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Abstract

A rapid, sensitive, convenient, and highly quality-assured method is presented for the determination of 19 organochlorine
pesticides (OCPs) in small samples (10 ml) of ground water. Samples are initially fortified with 2,4,5,6-tetrackigene
(surrogate) and decachlorobiphenyl (retention time marker), then extracted withue 3Bickness polydimethylsiloxane
solid-phase microextraction fiber. The analytes collected are thermally desorbed in a heated gas chromatographic inlet,
separated using independent fused-silica capillary columns (“primary” and “confirmatory”), and detected using electron-
capture detection. Two independent statistical procedures were used to evaluate the detection limits, which typically range
between 10 and 40 ng't , for these analytes. Method performance was also evaluated using two additional protocols
employing “performance evaluation” samples, in which authentic ground water samples were fortified to ca. 60 ng | in
each of at least six OCPs. The method satisfies additional strict criteria based on uniformity of fiber performance and
minimal degradation of the thermally-sensitive analytes endrin and DDIT 2002 Elsevier Science BYV. All rights reserved.
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1. Introduction legislation to concentrations ranging between less
than 10 to 100 ng1* (parts-per-trillion) [2—4].

Organochlorine pesticides (OCPs) are among the Historically, the initial extraction of OCPs from

most persistent organic pollutants present in aqueous aqueous samples [5] is performed batchwise

environments. They present a possible risk to aquatic (separatory funnel) [6] or continuously [7] using

species because of their inherent toxicity and ability liquid—liquid extraction (LLE). Large volumes of

to accumulate in living organisms [1]. For that both aqueous sample (typically, 1 1) and high-purity

reason, their presence in water is strictly regulated by organic extracting solvent (typically dichlorome-

thane) are required, and most of the latter is ultimate-
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preferred. Procedures based on solid-phase extraction

(SPE) [8] permit the volumes of both the aqueous

samples and extracting solvents to be reduced sub-

stantially. However, if the aqueous sample contained
particle fines, both the small columns or disks
employed were subject to “plugging”. Passing the
sample through additional filtration media might or
might not reduce the quantity of particulate matter
appreciably.

In 1996, Magdic and Pawliszyn [9] described the
application of solid-phase microextraction (SPME)
fibers to the determination of OCPs in aqueous
samples. Briefly, a coated fused-silica fiber is im-
mersed into a small volume of aqueous sample, and
the OCPs present are collected on the coating. The
analytes are later desorbed thermally from the coat-
ing in the injector port of a gas chromatograph and
subsequently analyzed. This approach employed only
small volumes of aqueous sample (typically a few
milliliters) and no organic extraction solvents. Less
particulate matter accumulated on an SPME fiber
than on an SPE cartridge or disk; hence, “plugging”
was reduced substantially. This method was evalu-
ated for its ability to extract 12 organophosphorus,
organonitrogen, and OCPs in ultra-pure water using
a “round robin” test involving 11 laboratories in
Europe and North America [10]. The results demon-
strated that SPME was a valid method for the
determination of a very diversified group of
semivolatile compounds at traceud | ) concen-
trations.

The most widely-used SPME coating for OCP
analysis is 10Qsm thickness polydimethylsiloxane
(PDMS) [9,11-16]. The linear range range for 17
OCPs was 10-5000 ng 1 , with typical detection
limits ranging between 0.05 and 1 ng'l , when
using this type of extracting fiber [11]. Young et al.
[17] compared the extraction efficiency and
carryover for 20 OCPs from aqueous samples using
fused-silica fibers coated with 20-, 30-, or 10fn

PDMS. They observed comparable percent average

spike recoveries for all three coating thicknesses, but
markedly less carryover when the B@n thickness
coating was employed. SPME provides a very gener-

al approach for determining OCP in aqueous samples

as diverse as ground, surface, river, tap, drinking,
and sea waters [18], as well as diluted human body
fluids [19].
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Partition ratios, which describe the distribution of
a given analyte between aqueous media and a
specific fiber coating, provide an objective criterion
for judging the suitability of a particular fiber for a
specific task. Valor et al. [20] recently published such
tables for five different polymeric coatings and 52
pesticides (different classes) and polychlorinated
biphenyls (PCBs). Partition ratios calculated for
PDMS fibers suggest “modest” recoveries for most
OCPs.

Most current analytical procedures do not address
the determination of hexachlorocyclopentadiene
(HCCP), a precursor for numerous OCPs, in ground

water. This compound has rarely been reported as a
contaminant in drinking water [21], but might well
be present in ground water samples taken near an
existing or abandoned OCP manufacturing facility.

HCCP has been extracted from aqueous samples
using dichloromethane or hexane, and from acidified
urine samples using light petroleum [22]. This
behavior suggested that HCCP, like the OCPs them-
selves, would be amenable to determinations em-

ploying SPME.

The analytical method presented herein extracted
OCPs and HCCP from 10-ml samples of authentic or

“model” ground water using R& thickness
PDMS fibers. Analytes are collected for 45 min,
desorbed in the injection port of a gas chromato-
graph, and detected using conventional electron-cap-

ture detectors. The injector (thermal desorption)

temperature is programmed and maintained at its
maximum temperature for only a short period of
time. Because the injection temperature is not fixed
indefinitely at a high temperature, the “coating
bleed” from SPME fibers remaining in the injector
port is reduced substantially, thereby prolonging the
lifetime of the coating.

Several additional measures of quality assurance

were included in the method described herein [23]. A

new test was developed to ensure that a given fiber

had not been “poisoned” by a previous determi-
nation. The analytical columns employed had to
exhibit at least 60% valley resolution (baseline
resolution preferred) between closely-eluting ana-
lytes and minimal degradation of thermally-sensitive
endrin and DDT. The identification of a given OCP
analyte was initially performed on a “primary”

analytical column, then “confirmed” using a column
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with both a different bonded phase and OCP re-
tention time order. Finally, results obtained by the
new method had to be demonstrated equivalent to
those obtained using existing approved methods with
a set of “performance evaluation” samples. Such
samples would be prepared independently by a third-
party laboratory, then submitted to candidate lab-
oratories for analysis. The results obtained by each

isodrin stock solutions were diluted to a final con-
centration of 10 ng'ml in each compound with
methanol; this solution was used as either the
“master calibrating” or “master spiking” solution
for preparing calibration or certification samples of
OCPs in ground water. Each of these solutions was
prepared independently by qualified analysts. All of
these stock and spiking solutions were stored at

analytical laboratory could then be compared to the =*=24C in precleaned 20-ml screwcap vials (I-
“known” or “true” values and evaluated statistical- CHEM Research, Hayward, CA, USA) and are stable
ly. for at least 90 days.

2.3. Ground water samples
2. Materials and methods
American Society for Testing and Materials
(ASTM) “model” ground water was prepared as
follows: 1.64 g sodium chloride and 1.48 g anhydr-

2.1. Chemicals

Stock solutions of the following compounds were
purchased from Supelco (Bellefonte, PA, USA)
BHC, y-BHC, and8-BHC (1000 ng ml™* each in
methanol); DDT, endrin, isodrin, HCCP (50Q0y
ml~* each in methanol); concentrated stock solutions
containing the 20 CLP OCPs in hexane—toluene
(1:1) (2000pg ml™* in each analyte); and pesticide
surrogate standard mix containing 226 ml~* each
of decachlorobiphenyl (DCBP) and 2,4,5,6-tetra-
chlorom-xylene (TCMX) in acetone. The minimum

ous sodium sulfate were diluted to exactly 1 | with

HPLC-grade water. A 100-ml portion of this stock
solution was further diluted to exactly 1 | with
HPLC-grade water to form “model” ground water.

Samples of clean authentic ground water were kindly
provided by the Quality Planning and Assessment
Group, Environmental Protection and Waste Services

Division, Oak Ridge National Laboratory (Oak

Ridge, TN, USA).

purity of each analyte or surrogate compound was 2.4. “Performance evaluation” samples

96%. Anhydrous sodium sulfate, sodium chloride,

and HPLC-grade methanol and water were purchased

from J.T. Baker (Phillipsburg, NJ, USA).
2.2. Sock and spiking solutions

Aliquots of the three stocks solutions of BHC
isomers were diluted to a final concentration of 100
ng m™* in each compound with methanol; this
solution was used to test the performance of the
SPME fibers. Portions of the DDT and endrin stock
solutions were diluted to a final concentration of 10
ng m™* in each compound with methanol; this
solution was used to evaluate the gas chromato-
graphic columns for degradation of endrin and DDT.

“Performance evaluation” samples were prepared

and provided by the Quality Planning and Assess-
ment Group, Environmental Protection and Waste
Services Division, Oak Ridge National Laboratory.
These were samples of clean authentic ground water

fortified to known concentrations of a least six
OCPs. They are used to check the performance
(identification, accuracy, and precision) of a given
analytical laboratory for the determination of OCPs,
and are designed to mimic authentic contaminated
ground water samples that would be found at the
customer’s work site. Additional discussion about
performance evaluation samples is provided below.

The surrogate stock solution containing DCBP and 2.5. Solid-phase microextraction equipment

TCMX was diluted to a final concentration of 50 ng
ml~* in each compound (surrogate spiking solution);

SPME fibers designed for manual sampling (100-

a portion was added to every aqueous sample pm thickness polydimethylsiloxane, part No. 57300-

analyzed. Aliquots of the CLP OCP mix, HCCP and

U; 8@ thickness polydimethylsiloxane, part No.
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57308; 85pm thickness polyacrylate, part No.
57304), the corresponding holder for manual sam-
pling (part No. 57330-U), a sampling stand (part No.
57333-U), and a heat/stir plate (part No. Z262129-1)
were all purchased from Supelco. All fibers (at least
five per coating type) were conditioned for at least 1
h at 250°C, according to the manufacturer’s instruc-
tions. Micro stirrer bars (“fleas”), 10 mm3 mm,
were purchased from VWR (USA).

2.6. Instrumentation

Both Varian 3400 and 3500 gas chromatographs

(Varian, Sunnyvale, CA, USA), each equipped with

an electron-capture detector and splitless septum

programmable injector (SPI), were used. Each injec-
tor was equipped with a low dead-volume splitless
injection liner (0.75 mm. 1.D., part No. 26364, 05,

Supelco) and a “pre-drilled” Thermogreen septum
(part No. 23168, Supelco) specifically designed for
SPME. (After an SPME injection was performed, the
fiber remained in the injection port to seal the pre-
drilled septum). An SPME inlet guide (part No.

57356-U, Supelco) was used to support the manual

holder and its fiber during the desorption process.
One instrument was equipped with a “primary”
analytical column, viz., Rtx-CLPesticides, 0.53
mmx30 m, 0.50pm film thickness (part No. 11140,
Restek, Bellefonte, PA, USA), while the other was
equipped with a “confirmatory” analytical column,
viz., Rtx-CLPesticides2, 0.53 mrB80 m, 0.42pm
film thickness (part No. 11340, Restek). These two
columns exhibit somewhat different orders of elution

for the target analytes, and are therefore appropriate

for “primary” and “confirmatory” identification.
The helium 99.99% purity) carrier gas flow was
setto 6 ml min' (ca. 45 cm's linear flow) at an
initial oven temperature of 10@. The nitrogen
(>99.999% purity) make-up gas flow was set to ca.
20 ml min"*. Raw data was collected using the

“in-board” printer-plotter for each instrument.

2.7. Instrument operating parameters

The detector temperature was maintained at

300°C. The injector temperature was programmed
from 100°C (hold for 1 min) to 225C (hold for 5
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min) at 18D min ', then allowed to return to its

initial temperature. The column oven temperature
was initially programmed frofC6é@ 150°C at
°@5nin *; then 3.5C min * to 275°C (hold for

5 min). The column oven temperature programming
time was approximately 45 min.

2.8. Quality assurance checks for fiber
performance and thermal degradation of endrin
and DDT

A 100-pl aliquot of methanol solution containing
100 ng ml'* in each of the three BHC isomers was
added to 10 ml model ground water in a precleaned
20-ml screwcap vial. A micro stirring bar was added
to the diluted solution (final concentration 1 ng i
in each isomer), which was stirred briskly and
immediately sampled for 45 min with an SPME
fiber. The analytes so collected were immediately
desorbed in the injection port of either gas chromato-
graph, separated, and detected as noted above. The
same solution was used to check the performance of
all SPME fibers on any given day.

A 50-pl portion of the methanol solution con-
taining 10 ng mI* each in endrin and DDT was
added to 10 ml model ground water (final con-
centration 50 ng1* in each compound), which was
then sampled as described above. This test was
performed once each day for each gas chromato-
graph.

2.9. SPME calibration procedure

Aliquots of the “master calibrating solution” (5 to
200 pl) and the “surrogate spiking solution” (2(l)
were added to 10 ml model ground water in a 20-ml
precleaned screwcap vial. A micro stirring bar was
added to the diluted solution, which was then stirred
briskly (vortex formation must not occur) and imme-
diately sampled for 45 min with an SPME fiber. The
analytes so collected were immediately desorbed in
the injection port of either gas chromatograph,
separated, and detected as noted above. Typically,
the calibrations of the “primary” and “confirmat-
ory” analytical instruments were performed in tan-
dem.
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2.10. Analysis of authentic ground water,
certification, or performance evaluation samples

A 20-pl aliquot of the “surrogate spiking solu-
tion” was added to authentic ground water and
performance evaluation samples Aliquots of the
“master spiking” solution (5 to 20Qul) and “surro-
gate spiking solution” (20ul) were added to 10 ml
model ground water in a 20-ml precleaned screwcap
vial. The resulting solutions were sampled and
analyzed as described in Section 2.9. Typically, five
SPME fibers of the same type were employed for
this work. Two each were assigned to the “primary”
or “confirmatory” instrument. The remainder was
arbitrarily designated as the “spare”, was carefully

put aside, and was normally not used unless one of
the other fibers was broken or was deemed unusable

according to the SPME fiber uniform performance
test (described below).

2.11. Calculations

The measured integrated peak area data from the

electron capture detector obtained for a given analyte
spanning the range 0-200 ng OCP |  were fit to a
calibration curve of the formA=a°C+bC+c, where
Ais the analyte peak area a@dis its concentration.
The termsa, b, andc, are constants determined by
the regression analysis; none were set equal to zero

3. Results and discussion
3.1. Analytical method optimization

Several independent investigators described the
optimization of the sampling conditions for OCPs in

agueous samples. Their collective experiences, rather

than additional experimental work, were employed in
the present work. Not all of the OCPs evaluated in
this study achieve true equilibrium with a given
extraction fiber in a reasonable period of time [9—
11,13,15-17]. The present work employed a com-
promise sampling time of 452 min. This sampling
time also permitted thermal desorptions in the gas
chromatograph to begin shortly after the initial
sampling was completed, with minimal lag time. The
benefits of “salting out” such a wide variety of
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OCPs appears to be mixed at best, improving the
recoveries of some analytes while reducing that of
others. Therefore, the present method does not add
more salt than present in either “model” or authentic
ground water samples [9,11,14,16,17]. Attempts to
improve the recovery of OCPs by adjusting the pH
over a range of 2 to 11 [9,11] were generally
unsuccessful, although such treatment has been
beneficial for other analytes.

Thermal desorption of the OCPs from the fiber
coatings are frequently performed for 5 to 20 min at
temperatures ranging between 210 &ad[360
11,14-17]. Lower desorption temperatures offer the

following advantages: (a) reduction of coating bleed;
(b) extension of SPME fiber lifetime; and (c) reduc-
tion of thermal decomposition of labile species such
as endrin and DDT. In the present work, the tem-
perature of the SPI was programmed rapidly to
22%, held for 5 min, then allowed to return to its
initial value of 100°C.
Partition ratio data presented in Valor et al. [20]
clearly demonstrated that several commercially-
available SPME fibers would be applicable to the
current work. In our experience, fibers employing a
polydimethylsiloxane—divinylbenzene coating ex-
hibited the greatest number of background peaks;
those coated with PDMS (100- or p30- film
thicknesses) exhibited the fewest; and those employ-
ing a polyacrylate coating were intermediate. HCCP
was readily-extracted using either 100- or |36+
thickness PDMS fibers, but not using polyacrylate
fibers. These two PDMS fibers both performed well;
however, according to Young et al. [17], the B&d
coating exhibited less carryover and analytes could
be desorbed completely at lower temperatures than
thauh@@oating. For all of those reasons, all data
reported in this work employed thenB(RDMS
SPME fibers.

3.2. Routine measures of quality assurance

Four independent criteria were employed to ensure
that qualitative and quantitative data generated using
the SPME method were correct. These were: (a)
uniform performance of the SPME fibers used; (b)
minimal degradation of thermally-sensitive analytes
such as endrin and DDT; (c) sufficient resolution
between closely-eluting chromatographic peaks to
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ensure proper integration and reliable quantitation of
the analytes involved; and (d) adequate recovery of
analytes, as evidenced by surrogate recovery.
Uniform performance of the SPME fibers was a
clear concern because it was not possible to de-
termine whether a fiber was no longer extracting
properly with a simple visual inspection, unless the
fiber had actually been broken and shortened or the
coating itself was cracked. For that reason, the
performance of a fiber was judged by its ability to
extract selected OCP analytes at a specified con-
centration in a manner similar to other fibers of the
same type and lot. The extraction of three BHC
isomers, viz.a-BHC, 3-BHC, andy-BHC (lindane)
at a concentration of 1 ng mt each was selected

because equilibrium between the aqueous and fiber

phases could be achieved quickly (approximately 20
min, according to the open literature) and because
each analyte was recovered at approximately 1%
from a given test solution. The latter implied that the
same solution could be sampled repeatedly without
significantly reducing the concentration of the ana-

lytes present. Table 1 gives the measured integrated

peak areas for these three compounds for five.80-

thickness PDMS fibers employed during method
certification (described below). The relative standard
deviation (RSD) of the peak areas is less than 10%
for each target compound. A fiber was considered
unusable when the integrated peak area of all three
analytes was less than 80% of the mean value of
other fibers of a similar type evaluated on the same
day using the same test solution. When reasonably
clean ground water samples are extracted using

Table 1
Example of SPME fiber evaluation using three BHC isorhers

Fiber number Measured integrated peak area

a-BHC v-BHC 3-BHC

1 10619512 7 584 329 4334 153
2 11 829 630 8911 988 4729 904
3 11 670 300 8 945 855 4700 882
4 11 230 876 8 850 908 5519 532
5 10 924 765 8779 175 5156 617
Average 11 255 017 8614 451 4 888 218
Standard deviation 504 023 579 343 457 641
RSD (%) 4 7 9

2Test concentration is 1 ng mi  each in model ground water.
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appropriate care and caution, a single fiber should
last for at least 100 sample extraction/thermal
desorption cycles.

The extent of thermal degradation of the OCP
analytes was evaluated by analyzing a solution
containing only endrin and DDT using both “pri-
mary” and “confirmatory” instruments. The instru-
ment was considered suitable for use if the degra-
dation for DDT (as evidenced by the presence of
DDE and DDD) and endrin (as evidenced by the
presence of endrin ketone) was not greater than 20%
each, and not greater than 30% combined [23]. In the
present work, the degradation of each target com-

pound was less than 5% on either instrument,
thereby indicating that both had satisfied the test for
thermal degradation.

Each column needed to satisfy a “resolution
check” to ensure adequate resolution on its instru-
ment. Typically, a calibration chromatogram ob-
tained from a “mid-range” standard (normally 50 or
100 hg | ) was examined visually to verify that the
resolution between two adjacent peaks for target
analytes was greater than or equal to 60% [23]. This

was accomplished using the following formula:
percent resoka(iH)-100%, whereV is the
depth of the valley between the two pedakssand
the height of the shorter peak. In this work, the
resolution between all 24 compounds evaluated using
the “primary” analytical column was greater than
60%; most of the analytes were baseline-resolved.
The same figures of merit were noted for the
“confirmatory” analytical column for all compounds
except for DDD and endosulfan Il, which were
usually resolved by less than 0.1 min and which did
not satisfy the usual criterion for resolution. The
“confirmatory” analytical column was deemed ac-
ceptable for use in the current work because, histori-
cally, DDD, but not endosulfan I, had been found in
the ground water samples on the specific worksite in
question. Furthermore, this was the only analyte pair
where such resolution difficulties were observed.

Finally, a “mid-range calibration check” sample,
consisting of a 10-ml aliquot of model ground water
fortified to 50 ng I'* in each of the target OCP
compounds, was analyzed at or near the end of each
lot of samples. The purpose of this additional
measure of quality was to ensure that the detector
responses and calibration data did not drift substan-
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tially during the course of the analyses performed.

The usual acceptance criterion is that the concen-

trations calculated from the “mid-range calibration
check” should be within=10% of the expected
value.

Both TCMX and DCBP were evaluated as surro-
gate compounds for the OCP. In practice, the re-

samples extracted using the PDMS fibers would
permit consistent OCP quantitations over the usual
seven-day storage period. These conclusions general-

ly agree with those reported by Shirey and Mindrup
[24] for 100pm thickness PDMS fibers applied to

the extraction of OCPs from aqueous samples.

covery of DCBP was too erratic for use as a reliable 3.4. Method evaluation and determination of the
surrogate compound. However, it was included method reporting limits

because, as the latest-eluting component in each

sample, it could be used as a relative retention time
marker and would be essential for identifying some
of the later-eluting OCP analytes. By contrast, the
recovery of TCMX, which elutes earlier than any of

the OCP except HCCP, was reasonably consistent
and could be used as a reliable surrogate compound.

The initial criterion for the recovery of TCMX
surrogate was a minimum 70% when this compound
was added to an aqueous sample at 100 g |

The performance of the proposed method was
evaluated using two statistical protocols, viz., those
of the US Army Rocky Mountain Arsenal [23] and

the US Environmental Protection Agency (EPA) [25]

to determine the “method reporting limit” (MRL)
and the “method detection limit” (MDL), respec-

tively. The former is equivalent to determining a

“found” concentration so that both the false positive
and the false negative errors are both 5%, as

discussed in Hubaux and Vos [26] and Grant et al.

[27]. By contrast, the latter is the minimum con-

centration that can be measured and reported with
99% confidence that the analyte concentration is

3.3. Sample stability and storage

The US Army Rocky Mountain Arsenal Chemical

Quality Assurance Plan [23] recommends that aque-
ous samples intended for pesticide and PCB de-
terminations be stored at® °C, extracted within 7
days of receipt, and analyzed within 40 days of
receipt. SPME permits the OCPs from an extracted
sample to be available for final gas chromatographic
analysis not more than 1 h after extraction begins.
The key requirement is that the OCP concentrations
in ground water samples remain stable during the
initial 7-day “holding time” period.

Twelve 10-ml aliquots of model ground water
were fortified to 50 ng 1" in each of the target OCP
and 100 ng T* of the two surrogate compounds. Six

independently-selected portions were sampled using

30-um thickness PDMS fibers and analyzed when (a)
all vials were freshly-prepared and (b) after the vials
had been stored in a refrigerator under the rec-
ommended conditions for 6 days. One-way analysis
of variance was performed for eight OCRsBHC,
v-BHC (lindane),y-chlordane, heptachlor epoxide,
dieldrin, endrin, DDT, aldrin] measured on the 2
quantitation days. A statistically-significant decrease
(P<0.05) was not observed in the calculated analyte
concentrations.

These results suggest that fortified ground water

greater than zero [25].
The MRL was evaluated using a procedure estab-

lished by the US Army [23] and discussed in detail

elsewhere [28]. Briefly, 10-ml portions of “model”
ground water are fortified with the target OCP to
concentrations ranging between 5 and 200 ng |
representing 0.5 to 20 times a “target reporting
limit” (TRL) of 10 ng | . For this initial certifica-
tion, the concentrations of the two candidate surro-

gate compounds, TCMX and DCBP, were constant
(100 ng'| ) for both certification and calibration

samples. Samples are spiked, extracted, and analyzed
as described above, and the resulting OCP con-
centrations calculated using calibration data obtained
on each of two method certification days. The MRL
values were calculated using these concentration data
and the current software recommended by the Pro-
gram Manager Rocky Mountain Arsenal for each

target OCP [29].

This procedure was performed for both the “pri-
mary” (Rtx-CLPesticides) and the “confirmatory”
(Rtx-CLPesticides?2) columns. As examples, the
spiked (“true”) and analyzed (“found”) concen-

trations for two representative OCPs, dieldrin and

endrin, on both certification days using the primary
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Table 2
Comparison of “found” versus “true” concentrations of dieldrin and endrin obtained using SPME and the “primary” analytical column in
method reporting limit (MRL) certification samples

“True” concentration “Found” dieldrin (ng ') “Found” endrin (ng T* )
(hg I”%) Day 1 Day 2 Day 1 Day 2
0 9 8 8 5
5 10 10 9 6
10 12 11 11 9
20 15 15 15 15
50 51 37 44 60
100 110 82 79 101
MRL (ng I™%) 35 25
Estimated recovery (%) 90 88
analytical column are presented in Table 2. The tion time constant, for example, may have been
slope of the calculated linear regression line repre- necessary to do this properly. Fourth, it was tacitly
senting the relationship between the “found” and assumed that the addition ofuPQfF methanol
“true” values may be taken as a measure of analyte spike to a 10 ml aqueous sample would not affect the
recovery. (A value of 1.00 implies 100% recovery). partition ratio for the OCPs adversely. Rendering an
The average value for the analyte recovery based on aqueous sample 2% (v/v) in methanol may have
all 19 analytes was 0.990.11 (meartstandard been improper. The preferred practice might be to
deviation) using the “primary” column and reduce the maximum concentration of organic sol-
1.09+0.11 (same convention) using the “confirmat- vent present to 0.2% (v/v) methanol, representing a
ory” column, as expected when sample preparation wRMethanol spike. As temporary measures, future
is very minimal. A summary of all MRL values method certifications should employ either a maxi-
obtained using both the “primary” and “confirmat- mum concentration value of not greater than 150
ory” analytical columns is presented in Table 3. The ngl (15 times the TRL stated) or smaller volumes
MRL values range between 11 and 47 nd | . (not to exceepdl20f a more concentrated spiking
Calibration curves usually achieved a plateau at or solution.

near the highest test concentration of 200 ng |

Reliable concentration measurements could not be 3.5. Method evaluation and determination of the
calculated at or near this value. For this reason, the method detection limits

tested concentration range employed in the method

was ultimately truncated to 5 to 100 ng'l per OCP MDL values were calculated for all analytes using
analyte in model ground water, even though samples both analytical columns, as described in Ref. [25].
fortified to 200 ng T* had been prepared, sampled, Briefly, two sets of nine 10-ml model ground water
and analyzed. This observation may be explained in samples (seven required) were independently for-
one of four ways: first, the fiber coating volume, tified to 50 ng | , then processed as described
which is only 130 nl, may have become saturated above. The sample standard deviation of the calcu-
with OCPs at or below 200 ng't , and it was not lated concentrations for each analyte was usually
possible to collect additional material on the fiber. multiplied by 2.896, which is the one-tailed “Stu-
Second, the electron-capture detector may have deht\wmlue corresponding to eight degrees of
become saturated with halogen-containing analytes, freedom (df) and 99% confidence to obtain the
particularly for well-recovered OCPs such as hepta- MDL. (Occasionally, the sample standard deviation
chlor and heptachlor epoxide. Third, the integration was based on seven values. In such cases, the sample
system may not have been able to integrate the large standard deviation was multiplied by 3.143, which is

analyte peaks reliably. An adjustment of the integra- the one-tailed “Studetattde value corresponding
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Table 3
Summary of the calculated method report limit (MRL) and method detection limit (MDL) data for OCP extracted from ground water using
SPME

Analyte Primary column Confirmatory column

Rtx-CLPesticides Rtx-CLPesticides2

MRL (ng 1™ %) MDL (ng 1 7% MRL (ng |7 MDL (ng 17
Aldrin 30 12 37 18
p,p’-DDD 24 19 Not calculatetl 2
p,p’-DDE 17 12 18 38
p,p’-DDT 26 11 36 27
Dieldrin 35 29 15 36
Endosulfan | 26 26 26 37
Endosulfan 1I 36 33 Not calculatéd 2
Endosulfan sulfate 11 17 34 28
Endrin 25 27 25 42
Endrin ketone 16 14 15 17
Heptachlor 24 16 28 16
Heptachlor epoxide 25 22 16 32
HCCP 36 55 b 14
Isodrin 34 13 38 18
Methoxychlor 29 33 36 38
a-BHC 44 24 22 22
a-chlordane 19 13 15 31
v-BHC (lindane) 28 14 47 31
v-chlordane 21 13 12 22

“DDD and endosulfan Il were incompletely resolved at 60% valley, as required in Ref. [23]. Calculations for the MRL and MDL using
the confirmation column were not attempted.

® HCCP co-eluted with a contaminant on day 2 at 50, 100, and 200'ng | , producing a high-bias of at least 50%. No MRL calculations
attempted.

to 6 df and 99% confidence). Sample calculations for are presented in Table 4. A summary of all MDL
five representative OCPs using concentration data values obtained using both analytical columns is also
obtained with the “confirmatory” analytical column presented in Table 3. Overall, the MRL values
Table 4
Determination of the method detection limit (MDL) for five representative OCPs using the “confirmatory” analytical column
Sample number Measured concentrations (fig | )
a-Chlordane p,p’-DDE Heptachlor Aldrin Isodrin
1 22 23 26 22 28
2 23 26 29 23 33
3 32 28 31 31 36
4 38 33 33 34 38
5 40 34 34 35 40
6 41 36 38 35 42
7 44 49 38 37 45
8 45 57 40 38 45
9 56 57 43 39 47
Experimental SD 11 13 5.5 6.2 6.2
Student’st table value 2.896 2.896 2.896 2.896 2.896
MDL (ng | 7% 31 38 16 18 18

® One-tailed, 99% confidence, 8.
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ranged between 11 to 44 and 15 to 47 n§ |  using
the “primary” and “confirmatory” analytical col-
umns, respectively. Using the same convention, the
MDL values ranged from 11 to 55 and 14 to 42 ng
| =% respectively, using the two columns.
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must be extracted. Depending upon the quality

assurance protocol selected, the PE samples may be

submitted as “single-blind” (i.e., the candidate
laboratory knows that this is a PE sample, but does
not know the identity or concentration of the analytes

present), or as “double-blind” (i.e., the candidate

3.6. Evaluation of performance evaluation samples

laboratory does not know that the sample in question

is a PE sample and does not know either identity or

An independent approach for assessing the overall
performance of the new method and adding a further
level of quality assurance is the routine and periodic
determination of OCPs in “performance evaluation”
(PE) samples [30]. These are samples of ground
water that have been fortified with the analytes in
question (here, OCPs) to known and predetermined
concentrations by an independent (third party) lab-
oratory under a strictly-observed and generally-ac-
cepted protocol. Such samples may contain any or all
of the analytes in question; however, in general, the
suite of analytes selected is representative of those
that may be found at a particular worksite. The
concentrations of the target compounds are chosen to
be at or above the detection limits claimed by a
candidate analytical laboratory. PE samples are sent
to candidate analytical laboratories under approved
storage conditions (here 4 °C) within the normal
approved “holding time” (here, 7 days) from the
time that such a sample is prepared to the time that it

concentration of the analytes present). Overall, PE
samples are prepared in such a way that they closely
mimic authentic contaminated ground water samples
that have been submitted for analysis in the usual
manner; however, they have been fortified to known
concentrations with analytes known or suspected to
be present at a given worksite.

In this work, PE samples were prepared and
analyzed under the “single-blind” protocol in order
to provide the investigators immediate information
concerning the suitability and reliability, or the lack
thereof, of the candidate analytical procedure. All

samples were analyzed as described above, using
both “primary” and “confirmatory” analytical col-

umns. The results were ultimately summarized and
evaluated by a collaborating third-party laboratory.
The results presented in Table 5, summarizing

analytical data collected from three PE samples,
clearly demonstrate that the candidate analytical

method discussed herein was capable of providing

Table 5
Comparison of “target” and “found” concentrations of OCPs in three performance evaluation samples
Analyte PE-1 PE-2 PE-3
Target, Found, Target, Found, Target, Found,
(ng I'") (hg1'") (g I'*) (ngl*) (ng ") (ng 1)
Aldrin 101 104 94 109 100 123
p.p'-DDE 68 76 105 102 100 103
p,p’-DDT 135 117 94 111 100 77
Dieldrin 135 116 105 110 100 105
Endrin 203 161 141 134 100 134
a-Chlordane 68 71
v-Chlordane 101 99
Isodrin 105 162
a-BHC 100 116
B-BHC 100 Not detected
DDD 100 112
Heptachlor 100 118
Heptachlor epoxide 100 113
Lindane §-BHC) 100 112
Methoxychlor 100 101
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Fig. 1. Comparison of samples analyzed for OCPs using SPME
and the “primary” analytical column, as described in the text. (A)
Performance evaluation sample fortified to 100 Ag | in each
analyte in clean ground water; (B) clean ground water blank; (C)
standard containing 50 ng1 in each analyte in model ground
water. Legend: £#HCCP; 2=TCMX (surrogate); 3=a-BHC; 4=
v-BHC (lindane); 5-5-BHC; 6=heptachlor; #aldrin; 8=isodrin;
9=heptachlor epoxide; *8y-chlordane; 1%*a-chlordane; 12
endosulfan |; 13-DDE; 14=dieldrin; 15=endrin; 16=DDD; 17=
endosulfan II; 18&DDT; 19=methoxychlor; 26-endosulfan sul-
fate; 21=endrin ketone; 22DCBP (surrogate). Peaks labeled
“B” arise from the authentic ground water blank. All samples
contain both TCMX and DCBP at 100 ng'l  each.

reliable identification and concentration data at con-
centrations approximately four times either the calcu-
lated MDL or MRL. The inability to detecB-BHC

in one of the PE samples was not considered a
serious flaw because this compound partitioned
poorly into 304m thickness PDMS fiber§3-BHC
was not recovered from aqueous samples, and it was
not declared an analyte in the candidate method. Fig.
1 shows the “primary” analytical column chromato-
grams obtained from a PE sample that had been
fortified to approximately 100 ng{ each analyte in
clean ground water, a clean ground water blank, and
a standard containing 50 ng'i in each analyte in
model ground water.

An additional protocol that may be employed
using the PE samples is “split sampling” or “round
robin”, whereby a single batch of fortified ground
water is divided into equal portions and sent to
independent laboratories for analysis. An indepen-
dent third-party may then compare the data from
each participant against both the “true” values and
those obtained by other analytical laboratories. The
SPME-based procedure, described herein, was one of
four participants in such a split-sampling event.
Rather than using the full and customary 1-I portion
of performance evaluation sample, the SPME-based
method was able to generate reliable data using
approximately 40 ml of sample, which was sub-
mitted in a “volatile organics analysis” vial
equipped with a PTFE-lined closure. The resulting
data, which are summarized in Table 6, show that the
results obtained using the SPME-based procedure
described in this work compared favorably not only
with the known target concentrations but also with
concentration data obtained by three independent
analytical laboratories using US EPA procedures.

4, Conclusions

SPME is an effective and solventless procedure
for extracting OCPs that are present in ground water
at concentrations as low as 5 ng'l (parts-per-
trillion). Two independent statistical certification
protocols employing both “primary” and “confir-
matory” analyte identification established detection
limits for nineteen priority OCPs between 11 and 47
ng I"*. The certification range of the method is
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Table 6
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Summary of concentration data obtained from a “split sampling” event involving a single performance evaluation sample

Compound Analyte concentrations (n@ll )
Target Lab. 1 Lab. 2 Lab. 3 ORNL

Aldrin 94 91 132 70 108
p,p’-DDE 105 94 110 80 106
p,p’-DDT 94 94 89 70 62
Dieldrin 105 91 115 80 107
Endrin 141 156 134 140 94
Isodrin 165 191 208 130 165

The ORNL method employs SPME.

5-100 ng I'* for these analytes. The applicability
and reliability of the candidate method was evaluated
using “performance evaluation” samples under two
different protocols. Taken together, these results
demonstrated that the SPME-based method produced
data that was equivalent to those generated using
more conventional procedures by independent lab-
oratories. The procedure exhibits several advantages
over the more traditional procedures based on lig-
uid—liquid extraction, including the use of smaller
volumes of aqueous samples, minimal sampling
handling, and an absence of expensive, high-purity
organic extracting solvents that would be regarded
and handled as chemically-hazardous waste after the
analysis. A single operator may process approxi-
mately ten ground water samples with confirmation
in a typical 8-h working day.

The method evaluation and certification also sug-
gested both limitations and possibilities for expanded
capabilities. For example, the procedure as described
would be applicable to “clean” ground water, drink-
ing water, and some forms of surface waters, but not
to waste waters and surface waters with a high

thermal degradation of labile analytes such as endrin
and DDT.
A potentially serious limitation in the procedure as
described is the use of only manual SPME to both
sample ground water and to perform the gas chro-
matographic analysis. This feature permits a very
simple holder to be used successfully, but also
introduces the possibility of severe irreproducibility
as operator fatigue becomes apparent or several
independent operators with slightly different injec-
tion techniques are employed. The overall sample
throughput can be improved at least threefold by
employing an automated SPME sampler such as the
CTC Combi-Pal [Laboratory Environmental Ana-
lytical and Pharmaceutical (LEAP) Technologies,
Carrboro, NC, USA] [31-33]. Reducing the SPME
sampling time is a possible, but less favorable,
option because many of the higher-molecular-mass
OCPs would not be sampled under equilibrium or
near-equilibrium conditions, thereby resulting in a
serious loss of sensitivity.
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