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Since 1985, the Goulden large-sample extractor (GLSE) has been used to isolate a broad array of 
trace-organic contaminants from large volumes of water. In this study, field-applied quality control 
measures, including matrix and surrogate spikes and blanks, were used to monitor method perform- 
ance from GLSE extraction through GC-MS analysis. The method was applied to the determination 
of multiple classes of pesticides isolated from 4- to 112-L filtered surface-water samples. Average 
recoveries of six surrogate compounds ranged from 84 i 18% for [2Hl~]diazinon to 15 f 13% for 
4,4’-[’H8]DDT, the low recoveries for which were largely a result of unmonitored breakdown of this 
surrogate by the GC injection system. Field-matrix-spike samples were prepared by fortifying 10-L, 
35-L, and 110-L filtered surface-water samples with 68 pesticides to amended concentrations of 11 - 
to 50-ngA. each. Recoveries ranged from not detected to greater than 100%. Variability in pesticide 
recoveries from triplicate 10-L water samples collected at one site averaged 5.7% relative standard 
deviation and did not exceed 19%. 

Keywords: Large-volume extraction; pesticides; Goulden large-sample extractor; surface water 

INTRODUCTION 

A continuing need exists for analytical techniques that, when c ~ up1 d with ,as 
chromatography and electron-impact mass spectrometry (GC-EIMS), can deter- 

* Cornsponding author. E d :  wforeman@usgs.gov; Fax: +1-303-2363499 
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40 WILLIAM T. FOREMAN et ul. 

mine a broad spectrum of organic pesticides in water samples at nano- 
gram-per-liter concentrations, or lower. The extraction of large volumes of water 
(10 to 100 L or more) can provide orders-of-magnitude greater enrichment fac- 
tors, and, therefore, substantially lower analyte quantitation levels, than conven- 
tional methods that process 51-L sample volumes. Continuous-flow liquid-liquid 
extraction represents one of many large-volume preconcentration strategies 
available for lowering quantitation levels which benefits from having a 
well-developed theoretical basis[’”] and a method compatibility with most 
standard GC-EIMS instrument configurations. 

In 1985, Goulden and Anthony[4] reported a continuous-flow liquid-liquid 
extractor for the preconcentration of trace organic compounds from large vol- 
umes of water. The Goulden large-sample extractor (GLSE) functions as a single 
stage mixer-settler in which a continuously flowing water sample is passed 
through a stationary phase of dichloromethane (DCM). The theory of extraction 
of organic compounds from water in the GLSE is most often treated as a one-the- 
oretical-plate-equivalent liquid-liquid distribution. Initial GLSE design criteria 
included, among other features, the ability to (a) handle sample volumes ranging 
from 4 to 50 L or more, (b) efficiently extract from water organic compounds 
with OctanoYwater partition coefficients, hW, of lo4 or greater, (c) use rapid 
sample flow rates of 300 to 500 mL/min, and (d) do sequential acid-base extrac- 
t ion~[~].  Several different versions of the GLSE have been used to extract trace 
organic contaminants from large-volume water samples, the GLSE-95 being the 
most commonly applied extractor because of high flow-rate capability (to 

Applications of the GLSE to contaminant determinations in ambient water 
samples have been primarily by Canadian and U.S. scientists in studies con- 
ducted mostly in the Great Lakes region, the Pacific Northwest, the Canadian 
prairie, the Arctic, and the Chesapeake Bay ~ a t e r s h e d [ ~ , ~ ~ ~ ]  (Table I). Most 
applications of the GLSE have involved extraction of contaminants with nonpo- 
lar to moderately polar properties, including organochlorine and organophospho- 
rous pesticides, PCBs, polycyclic aromatic hydrocarbons, triazine, acetamide, 
and dithiocarbamate herbicides, and polychlorinated dibenzo-p-dioxins and 
dibenzofurans. Using sample pH adjustment, the GLSE also has been used to 
isolate chlorinated phenoxyacid A surrogate recovery perform- 
ance study further suggests successful application of the GLSE to acid herbi- 
cides, as well as to chlorophenols, resin acids, and fatty acids from pulp and 
paper mill effluents[37]. Extraction of tire leachate for use in fish toxicity studies 
is another reported application of the GLSd3*]. 

lo00 mL/min)[54 
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GOULDEN LARGE-SAMPLE EXTRACTOR 41 

TABLE I Some applications of the Goulden large-sample extractor (GLSE) to contaminant 
determinations in environmental samples 

Study basin Sample Compound or compound Quality -control 
or region" typesb classes measure& hraprovideB ref: 

W W o c  V 141 Niagara River 

Niagara River 

Niagara River 

St. Lawrence River 

St. Lawrence River 

St. Lawrence River 

Green Bay, WI 

Lake Michigan 

Great Lakes 

Great Lakes 

Great Lakes 

Rainy River, ON 

Ottawa River, ON 

Grimsby, ON 

Canadian Arctic 

Canadian Arctic 

Canadian Arctic 

Canadian Arctic 

Canadian Arctic 

cw AH, CB, OC, PAH. PCB, GB, RS, SS, V 
PHT, TH 

cw CB, oc, PCB DL, MS, RS, SS, V 

cw CB, OC, PCB DL 

Fw AH, OP, TH DL, MS, RS, SS, V 

Fw AH, OP, TH DL, GB, MS, RS, 

W,CW PCB _- 
Fw PCB ss 
WW CB,OC,PCB ss, v 
CW, WW AH, AP, BT, TH -- 
Fw chlordanes, PCBs ss 
cw CB, OC, PAH, PCB DL 

cw oc __  
R AH, CB, OC. PAH. PCB, PHT GB, SS 

S OC, PCB DL, SS 

S PCB GB, SS 

I, s PAH GB 

S, WW a-hexachlorocyclohexane GB, SS, V 

S PCB GB 

ss, v 

BeringKhukchi Seas CW 

Columbia River, BC CW 

Fraser River, BC CW 

Prairie aquifers, SK GW 

Canadianmountains S 
in AB and BC 

YakirnaRiver, WA Fw 

YakimaRiver, WA Fw 

AH, OP, MISC, TCH, TH DL. SS, V 1251 

dioxindfurans GB, SS ~ 7 1  

1261 _ _  dioxindfurans 

AH, MISC, PXA, TCH, TH DL, GB, MS. RS, [28,29] 

oc, PCB _- 
ss, v 

[301 

AH, MISC, OC, OP, TCH, TH DL, MS, SS, V 1311 

AH. MISC, OC, OP, TCH, TH SS, V [321 
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42 WILLIAM T. FOREMAN et al. 

Study basin Sample Compound or compound Quality-control 
or mgion" VP.2 classes measure8 dataprovided mf 

ChesapeakeRay FW AH, OC, PAH, PCB, TH DL, GB, MS, SS, V [33] 

[341 ChesapeakeBay FW AH, OP, TH _ _  
Anacostia River, DC FW oc, PAH, P a 3  GB, RS, SS [351 

Susquehanna R.. MD FW oc, PAH, PCB GB, MS, SS [361 

a. River basin, lake basin, sea, or locality from which samples were processed using the GLSE. 
Canadian provinces: AB, Alberta; BC, British Columbia, ON, Ontario; SK, Saskatchewan; United 
States: DC, District of Columbia; MD, Maryland; WA, Washington; WI, Wisconsin. 
b. CW, centrifuged water; FW, filtered water; GW, ground water; WW, whole water; I, melted ice 
water; R, rain; S, melted snow water. 
c. AH, acetamide herbicides; AP, alkylphosphates; BT, benzothiazoles; CB, chlorobenzenes; diox- 
indfurans, chlorinated dibenzo-pdioxins and d ibenmfms;  MISC. miscellaneous pesticides; PAH, 
polycyclic ammatic hydrocarbons; PCB, polychlorinated biphenyls; PHT, phthalate esters; PXA. 
chlorinated phenoxyacid herbicides; OC, various organochlorine pesticides; OP, organophosphorus 
insecticides; TCH, thiocarbamate herbicides; TH, triazine herbicides. 
d. Ancillary GLSE method quality control or performance data provided. DL, detection or quantita- 
tion level estimates; GB, GLSE blanks; MS. matrix spike recoveries; RS, nagent water spike recov- 
eries; SS, surrogate spike recoveries; V, GLSE method variability information. 

A number of studies reporting environmental sample measurements using the 
GLSE also provide some supporting GLSE method operational details and/or 
performance information. The latter include recoveries of surrogate or selected 
contaminant compounds, or both, that were spiked into ambient or reagent water 
samples, estimated detection or reporting limits, method precision determina- 
tions, and field GLSE method blank data (Table I). Other reports focus largely or 
exclusively on design and/or quality control performance-related information for 
the GLSE. Supporting reports include detailed descriptions of the extractor 
andor operational considerations[49593w11, GLSE performance in relation to 
extraction theoryr3i4*421, and other performance evaluations[37941i431. The major- 
ity of reported GLSE extraction information has been for hydrophobic organic 
contaminants (e.g., those with K,,~S > lo4), while there also exists a need to 
determine parts-per-trillion levels of moderate polarity pesticides (e.g., organo- 
phosphate insecticides and triazine and chloroacetamide herbicides) in natural 
waters. The performance of the GLSE coupled with GC-MS in the determination 
of moderately polar pesticides from natural water samples ranging from 10 to 
-100 L is not well understood. 

the U.S. Geological Survey (USGS) evaluated the 
GLSE for the isolation of up to 43 pesticides from large-volume water samples 
followed by analysis using GC-EMS. In this study, the GLSE was used to con- 
centrate a broader suite of 68 pesticides from 4-to 112-L filtered surface-water 
samples collected as part of a synoptic survey of the Yakima River basin, Wash- 

In previous 
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GOULDEN LARGE-SAMPLE EXTRACTOR 43 

ington, a pilot basin of the USGS’s National Water-Quality Assessment Program. 
Some field-applied quality-control features were included in the study to monitor 
overall performance of the GLSE GC-EIMS method, including (a) the addition 
of surrogate compounds to all sample types, (b) sample replication at one site, (c) 
matrix spike samples, and (d) GLSE blank samples. This paper provides addi- 
tional information on overall method performance under field application condi- 
tions for 53 pesticides previously tested by the USGS or others, and provides a 
preliminary assessment of performance for 15 other pesticides of primarily mod- 
erate polarity not previously tested using the GLSE. Some conditions that limited 
GLSE performance and GC-MS analysis of the pesticides are highlighted. 

MATERIALS AND METHODS 

Reagents 

All solvents were pesticide-residue grade. Pesticide standards were obtained in 
neat form from the U.S. Environmental Protection Agency’s Pesticide Repository 
(Research Triangle Park, NC, USA). Mixed standard solutions were serially 
diluted to yield GC-EIMS calibration mixtures in ethyl acetate and a 68-compo- 
nent spike solution at 4 nglpL of each chemical in methanol. 

[2H5]Atrmine (note: abbreviated atrmine-d5 in Figure 2), gamma-[2H6]hex- 
achlorocyclohexane (gamma-HCH-d6 in Figure 2), 4,4’-[2H,]DDT @DT-d8 in 
Figure 2), and [2Hlo]diazinon (diminon-dl0 in Figure 2) (all obtained from 
Cambridge Isotope Laboratories, Inc., Andover, MA, USA), isodrin, and ter- 
buthylazine were made up in methanol and used as surrogate spiking standards. 
Water used for blanks was distilled and stored in heat-treated glass carboys. 

Sample collection and preparation 

The Yakima River Basin study area has been described by McKenzie and 
Rinella[441. Surface-water samples were collected using an equal-width-incre- 
ment sampling procedure. Synoptic sampling relied on extraction of 510-L water 
volumes for lower stems of the Yakima River, as well as those creeks and drains 
historically exhibiting the greatest concentrations of pesticides. Water volumes 
of -35 L were used for mid-river and major tributary locations and volumes of 
-110 L were used for upriver and background sites expected to have minimal 
concentrations. Specific sampling locations and corresponding determined pesti- 
cide concentrations are described by Rinella and Locations of sur- 
face-water samples discussed in this paper are listed in Table II. 
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At each collection site, sampled water was placed in one or more 37.5-L stain- 
less steel milk cans that were cleaned between use with nonphosphate detergent 
and rinsed with tap water, methanol, and acetone. Aliquots of collected water 
samples were separately measured in the field for pH and total suspended parti- 
cles (TSP, M.45 pm), and at the USGS National Water Quality Laboratory 
(NWQL) for dissolved organic carbon (DOC, <0.45 ~ m ) [ ~ * ] .  

GLSE samples were filtered using 293-mm diameter type A/E glass-fiber fil- 
ters, having a l-pm nominal pore size (Gelman, Inc.). The filtered water was dis- 
pensed into one clean, empty can for each 10- or 35-L sample, or into three cans 
for each 110-L sample to provide a composite for the extraction of unspiked and 
corresponding matrix-spiked samples. 

The surrogate spiking solution was added to the filtrate during filtration to 
facilitate surrogate-water mixing and to aid in evaluating overall GLSE method 
performance for each sample. The amounts of surrogate solution added to the 
samples varied in proportion to the sample volume. Resultant surrogate concen- 
trations were 25 ng/L for 10-L samples, 28 ng/L for 35-L samples, and 11 ng/L 
for 110-L samples. The terbuthylazine surrogate concentrations were -5 times 
greater. Matrix-spike samples were similarly prepared using aliquots of the com- 
posited, filtered water for the sample locations listed in Table 11. These aliquots 
were fortified with the spike solution to a final concentration of 50 ng/L (10-L 
samples), 28 ng/L (35-L samples), or 11 ng/L (1 10-L samples) for each of the 68 
selected pesticides. The concentrations used were designed to simulate expected 
concentrations at the various sites. All fortified samples were manually mixed at 
least once during an otherwise static equilibration time of at least 30 min prior to 
extraction. 

Sample extraction 

The GLSE (Allen Scientific Glassware, Boulder, CO, USA) was similar to that 
described by Goulden and Anthony[41. GLSE operational conditions are detailed 
elsewhere[311 and were similar to previous USGS ~ t u d i e s [ ~ * ~ ~ * ~ ~ I .  Briefly, the fil- 
tered water sample was pumped at 350 mUmin through Teflon tubing into the 
GLSE. The sample was mixed with DCM using a stirrer in the mixing chamber. 
DCWwater separation then occurs in three settling chambers, the second of 
which contains a column designed to help break emulsions. DCM lost from the 
GLSE by both dissolution in sample water (1.3% v/v at 20°C in pure water) and 
volatilization out the open-top was replenished by pumping DCM at 9 mL/min 
directly into the column in the second mixing chamber. 

Sample volumes processed through the GLSE ranged from 4.4 to 112 L, 
depending on the anticipated pesticide concentrations. After the sample was 
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48 WILLIAM T. FOREMAN er ul. 

pumped through the extractor, 500 mL of distilled water was added to the sample 
can and pumped into the extractor to help ensure that the entire sample had 
reached the GLSE. DCM and water were drained from the GLSE, and the DCM 
was collected in a pre-cleaned 500-mL amber glass bottle. The entire extractor 
was rinsed with DCM, which was combined with the previous DCM fraction. 
Empty cans were not rinsed with DCM to determine pesticide residues remaining 
on the can walls. Extracts were immediately stored, and subsequently shipped, 
on ice to the USGS NWQL. At the lab, the samples were stored at 4 “C until vol- 
ume reduction prior to analysis. 

After processing each natural, spike, or blank sample, the GLSE was cleaned 
by pumping sequentially 100 mL of acetone and 100 mL of methanol through the 
Teflon inlet tubing into the mixing chamber. The extractor was rinsed thoroughly 
with acetone and methanol. For the final rinse, the GLSE was filled with char- 
coal filtered tap water and then drained. 

Blanks consisted of 5 to 8 L of distilled water that was passed through the filtra- 
tion device and then through the GLSE (FG blank) or through the GLSE only 
(extractor blank). Extractor or FG blanks were processed through each of the two 
GLSE units used in this study immediately following a mamx spike sample to 
assess pesticide carryover potential. Additionally, FG blanks were processed at 
the beginning and end of all sample extractions. Except for sample volume limi- 
tations, these blanks were treated identically to other samples. 

Extract preparation and analysis 

Anhydrous sodium sulfate was used to remove residual water from DCM 
extracts. DCM extract volumes were reduced sequentially by vacuum rotary and 
nitrogen gas evaporation and solvent exchanged into -200 pL in toluene. This 
resulted in theoretical enrichment factors ranging from -22,000 to 560,000 
depending on the sample volume. 

The extracts were fortified with an internal injection standard solution of 
per-deuterated polycyclic aromatic hydrocarbons and analyzed by GC-MS with a 
Hewlett-Packard (Hp) 5890 GC, interfaced to a HP 5970A mass selective detec- 
tor operated in the selected ion monitoring mode using procedures similar to those 
previously des~ribed[’*’~*~~]. Separations were carried out on a 30 m x 2.5 mm 
DB-1701 column (J BE W Scientific, Inc., Folsom, Calif.) with a 0.25-pm film 
thickness. An HP 7673A autosampler was used to inject 2 pL of extract at 250°C 
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GOULDEN LARGE-SAMPLE EXTRACTOR 49 

with a 2 min splitless time. The liner was a cup splitter type (Allen Scientific 
Glassware; similar to no. 20709, Restek Corp., Bellefonte, PA, USA) that was 
deactivated using a dichlorodimethylsiloxane solution (Sylon CT, Supelco, Inc., 
Bellefonte, PA) and contained a small amount of silanized glass wool. Detector 
interface temperature was 285 "C. The GC temperature program was 80 "C for 
2 min, 20 "Chin to 120 "C, and 2.5 "Wmin to 285 "C and held for 18.5 min. 
Additional procedures have been described previouslyr311. 

Pesticide detection required (a) retention index agreement between sample and 
standards, (b) the presence of the quantification ion plus at least one other char- 
acteristic ion, and (c) the confirmation of the relative ion abundance ratio of at 
least one of the characteristic ions to the quantitation ion. Quantitation levels 
were set equivalent to the limit of detection and were estimated using the 
approach of Miller and Millerr451, using 0.0015 alpha and 0.025 beta error levels. 
Sample-specific quantitation levels (< values in Table II and in the supple- 
mentI4'] for all pesticides) ranged from about 0.1 to 45 ng/L and varied based on 
sample volume and because of changes in instrument response over the 4-month 
timeframe of sample analyses. 

RESULTS AND DISCUSSION 

Quality-control samples represented a large percentage of the total samples proc- 
essed during GLSE application in the Yakima basin, since the device was in the 
evaluation stage. Of the 56 total GLSE extractions performed, 32 were natural 
samples (including triplicate -10-L extractions of water collected from the 
Yakima River at Kiona), 11 were matrix spiked samples (including triplicate 
-10-L matrix spike extractions of water from the Yakima River at Kiona), and 13 
were blanks (8 FG blanks and 5 extractor blanks). 

Blanks 

Of the 69 pesticides measured (which included 67 of the 68 pesticides added to 
fortified samples plus 2 triazine herbicide degradation products), 34 were not 
detected in any blanks. Only methyl parathion (mean concentration of 12 f 3 ng/L 
in 3 blanks) and 4.4'-DDE (2.0 ng/L in 1 blank) were detected in blanks greater 
than quantitation levels. Methidathion and triadimefon were each detected in a 
blank sample at a concentration less than the quantitation level, but greater than 
the limit of decision, which is -1.5 times lower[45]. All other observed pesticides 
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50 WILLIAM T. FOREMAN ct ul. 

were detected at trace levels lower than the detection level (frequency of detec- 
tion information for all analytes is provided in Table I1 supplementr411). 
Those compounds that exhibited more than two detections in all of the blanks 

correlated with the most frequently identified pesticides in the samples (e.g., 
4,4’-DDE, malathion, m i n e ,  and simazine, Table II). Most detections in the 
blanks presumably were attributable to carryover from the preceding spike sample, 
and likely arose from incomplete cleaning of the cans or components of the GLSE, 
or both, since detections were often observed in extractor blanks. Blank volumes 
were close to the -10-L field samples, but were kept low because of limitations in 
the amount of distilled water on hand. The majority of trace detections in blanks 
suggested artifacts and carryover in quantitation were not problematic. However, 
results from low-volume blanks may not have been completely representative of 
large-volume samples that required longer processing times, used substantially 
more DCM, and, in the case of -110-L samples, required three cans. Additional 
cleaning of the cans and GLSE components beyond that undertaken in this study 
seems necessary to further minimize carryover. 

Surrogate recoveries 

Surrogate compounds were added to all GLSE extractions to monitor method 
performance from the GLSE step through GC-EMS. The surrogates used had 
structural similarities to three of the pesticide classes under investigation. The 
surrogate solution was added to the filtered water sample in the can@) prior to 
processing through the GLSE. 

Mean surrogate recoveries, along with percent relative standard deviation 
(%RSD) of the mean, are shown in Table 111 for the blanks, for three sur- 
face-water sample volume ranges, and for all sample types. Mean recoveries for 
[2Hlo]diazinon, [2H5]atrazine, and terbuthylazine were >75% for all but the larg- 
est sample volumes. The lower recoveries for these surrogates at larger sample 
volumes were expected on the basis of extraction theoryr3]. Mean recoveries for 
y-[2h]HCH were similar at all volumes, were lower than predicted based on 
recoveries of y-HCH observed in our previous and were likely 
lower, in part, because of volatilization losses during DCM volume reduction of 
the extracts to 200 pL. In several cases (e.g., Sulfur Creek, Table 11), 
Y-[~%]HCH recoveries were extremely poor even though recoveries for 
[2Hlo]diazinon, [2H5]atrazine, and terbuthylazine were good. Nevertheless, 
mean recoveries of Y-[~H~]HCH for 35-L samples were -20 to 40% greater than 
those obtained for the surrogate 6-HCH previously tested in GLSE samples from 
the Yakima River basin[321. Isodrin and 4,4’-[2H,]DDT recoveries were unusu- 
ally low, especially considering that extraction theory predicts a near 100% 
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GOULDEN LARGE-SAMPLE EXTRACTOR 51 

recovery for these hydrophobic chemicals (if truly in the dissolved phase) at vol- 
umes up to 120 L[431. For [2H8]DDT, a mean percent recovery is shown only 
under the all-sample-types category and does not include the 40 nondetections. A 
10 to 12% loss of [2H8]DDT via sorption to a single can wall is predicted based 
on the amount of DDT observed in can rinses from previous spike recovery stud- 
ies[43i461. However, much of the apparent loss (or nonrecovery) of [2H8]DDT 
was due to unmonitored conversion of this compound to 4,4’-[2Hg]DDD in the 
GC injection port. A follow-up investigation of this GC degradation problem 
was undertaken for a subset of the Yakima samples[471, which revealed sample 
matrix-enhanced GC degradation of [2H8]DDT in excess of 60% for some 
Yakima samples. These degradation amounts were well above the levels of deg- 
radation indicated by bracketing injections of a performance-evaluation standard 
containing [2H8]DDT. Reasons for low recoveries of isodrin are less obvious, but 
may be caused by unrecognized GC degradation or by instability of this pesticide 
in water. Schradan, another candidate surrogate, appeared unstable, was not 
recovered, and was omitted. This organophosphorus compound also may have 
been susceptible to GC degradation. 

Batch spiking of the surrogate solution to the filtered sample while in the milk 
can, as was performed in this study, was logistically simpler than continuously 
metering in the spiking solution to the sample influent stream, as was done in our 
previous Yakima River field study[321, even though the latter on-line tech- 
n i q ~ e [ ~ ~ ]  has been a popular procedure in GLSE applications[6i9~10~13~18’21~28~371. 
The batch spiking approach allows the surrogate an opportunity to undergo sorp- 
tion to the can wall and to sample DOC and colloids, and to possibly undergo 
degradation reactions in the water, providing a mechanism for further gaging 
matrix effects that might go unrecognized with the on-line metering approach. 
On-line metering of the surrogates into the GLSE would minimize these poten- 
tial loss processes[28], as would direct addition of the entire surrogate solution 
into the GLSE prior to beginning the extraction, another reported fortification 
approach[20,21 ,231 

Matrix spike recoveries 

Matrix spike samples were prepared using filtered water collected from select 
locations in the Yakima basin (Table II) and were used as a mimic of the natural 
water samples to assess recovery of the 68 amended pesticides from water vol- 
umes of -10, 35, and 110 L. Mean recoveries were determined for organochlo- 
rine (Figure 2a) and organophosphorus (Figure 2b) insecticides, triazine and 
chloroacetamide herbicides (Figure 2c). and several carbamate, thiocarbamate, 
and miscellaneous pesticides (Figure 2d). Mean recoveries are shown for spikes 
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52 WILLIAM T. FOREMAN et d. 

of triplicate 10-L aliquots of water from the Yakima River at Kiona (labeled 
Kiona 10 L in Figure 2), -12-L samples from Sulfur Creek and Granger, Moxee, 
and South Drains (Four 12-L sites), -36-L samples from the Yakima River at 
Umtanum and Kiona (Two 36-L sites), and -110-L samples from Satus Creek 
and Pacific Power Wasteway (Two 112-L sites). Error bars in Figure 2 represent 
either one standard deviation of the mean or, for the 36- and 110-L spikes, the 
high recovery. 

All spike recoveries were corrected for the amount of native pesticides 
detected in the corresponding unspiked sample (Table 11) that was processed 
through the GLSE immediately prior to the matrix spike. For the Kiona 10-L 
spikes, recovery corrections were calculated using the mean of triplicate -10-L 
unspiked sample extractions at this site (Table II1411). The spike amounts were 
nominally 50, 28, and 11 ng/L at 10-, 35 ,  and 110-L volumes, respectively. 
These fortification levels were too low for many analytes because comparable or 
higher concentrations of the pesticides were measured in the corresponding 
unspiked samples, especially in the three drains and Sulfur Creek that receive the 
heaviest pesticide inputs from r ~ n o & ~ ~ ] .  For example, relatively high ambient 
concentrations were observed at one or more sample location for diazinon, atra- 
zine, simazine, and propargite (Table II; see[41] for all pesticides). In some cases, 
recovery corrections produced abnormally low recoveries, and even negative 
recoveries for six pesticides, and resulted in negative mean recoveries for 
simazine and propargite for the four 12-L sites. For example, concentrations of 
propargite in the corresponding unspiked 10-L samples ranged from 40 to 
260 ng/L (Table II), the latter being 5 times higher than the spike concentration 
(assuming no native propargite in the sample). In other instances, recoveries well 
in excess of 100% were obtained and the correction appeared insufficient or was 
not applied because the pesticide was detected below the quantitation level in the 
unspiked sample. Examples of apparent substantial positive bias occurred for the 
chlordanes, endrin, and several of the organophosphorus insecticides, including 
methyl parathion and phosphamidon. The combined low fortification levels in 
the spikes coupled with natural occurrence in the unspiked samples strongly 
influenced both the resultant mean recoveries and variability for a number of 
pesticides over the volume ranges tested. Consequently, the best indication of 
GLSE method performance, especially for -10-L extractions, should be the trip 
licate Kiona 10-L mean recovery idomation, since recovery corrections were 
based on the mean of triplicate unspiked concentrations, the precision for which 
ranged up to 27% RSD for prometon (Table II). In general, recoveries for the 
Kiona 10-L spike samples were either comparable to or 10 to 20% less than pre- 
viously determined using amended quadruplicate 10-L samples from two Colo- 
rado creeks[431. Although a common practice, matrix spiking at levels near 
ambient pesticide concentrations poses additional variability to method perform- 
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GOULDEN LARGE-SAMPLE EXTRACTOR 53 

ance assessments. However, this approach remains the most efficient way to 
obtain recovery information in natural waters for each analyte in broad-spectrum 
pesticide analyses. 

In a trend comparable to the surrogate recoveries, the organophosphorus insec- 
ticides (OPs) and especially the triazine and chloroacetamide herbicides had 
overall higher recoveries than did the organochlorine insecticides (Ocs). The 
results of this study show that the GLSE can efficiently preconcentrate pesticides 
which have I(o,,,'s less than 104and indicate that broad spectrum analysis with the 
GLSE is feasible, as also recently reported by Sabik et ali9] for 16 moderately 
polar pesticides from 35-L water samples. 

Reduced recoveries observed for most of the triazine, chloroacetamide, organ- 
ophosphorus, and miscellaneous pesticides in 110-L spike samples (Figure 2) 
clearly show the thermodynamic limitations in GLSE extraction efficiencies 
expected for larger volume For example, metribuzin (K,,, of 
10'.7[48]) and dimethote (I(ow of 10°*8[48]) show a trend of decreasing recoveries 
with increasing sample volumes reflective of pesticides with K,,,+ < lo3 and 
sample volumes from 10 to 110 Lf3]. For most of the pesticides sampled in the 
Yakima basin, however, GLSE extraction theory predicts efficient isolation up to 
the optimal 50-L volume for which the device was designed, and this prediction 
was verified from the mamx spike results. With low to moderate Kow's, most of 
these pesticides exhibited minimal or no sorption to colloids, DOC, or the can 
walls. A number of the organophosphorus compounds should have behaved sim- 
ilarly, but may have been confounded by GC degradation problems. Pesticide 
degradation in the water sample also can bias the results. For example, Sabik et 
al.19) observed low recoveries of spiked chloropyrifos in filtered water samples 
isolated by the GLSE and speculated that hydrolysis substantidy reduced recov- 
eries. In our study, chloropyrifos was well recovered ( S O % )  as predicted from 
its I?,, of 1 6*0[481. However, although methamidophos produced good 
GC-EMS calibration curves, it was not recovered in any spikes and appeared to 
be unstable in the water samples. 

As observed for the [2H8]DDT surrogate (see above), a portion of 4,4'-DDT's 
apparent poor recovery (Figure 2a) was attributable to substantial matrix-enhanced 
degradation of this pesticide in the GC injection systemr4q. Other method pesti- 
cides are recognized (see citations in[471) as thermolabile (e.g., endrin, 2,4'- and 
4,4'-methoxychlor, azinphos-methyl, dimethoate, methamidophos, malathion, ter- 
bufos, carbaryl, and carbofurau) and also may have undergone variable amounts of 
GC-derived degradation leading to poorer and more variable recoveries that may 
not be attributable to GLSE performance. However, GC-derived degradation is 
not believed responsible for the low recoveries of other presumably thermostable 
compounds, e.g., mirex and the pennethrins. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL
E 

II
I M
ea
n 

pe
rc

en
t r

ec
ov

er
ie

s o
f p

es
tic

id
e s

ur
ro

ga
te

 c
om

po
un

ds
 fr

om
 G

ou
ld

en
 la

rg
e-

sa
m

pl
e e

xt
ra

ct
or

 sa
m

pl
es

 

M
ea

n 
%

 re
co

ve
ry

 (9
6 

re
la

tiv
e s

tM
da

rd
 d

ev
ia

tio
n)

 
Sa

m
pl

e 
vo

l.,
 L

 
To

ta
l n
o.
 o

f s
am
pl
es
 

['H
l0

]D
ia

zi
no

n 
y-
['
H~
]H
ex
ac
hl
om
cy
cl
oh
ex
an
e 

Is
od

ri
n 

['H
5]

A
tra

zin
e 

Te
rb

ut
hy

ku
in

e 
4,

4-
[2

H
dD

D
T

 
g 

5.
0 
-
 7.

7 
bl

an
ks

' 
13

 
81

 (2
0)

 
59

 (7
3)

 
18

(1
06

) 
84

(1
7)

 
84

 (1
8)

 

4.
4 
-
 1

2 
14

 
93

 (1
5)

 
61

 (4
3)

 
18

 (8
9)

 
91

 (2
0)

 
88

 (2
6)

 

34
-3

7 
17

 

72
- 

11
3 

11
 

All
 s

un
pl

ed
bl

an
ks

 
55

 

a7
 (1

2)
 

69
 (3

8)
 

84
 (2

1)
 

62
 (3

4)
 

45
 (3

1)
 

76
 (1

4)
 

80
 (1

1)
 

8 
65

 (3
1)

 
27

(6
3)

 
47

(4
0)

 
63

 (3
2)

 

62
 (4

5)
 

28
 (7

1)
 

76
 (2

9)
 

79
 (2

4)
 

15
 (8

7)
. 

~
=

1
6

~
 

a
 

D
is

til
le

d 
wa
te
r 
FG
 o

r e
xt

ra
ct

or
 bl

an
ks

. 
b.

 
n, 

nu
m

be
r o
f q

ua
nt

ifi
ab

le
 ob
se
rv
at
io
ns
 us

ed
 to

 co
m

pu
te

 m
ea

n 
re

co
ve

ry
. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



GOULDEN LARGE-SAMPLE EXTRACTOR 55 

Most of the OCs have relatively large & i s  (i.e., > 103.5)[491 and, hence, are 
predicted to have high DCWwater partition coefficients and expected recoveries 
of nearly 100% at volumes up to 11 0 L. However, predicted high recoveries are 
dependent on the compound being in the truly dissolved phase. Because many of 
the O C s  also have relatively high sedimendwater (&) and DOC/water (&,,J 
partition coefficients, they were likely to have partitioned to some extent into 
colloidal materials in the filtered water samples during the > 0.5 h equilibration 
period preceding GLSE isolation. Anthonyra1 noted that the GLSE was capable 
of providing estimates of contaminant “dissolved-phase” concentrations, but the 
device was not designed to extract pollutants associated with small particles, col- 
loids, and DOC in filtered water. The rapid sample flow rates do not allow much 
time for contact of the sample with DCM for exhaustive particle phase extrac- 
tion. Foster[421 attempted to model the effect that contaminant uptake by DOC 
and colloids has on limiting GLSE extraction efficiency, and he noted that this 
effect can be substantial for very hydrophobic contaminants like cis- and 
trans-permethrin. In addition, studies by Driscoll et al[501 and Maguire et alr5l] 
show that for many OCs, efficient solvent extraction into hexane is achieved only 
after treatment of surface water samples with chromic acid to digest humic sub- 
stances. Moreover, the OC mirex showed the greatest duc t ion  in extraction 
efficiency without the chromic acid suggesting that mirex may 
be partitioned into colloidal materials present in the filtered water samples, 
thereby affecting GLSE recoveries in our study. 

Sorption of hydrophobic contaminants to the container walls also lowers 
recoveries, as noted above for the [2Hg]DDT surrogate. Previous s t u d i e ~ [ ~ ~ * ~ ~  
demonstrated that some pesticides were found in can rinses, with butachlor (9% 
maximum observed), DDT (12%), ethion (14%), cis- and trans-permethrin 
(26%), propargite (lo%), and trifluralin (12%) exhibiting some of the highest 
sorbed amounts. Not all of the pesticides were tested in the earlier studies. Chem- 
ical residues remaining in the cans were not determined in these GLSE spike 
samples. After processing all of the water sample through the GLSE, the proce- 
dure could be modified to incorporate DCM rinsing of the pesticides from the 
can surfaces, followed by pumping of this DCM into the GLSE for collection 
with the extractor DCM. 

For some compounds, combinations of the loss mechanisms outlined above 
produced the low recoveries and/or high variability observed. Clearly, reported 
 concentration^^^^] are underestimates of the total concentration in filtered 
Yakima basin water samples for a number of the OCs and some other pesticides. 
Nevertheless, the GLSE method provided at least 1 to 2 orders of magnitude 
lower quantitation levels than was available with traditional 1-L methods for pes- 
ticides in water in use at the National Water Quality Laboratory. 
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Percent Recovery 
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Carbarnates 
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FIGURE 1 Mean recoveries of (a) organochlorine and (b) organophosphate insecticides, (c) triazine 
and chloroacetamide herbicides, and (d) carbamate. thiocarbamate and miscellaneous pesticides, 
spiked into triplicate 10-L aliquots of water from the Yalrima River at Kiona (K~oM 10 L), into -12-L 
water samples from four sites (Four 12-L sites), into -36-L samples from two sites ( l b o  36-L sites), 
and into -1 12-L samples from two sites ( ' h o  112-L sites). Sites correspond to those listed in Table XI. 
Error bars represent either one standard deviation of the mean or. for the 36- and 112-L spikes, the 
high recovery. (S), surrogate compound; NA, not analyzed. See text for details 
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Although the quality control samples collected in this study did not represent a 
rigorous evaluation of the GLSE GC-MS method, our observations suggest per- 
formance capabilities ranging from marginal to excellent for many of the com- 
pounds not previously tested using this method. Our findings also highlight the 
need to include field quality-control procedures in environmental studies even 
for compounds whose performance previously was well characterized. 

Ackno wkdgements 
We thank the USGS Yakima National Water-Quality Assessment (NAWQA) 
Program field team for collecting water samples, the U.S. Bureau of Reclamation 
for providing laboratory facilities, and Joe Rinella for valuable insight on the 
Yakima River basin. Special thanks to Don Anthony (National Water Research 
Institute, Burlington, Ontario) for helpful discussions, reference materials, and 
manuscript review, and to other GLSE users for their input. Thanks to Marilyn 
Werner for standards preparation and to Ron Baker and Jon Raese for manuscript 
review. Funding was provided by the NAWQA Program and the NWQL. The use 
of firm names in this article is for identification purposes only and does not con- 
stitute endorsement by the U.S. Government. 

References 
[l] M. Ahnoff and B. Josefsson,  AM^. C h m .  46,658-663 (1974). 
[2] B. Josefsson, In: Marine Natural Pnnfucts: Chemical and Biological Perspectives (P.J. 

Scheuer, ed. Academic h s s ,  New York, 1980) pp. 2-93. 
[3] G.D. Foster and P.F. Rogerson. Intern 1. Environ. AM& Chem. 41,105-117 (1990). 
[4] P.D. Goulden and D.H.J. Anthony, Design of a large sample extractorfor the determinarion of 

organics in water Environment Canada, National Water Reaearch Institute, Burlington, ON, 

[5] D.H.J. Anthony, Goulden large-sample exrracfion (GLSE) technology for water quality moni- 
toring and reseamh programs Environment Canada National Water Research Institute, Burl- 
ington, ON, Canada, Re@ No. 94-85 (1994). 

[a] D.H.J. Anthony, Large-sample extraction systems with analytical solvent recovery for low-flow 
applications Environment Canada, National Water Research Institute, Burlington, ON, Can- 
ada, Report No. 94-69 (1994). 

[7] B.K. Afghan, H. Agemian and M.A. Forbes, Validation of analytical protocol for monitoring 
ambient water quality at the Niagara-on-the-Luke andFort Erie stations Environment Canada, 
National Water Quality Laboratory, Burlington, ON, Canada, (1987). 

[8] I.K. Tsanis, J. Bikhofer, C.R Murthy and A. Sylvestre, Water Pollut. Res. J. Cam& 24. 
589608 (1989). 

[9] H. Sabik, A. Fouquet and S. Proulx, Analusis 25,267-273 (1997). 
[lo] H. Sabik and R Jeannot, J. Chromatog,: A 818,197-207 (1998). 
[ 111 D.L. Swackhamer and S. J. Eisemich, Intercomparison of methodologies for measuring PCBs 

in particulate and dissolved phases in Green Bay water Final report to US. EPA Great Lakes 
National Program Office, Chicago, IL, (1989). 

[ 121 R.F. Pearson PCBs in Lake Michigan water: Comparison to 1980 and a mass budget for 1991 
(University of Minnesota, Saint Paul, MN, MS thesis, 1994). 

[13] R.J.J. Stevens and M.A. Neilson, J. Gmat Luke Res. 15,377-393 (1989). 
[14] B.F. Scott, E. Sverko and R.J. Maguire, Water Qual. Res. J. Canada 31,341-360 (1996). 

Canada, Report NO. 85-121 (1985). D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



GOULDEN LARGE-SAMPLE EXTRACTOR 61 

[ 151 J.L. Bixler Polychforinuted biphenyls in the spring-time water column of the Great Lakes (Uni- 
versity of Minnesota, Saint Paul, MN, MS thesis, 1996). 

[ 161 J.C. Memman, Water Polfut. Res. J. C a d  23,590400 (1988). 
[17] J.C. Meniman, D.H.J. Anthony, J.A. Krafi and R.J. Wilkinson, Chemosphere 23, 1605-1615 

(1991). 
[18] J.C. Memman and J.L. Metcalfe, Pesticide distribution, lower Omwa River. 1986 Environ- 

ment Canada, Inland Waters Directorate, Water Quality Branch, Burlington, ON, Canada, 
Technical Bulletin No. 160 (1988). 

[19] D.H.J. Anthony and K.I. Aspila, Preparation of a reference murerial for orgunic contuminunts 
in precipitation by a large-sample extraction technique Environment Canada, National Water 
Research Institute, Burlington, ON, Canada, Report No. 93-73 (1993). 

[20] D.J. Gregor and W.D. Gummer, Envimn. Sci. Technol. 23,561-565 (1989). 
[21] D.J. Gregor, A.J. Peters, C. Teixeira, N. Jones and C. Spencer, Sci. Total Envimn. 160Il61, 

[22] A.J. Peters, D.J. Gregor, C.F. Teixeira, N.P. Jones and C. Spencer, Sci. Total Envimn. 160/161, 

[23] R.L. Falconer, T.F. Bidleman, D.J. Gregor. R. Semkin and C. Teixeira, Envimn. Sci. Technol. 

[24] D. Gregor. C. Teixeira and R. Rowsell, Chemosphere 33,227-224 (1996). 
[25] S.M. Chemyak, C.P. Rice and L.L. McConnell, Max Polfut. Bull. 32,410419 (1996). 
[26] T.M. Tuominen, M.A. Sekela, G. Moyle, B. Baldazzi, T. Tremblay and S. Sylvestre., In: Pm- 

ceedings of the CunadaNnited States Technical Workshop on the Upper Columbia River 
Basin: An International Dialogue Spokane, WA, November 15-16, 1994 (D.L. Weber, ed. 
State of Washington Water Research Center: Pullman, WA, 1994) Report No. 89, pp. 75-80. 

[27] M.A. Sekela, R. Brewer, C. Baldazzi, G. Moyle and T. Tuominen, Survey of contaminunts in 
suspended sediment and water in the Fruser River basin Environment Canada, Environmental 
Conservation Branch, North Vancouver, BC, Report no. DOE FRAP 1995-21 (1995). 

[28] J.A. Wood and D.H.J. Anthony, Ultratrace detection of herbicides in prairie springs Environ- 
ment Canada, National Water Research Institute, Burlington, ON, Canada. Report No. 95-149 
(1995). 

[29] J.A. Wood and D.H.J. Anthony, J .  Env. Qual. 26, 1308-1318 (1997). 
[30] J.M. Blais, D.W. Schindler, D.C.G. Muir, L.E. Kimpe, D.B. Donald and B. Rosenberg, Nature 

[31] J.F. Rinella, S.W. McKenzie, J.K. Crawford, W.T. Foreman, P.M. Gates, G.J. Fuhrer and M.L. 
Janet, Surface-water-quality assessment of the Yakimu River basin, Washington: Pesticide and 
other trace-orgunic-compound &a for water; sediment, soil, und aquatic biota, 1987-91 U.S. 
Geological Survey, Reston, VA, Open-File Report 92-644 (1992). 

[32] G.D. Foster, P.M. Gates, W.T. Foreman, S.W. McKenzie and F.A. Rinella, Envimn. Sci. Tech- 

1331 Chesapeake Bay Program, Chesapeake Bay fall line toxics monitoring program 1994 f i M l  
report Chesapeake Bay Program office, Annapolis, MD. CBP/TRS 1W% (19%). 

[34] G.D. Foster and K.A. Lippa, In: Agmchemicaf Transport. Perspective and Scale-of-Shufy (T.R. 
Steinheimr, L.J. Ross, and T.D. Spider, eds., Washington, D.C., in press). 

[35] G.D. Foster, E.C. Roberts Jr., B. Gruessner and D.J. Velinksy. Appf. Geochem. (in press). 
[36] G.D. Foster, K.A. Lippa and C.V. Miller, Envimn Toxicol. Chem. (in press). 
[37] J.V. Headley, L.C. Dickson, C. Swyngedouw, B. Crosley and G. Whitley, Envimn. Toxicol. 

Chem. 15,1937-1944 (1996). 
[38] D.H.J. Anthony and D.W. Barclay, A preliminary chemical euanination of hydmphobic tire 

leuchute components: Part II. On-site, large-sample preconcentmwn of tire leuchute compo- 
nents for chemical churucteriziation Environment Canada, National Water Research Institute. 
Burlington, ON, Canada, Report No. 93-25 (1993). 

[39] M. Neilson, R. Stevens, H. Biberhofer, P.D. Goulden and D.H.J. Anthony, A large-sample 
extractor for determining orgunic conruminunts in the Great Lakes Environment Canada, 
Water Quality Branch, Burlington. ON, Canada, Inland Waters Directorate Technical Bulletin 
No. 157 (1987). 

117-126 (1995). 

167-179 (1995). 

29,1297-1302 (1995). 

395,585-588 (1998). 

n01.27.1911-1917 (1993). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



62 WILLIAM T. FOREMAN et al. 

[a] D.H.J. Anthony, In: Preprint of Papers, 205th National Meeting of the American Chemical 
SocietyDenver, CO, March 28 - April 2, 1993 (American Chemical Society, Division of Envi- 
ronmental Chemistry, Washington, DC. 1993) Vol. 33, pp. 408-411. 

[41] Additional GLSE citations and Tbble If suppkmnr, containing data for all pesticides, is availa- 
ble at [http://wwwnwql.cr.usgs.gov/publiclmrdpE. 

[42] G.D. Foster, In: Preprint of Papers, 205th Natwnal Meeting of the American Chemical Society 
Denver, CO, March 28 - April 2,1993 (American Chemical Society, Division of Environmen- 
tal Chemistry, Washington, DC, 1993) Vol. 33, pp. 405-407. 

[43] G.D. Foster, W.T. Foreman and P.M. Gates, J. Agric. Food Chem. 39,1618-1622 (1991). 
[44] S.W. McKenzie and J.F. Rinella, Surface-water-quality assessment of the Yakima River basin, 

Wmhington: Project description U.S. Geological Survey, Reston, VA, Open-File Report 87- 
238 (1987). 

[45] J.C. Miller and J.N. Miller, Staristics forAnalytica1 Chemistry (Halsted Press, Chichester, West 
Sussex, England, 1984) 1st ed., 202pp. 

[46] W.T. Foreman and G.D. Foster, In: U.S. Geologicul Survey Toxic Substances Hydrology Pro- 
gram--Proceedings of the Technical Meeting Montemy, CA, March 11-15, 1991 (G. E. Mal- 
lard and D.A. Aronson, eds. U.S. Geological Survey, Reston, VA, 1991) Water-Resources 
Investigations Report 91434, pp. 530-533. 

(471 W.T. Foreman and P.M. Gates, Enviroa Sci. Technol. 31,905-910 (1997). 
[48] US. Department of Agriculture, Agricultural Research Service, Pesticide properties database 

accessed May 17,1999 at [http:/lwww.arsusda.govhml/ppdb.html]. 
[49] D.H.J. Anthony and P.D. Goulden, Parfition coeJ3icienfs of some Niagara River organic con- 

raminants Environment Canada, National Water Research Institute, Burlington, ON, Canada, 
Report No. 86-222 (1987). 

[50] M.S. Driscoll, J.P. Hassett, C.L. Fish and S. Litten, Envirom Sci. Technol. 25, 1432-1439 
(1991). 

[51] RJ. Maguire, S.P. Batchelor and C.A. Sullivan, Envimn. Toxicol. Chem. 14,389-393 (1995). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1


