HPLC, CRREL report 98-2, USA Cold
Regions Research and Engineering Laboratory, Hanover, NH, 1998.

[7] M.E. Walsh, T. Ranney, Determination of nitroaromatic, nitramine,
and nitrate ester explosives in soils using GC–ECD, CRREL special
report 99-12, USA Cold Regions Research and Engineering Labo-
ratory, Hanover, NH, 1999.

[8] M.E. Walsh, Talanta 54 (2001) 427.
[9] J. Feltes, K. Levsen, D. Volmer, M. Spiekermann, J. Chromatogr.

518 (1990) 21.
[10] T.F. Jenkins, P.H. Miyares, K.F. Myers, E.F. McCormick, A.B.

Strong, Anal. Chim. Acta 289 (1994) 69.
[11] D.A. Cassada, S.J. Monson, D.D. Snow, R.F. Spalding, J. Chro-

matogr. A 844 (1999) 87.
[12] M. Smith, G.E. Collins, J. Wang, J. Chromatogr. A 991 (2003) 159.
[13] J. Pawliszyn, Solid Phase Microextraction—Theory and Practice,

Wiley-VCH, New York, 1997.
[14] J. Pawliszyn (Ed.), Applications of Solid Phase Microextraction, The

Royal Society of Chemistry, Cambridge, UK, 1999.
[15] S.-A. Barshick, W.H. Griest, Anal. Chem. 70 (1998) 3015.
[16] M.R. Darrach, A. Ghutjian, G.A. Plett, Environ. Sci. Technol. 32

(1998) 1354.
[17] K.G. Furton, L. Wu, J.R. Almirall, J. Forensic Sci. 45 (2000)

857.
[18] J. Hawari, A. Halasz, in: G. Bitton (Ed.), The Encyclopedia of En-

vironmental Microbiology, John Wiley and Sons Ltd., New York,
2002, p. 1979.

[19] F. Monteil-Rivera, C. Beaulieu, S. Deschamps, L. Paquet, J. Hawari,
J. Chromatogr. A 1048 (2004) 213.

[20] U.S. Environmental Protection Agency, Tests Methods SW-846, Part
1: chapter one, Quality control, Office of Solid Waste, Washington,
DC, 1992.

[21] J. Yinon, S. Zitrin, T. Tamiri, Rapid Commun. Mass Spectrom. 7
(1993) 1051.

[22] K.A. Thorn, K.R. Kennedy, Environ. Sci. Technol. 36 (2002)
3787.


	Use of solid-phase microextraction/gas chromatography-electron capture detection for the determination of energetic chemicals in marine samples
	Introduction
	Experimental section
	Chemicals
	Sediments and seawater sampling
	Solid-phase microextraction
	Solid-phase extraction
	Analysis of sediment samples
	GC-ECD system

	Results and discussion
	Optimization of SPME/GC-ECD analysis
	Selection of desorption temperature
	Effect of NaCl concentration on analyte extraction
	Effect of adsorption time
	Selection of SPME fiber
	Effect of acetonitrile on analyte recovery

	Evaluation of SPME/GC-ECD method performance
	Preparation of SPME calibration curves
	Accuracy, repeatability and detection limits for SPME
	Comparison of SPME and SPE for the analysis of aqueous samples

	Application of SPME/GC-ECD to real samples
	Aqueous samples
	Sediment samples


	Conclusion
	Acknowledgements
	References


