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ABSTRACT

The inadvertent ingestion of contaminated soil can be an important source of pesticide exposure,
especialy in young children. The actual level of apesticidethat isavailable for absorption into a biological
system may be much lower than the overall contamination level dueto the interaction of each chemical with the
solid matrix. This bioaccessibility is dependent on characteristics of the chemical species aswell asthe soil type
and residence time of the compound in the soil. In an effort to improve understanding of this phenomenon, we
report acomparison of the recoveries of pesticides spiked into soil and two model solids using different analyti-
cal extraction techniques: Soxhlet extraction, microwave-assisted extraction with an organic solvent (MAE), and
microwave extraction using water as a solvent (WME). The efficiency of each techniqueis compared to the
maximum bioaccessible fraction determined by aphysiologically based extractiontest (PBET). Recoveriesby
Soxhlet and MAE are shown to be in good agreement with each other, but do not predict the bioaccessible
fraction. Recoveriesby WME, however, arein agreement with bioaccessible fractions of all pesticides and soil
types studied. WME has the potential to be useful in bioavailability studies.
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INTRODUCTION

Pesticide contamination of soil canbea
major source of exposure, especially to chil-
dren. Theamount of apesticidetowhicha
person isexposed when contaminated soil is
inadvertently consumed will depend not only on
theamount of the pesticidethat isinthe soil, but
also how much of the contaminant can be
removed fromthe soil asit passesthroughthe
digestive system. Some compoundsare so
tightly integrated into the soil that they may stay
bound and be excreted with the soil, never
entering into the circulatory systemwherethey
could cause harmful effects. Theamount of a
particular compound that isavailablefor extrac-
tionfromthesoil under physiologica conditions
dependson the chemical propertiesof the
compound, themakeup of the soil, and how

long the contaminant hasbeenin contact with
thesoil.

Thequantity of acompound that isre-
moved from the soil and then transferred into
circulationisreferred to asthebioavailable
fraction (Ruby et d., 1996). Current techniques
to determinebioavail ability involveanima or
bacteria mode sor complex modelsof the
human digestive system (Koganti et al ., 1998;
Ruby etal., 1996; Sijmet a., 2000). Thereisa
growing moveto devel op andytica techniques
tomimicthisprocessto determinequickly and
eadly thebioavailability of organic contaminants
fromenvironmenta solids(Sijmet d., 2000).

Inorder to be bioavailable, contaminants
must first be desorbed from the soil system
under physiologica conditions. Not all com-
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poundsthat areremoved from the soil are
necessarily absorbed into thebiologica system.
Thetotal amount of acompound that isdes-
orbed fromthe soil, whether it isfurther ab-
sorbed into circulation or not, isdefined asthe
bioaccessiblefraction, sometimesreferred to as
the“mobile’ fraction (Oomen et d., 2000).
Bioaccesshility isasmpler quality tomode
than bioavail ability since only desorption under
physiological conditionsisnecessary. Itis
potentialy an overestimate of bioavailability and
can be seen asaconservative estimate of
possiblerisk. Thedefinition of biocaccessbility
used inthiswork isthe maximum fraction of
contaminantsin soil systemsthat can berecov-
ered fromamodel of the physiological compo-
gtion and digestion conditionsof thehuman
digestivetract. Thistestisbased onthephysi-
ologically based extraction test (PBET) devel-
oped by Ruby et al. (1996) for theanaysisof
the bi oaccessibility/bioavail ability of lead and
arsenicfromsoil.

Most chemical extraction methodsex-
ploredinthe past were studied intermsof their
ability torecover al pesticidesfrom asoil
matrix. Inthiswork, weexaminetheabilitiesof
threesmpleanaytical extraction methodsto
mimicthe bioaccess bility determined by the
more complex digestivesystemmodd. These
methods are Soxhl et extraction, microwave-
ass sted extraction with an organic solvent
(MAE), and microwave-ass sted extraction with
water asasolvent (WME).

Soxhl et extraction isacontinuous solvent
extraction method and isthe standard technique
used in most EPA methods (Smith, 1994). Itis
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alengthy process, involving 24-hour extraction
timesand large volumes of organic solvent (up
to 150 mL), andlargesamplesizes (upto 10 g).
MAE isasmilar extraction method which
reducesthe extraction processto ashorter
duration using smaler samplesand solvent
amounts. MAE usespolar organic solventsin
contact with solid samplesheated inamicro-
waveto extract organic contaminants (Barnabas
eta., 1995). Extractiontimescanbeaslittleas
3minuteswith samplesizesassmall as0.1g
and solvent volumesassmall as4 mL.

WME isanew techniquethat isbased on
theprocessof MAE. Thesamplesize, solvent
volume, and extractiontime arethesameas
thoseof MAE. Thedifferenceisthat water is
used asthe extraction solvent. Microwave
extraction relieson the power of microwave
energy to causerapid rotation and concomitant
heating in polar solvents (Barnabaset d.,

1995). Water would bean idea solvent for
microwave heating sSinceit ispolar and doesnot
result inany new disposal problems. Heated
water, under pressure, can act asabetter
solvent for organic compoundsthan it would be
ableto under ambient conditionsasitsdielectric
constant beginsto decrease (T6dheide, 1972).
WME may also beableto act asthe best mimic
of thebioaccess bility determined by digestive
modeling asit placesthe soil systeminasolvent
environment smilar tothat of the
bioaccessibility test. Thechief differences
between thetwo techniques arethetemperature
reached inthe WME procedure over ashort
period of timeand the digestive components
contained inthegastric solution. Thesediffer-
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encesarelessextremethan thosethat are
present between Soxhlet or MAE and the
bioaccessibility tests.

Different typesof chemica compoundswill
behavedifferently whenin the presence of soil
aswell asduring different extraction proce-
dures. Inorder to anayzethedifferencesinthe
bicaccessihilitiesof different pesticides, five
different compoundswerestudied, including
two organochlorinepesticides, p,p’-DDT and
chlordane, which have been banned intheUS
for nearly 20 yearsor morebut arestill foundin
s0il and food samplesaswell ashumantissue
samples. Threeorganophosphorus pesticides,
diazinon, maathion, and therecently restricted
insecticide chlorpyrifos(Dursban) werea so
consideredinthisstudy. Each of these pesti-
cideshasdifferent moietiesthat may interact
moreor lessstrongly with thedifferent compo-
nentsof the soll.

Soil isacomplex matrix of both organic
and inorganic components. The specific portion
of thesoil towhich acontaminant adsorbswill
depend on the nature of both the compound and
thematrix aswell asthelength of the contact
timeof thechemica withthesoil. Non-volatile
chemicalsassociateboth reversibly andirre-
versibly to soil matrices(Bhandari et a., 1997,
Chenetal., 2000; Kanetal., 2000; Kanetal.,
1998; Kanetal., 1997). Inorder to study the
effectsof the organic component of the soil on
theretention of the pesticidesunder investiga:
tion, model solidswerechosentodistinguish
between retention by organic andinorganic
portionsof thesoil.

Themain organic portion of soil iscom-

posed of humic substances. Theseare sub-
stancesthat derivefrom the decomposition of
plant and animal matter. Humic substancesare
complex compoundswhich cannot be defined
asany particular classof compound and are
instead classified operationally into three subdi-
visons. fulvicacid, humicacid, and humin.
Fulvic acidsare those humic substanceswhich
aresolubleinacidic solution. Humicacids
comprisethe component that isinsolubleinacid,
but solublein basic solution. The components
that are not extractablein either basic or acidic
solution makeup the portionreferredto as
“humin” (Gaffney et ., 1996).

Thefirst goa of thework presented here
wasto determinethe bioaccesshility of severd
pesticidesfrom soil and thetwo model solids
that had been spiked and allowed to ageinthe
laboratory. Secondly, the sampleswereana-
lyzed by each of thethreeanaytical methods
previoudy discussed. Findly, theutility of each
of thesemethodsfor determining bioaccessibility
was determined by comparing the bioaccessible
fractions determined to theamount recovered
by each extraction method for each compound
and soil type.

MATERIALSAND METHODS

Soil and Model Solid Preparation

Inan effort to study the portions of soil
that interact most strongly withthedifferent
contaminants, two different modd solidswere
studied aswell astop soil. Pureinorganic sand
was chosento study theinteraction of the
contaminantswith theinorganic portion of soil,
whileahumic acid-amended sand (HA-sand)
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was created to study theinteraction of the
compoundswitha*® soil” that had acontrolled
organic component. Humic acid waschosen as
the organic component for thisresearch asit
wasthemost readily availableandisusualy the
larger organic component of soil. Soil wasaso
analyzed to determinetheability of theHA-sand
model to approximate soil.

Washed seasand (Fisher Scientific, S-25-
10) wasfirst seved tolessthan 150 pm and
then cleaned with 50%/50% v/v acetone:hexane
(A/H) 5times. Humic acid (sodium salt, Acros
Organics, 12086-0010) was purified by first
removing freefulvicacidinacidic solution,
dissolving in basi ¢ solution, and then precipitat-
inginacidicsolution. Precipitated humicacid
was collected by vacuum filtration and rinsed
with~0.1M HCI. To prepare 5 % by weight
humic acid-amended sand, blank sand (95.0 g)
was cleaned as described above, and then
mixed with purified humicacid (5.0 g) and 150
mL deionized water and stirred with amechani-
cal stirrer for 24 hours. The humic acid-
amended sand (HA-sand) wasthen alowed to
dry inthe hood and tested for the stability of
HA onsandin severa solvents (acetone,
hexane, water, dichloromethane). HA-sand
was aged in an amber glassjar at room tem-
peraturefor approximately six monthsbefore
being spiked with pesticides. Dry top soil
(Organic Valley) wassieved tolessthan 150 pm
beforespiking.
Spiking

Soil and thetwo model solids (sand and
HA-sand) were prepared asabove and then
spiked with acustom pesticide solution

(ChemService, Inc., West Chester, PA) that
consisted of 21000 pg/mL solution each of Six
compounds (diazinon, maathion, chlorpyrifos,
trans- and cis-chlordane, and p,p’-DDT each
> 98 % purity) in acetone. Approximately 50 g
of each solid mediumwas placedina150 mL
beaker to which wasadded 7 mL of standard
solutionto obtain ~ 145 pg/g of each pesticide
inthesamplemedium. Approximately 60 mL of
acetone (ACSreagent grade, Fisher Scientific,
New Jersey) was added to thoroughly wet the
medium. The solution was sealed with severa
layersof Parafilm™ and stirred with amechanical
stirrer continuoudy for 8 or 9 hoursand then
intermittently to completea24-hour contact
period. The Parafilm”wasthen removedto
alow the sol vent to evaporate with continued
intermittent irring.
Aging

Each spiked samplewas aged at room
temperaturein asealed amber glassjar for 12
weeksprior toanayss.

Soxhlet Extraction

A micro Soxhlet extractor (AceGlass, Inc.
6776) wasused for al Soxhlet extractionswith
al0x50mmsinglelayer celluloseextraction
thimble (Whatman International Ltd, 2800105).
Extraction timewas 24 hourswith ~ 1.0 g of the
sampleand 20 mL of solvent (A/H) withacycle
timeof ~ 6 minutes. Recovered solvent was
diluted to 25 mL with acetone beforeanayss.
All analyseswere performed by direct injection
intoaGC-ECD.

Microwave-Asssted Extraction, Organic (MAE)
A microwave acid digestion bomb (45

Proceedings of the 2000 Confer ence on Hazar dous Waste Resear ch

199



200

mL capacity, Parr 4782) was used for all
microwaveextractions. Thesampletobe
tested (0.10—0.15g) wasweighedinto a
Teflon cup. Solvent (A/H, 4 mL) wasadded by
pipet. The Teflon cup wassedled withaTeflon
O-ringandlid. Theassembly wasplacedinthe
bomb body and sealed. The bomb washeated
inamicrowave (1.52 kW, 900 W output,
Sharp Carousdl) for 3minutes. Thesealed
bomb was cool ed outside of the microwavefor
30 minutes. The Teflon cup wasthen opened
and the supernatant wastransferred to aglass
via by pipet. All analyseswere performed by
directinjectionintoaGC-ECD.

Microwave-Assisted Extraction, Aque-
ous (WME)

WM E was performed in the same manner
asMAE with the exception that the sol vent used
for extractionwasMilliQ® (Millipore, MilliQ
Academic) digtilled water (>18.2 Q) instead of
A/H. After the cooling period, the agueous
supernatant wastransferred to avia containing
2mL of hexane. Thevia wasagitated for 1
minuteto transfer theanalytesinto hexane, in
whichthey aremoresolublethaninwater. This
hexanelayer wasdirectly injected into the GC-
ECD for andyss.

Bioaccessibility Determination
Bioaccessbility wasdeterminedusinga
physiologically based extraction test based on
Ruby et al (1996). The procedureswere
adapted in order to anayze organic contami-
nantsaswell asto minimizethedetectionlimits.
Inthismethod, amodéd of thedigestivesystem
was created by first subjecting a0.40 g sample
to40mL of anacidicgastricsolutionina

separatory funnel ina37 °Cwater bathwith N,
gas bubbling throughout to causemixing. The
gastric solutionwas prepared by acidifying 1 L
of deionized water to pH 2with 12N HCl
(ACSReagent grade). Tothissolutionwas
added 1.25 g pepsin (Acros Organics, New
Jersey), 0.50 g citrate (99% purity, Acros
Organics, New Jersey), 0.50 g malate (95%
purity, Sigma, St. Louis, MO), 420 uL lactic
acid (98 % purity, Sigma, St. Louis, MO), and
500 mL acetic acid (ACSreagent grade,
Aldrich, Milwaukee, WI). After 1hour inthis
solution, the samplewas designated either asthe
“stomach” sample, inwhich casethe aqueous
supernatant was decanted and exhaustively
exchanged into hexane, or the“tota digestion”
sample. Tothetota digestion samplewas
added adiaysisbag (MWCO 6000-8000,
Fisher Scientific, Pittsburgh, PA) containing~ 1
g sodium bicarbonate (99.7 % purity, Aldrich,
Milwaukee, WI) and ~2 mL deionized water.
The pH wasmonitored until the solution had
reached neutrality, after which thedialysisbag
wasremoved and ~ 70 mg bile salts (50%/50%
wi/w cholicacid sodium sdt:deoxycholicacid
sodium salt, Fluka, Switzerland) and ~20mg
pancreatin (porcine, Acros Organics, New
Jersey) wereadded. Thissolutionwaskept at
37 °Cinahot water bath. Bubbling N, was
continued to maintain mixing. After 3hours, the
supernatant was decanted and extracted ex-
haustively into hexane. Thehexaneextractions
of the stomach sample and thetotal digestion
samplewereindividualy concentrated to 2 mL
under agentlestreamof N, gas. These
sampleswerethen directly injected into the
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GC-ECD for andysis.

Theremaining solid from both
bioaccessibility digestionsaswell astheWME
extractionswerefurther analyzed by MAE (as
described above) in order to attempt to recover
all of the contaminantsthat were spiked onto the
samples. TheWME sampleswereextracted
twicemoreeach whilethedigestion samples
wereextracted three moretimeseach.
Analysis

Sampleswereandyzed using aHewlett
Packard Model 5890 Series|l GCwithan
autosampler,aDB5-M S column (30 mlong;
0.25mmi.d.; 0.25 umfilmthickness), and
electron capture detector (ECD). Samples
wereanayzed by directinjectionof 1 uL intoan
injection port held at 250 °C. The ECD was
held at 200 °C. The GC oventemperaturewas

held at 50 °C for 2 minutes and then ramped to
250°Cat 20 °C/min, whereit washeld for the
remainder of therun with acolumn head pres-
sureof 15 psi (Hegaswith N, make-up gas).
Calibration curveswere created for each
pesticide using standard dilutions of the
spiking solution.

RESULTS

Soxhlet Extraction

The micro-Soxhlet extraction was suc-
cessful inrecovering an average of 77 % of the
OCPs(chlordaneand DDT) that were spiked
into al three solidswith astandard deviation of
4% and range of 72t0 88 % (Tables 1, 2, and
3; Figure 1). Thisrecovery wasindependent of
medium type or compound. Theaverage
recovery of the OPPs, however, waslargely

Tablel. Average percent recovery by each techniquefrom spiked sand.

M ean Percent Recovery? (std dev)
Technique/ :
Pesticide Soxhlet® M AE® WM E¢ Maximum
Bioaccessible®
Diazinon 21 3) 19 13) 9 4 10t 3)
Malathion 1 @) 4 9) 5 (5) 2% @)
Chlorpyrifos 14 0.7 12 (@) 2 (0.6) 2t (0.5)
Chlordane-a 72 @) 69 3) 3 0.9 a% 2
Chlordane-b 72 @) 68 3) 3 (0.4 6% 4)
p,p-DDT 73 ©) 77 (8) 10 ) 17% @

2 Percent recoveriesasmeasured by fraction recovered of amount originally spiked onto sand.
b Each vauerepresentsan average of four, 24-hour mini-Soxhlet extractionswith 50%/50% v/v

Acetone:Hexane (A/H).

¢ Each valuerepresentsan average of five, 3-minute microwave extractionswith A/H.

d Each vauerepresentsan average of five, 3-minute microwave extractionswith MilliQ water.

¢ Eachvaluerepresentseither (1) thegreater of either the average of three stomach digestionsor
theaverage of threetotal digestions, or () the overall average of three ssomach digestionsand
threetota digestions, if the difference between the two averageswas not significant at a=0.05.
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dependent on medium aswell ascompound.
Theaveragerecovery of chlorpyrifosvaried
fromalow of 14 % (s.d. 0.7 %) fromsandto a
high of 63 % (s.d. 7 %) from HA-sand, with the
resultsfrom soil very smilar to those of HA-
sand. Malathion showed greet variationin
recovery increasing from 1% (s.d. 2%, not
different from 0 %) from sand to 26 % (s.d. 6
%) from HA-sand to 57 % (s.d. 11 %) from
soil. Diazinon recoveriesdid not vary signifi-
cantly between mediatype, averaging 17 %
over all mediawith astandard deviation of 6 %.

MAE
Microwave-ass sted extraction with A/H

gaverecoveriesthat werein good agreement
withthosefound by Soxhlet extraction. The

averagerecovery of OCPranged from 68 to
107 %, with an average of 82 % and astandard
deviation of 10%. Only DDT recovery from
soil differed greatly (107 % recovery), but the
large standard deviation (37 %) kept the
differencenon-significant. Again, therecovery
of chlorpyrifosvaried between mediatypeswith
alow recovery of 12 % (s.d. 1 %) from sand
and high recoveriesfrom HA-sand (72 %, s.d.
4 %) and soil (56 %, s.d. 7 %).

Malathion again had arange of recoveries
dependent on mediatypewith alow of 4%
(s.d. 9%, not different from 0 %) from sand to
27 % (s.d. 2 %) from HA-sand to ahigh of 51
% (s.d. 17 %) from soil. Diazinon againdid not
show amediadependence, having average

Table 2. Average percent recovery by each techniquefrom spiked HA-sand.

M ean Percent Recovery? (std dev)
Technique/
resiace Soxhlet? M AE® WM E¢ Bi'(\)"aixcie’;‘:ig]ee
Diazinon 12 (6) 1 (6) 7 @ 3t 3)
Malathion 12 (6) n (6) 7 ¢ 3t 3)
CHhlorpyrifos 26 (6) 27 2 7 ) 1t 0.7)
Chlordane-a 63 ) 72 4 20 ) 6F (3)
Chlordane-b 76 (4) 83 (5) 19 () 8t (6)
p,p-DDT 86 (4) 90 8) 13 @) 44t 2)

2 Percent recoveriesasmeasured by fraction recovered of amount originally spiked onto HA-sand.
b Each vauerepresentsan average of four, 24-hour mini-Soxhlet extractionswith 50%/50% v/v
Acetone:Hexane (A/H).

¢ Each valuerepresentsan average of five, 3-minute microwave extractionswith A/H.

d Each vauerepresentsan average of five, 3-minute microwave extractionswith MilliQ water.

¢ Each vauerepresentseither (1) the greater of either the average of three stomach digestionsor
theaverage of threetotal digestions, or (1) the overall average of three stomach digestionsand
threetota digestionsif the difference between thetwo averageswas not significant at a=0.05.
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recoveriesranging from 11to 19 % with an the OPPswas higher in the stomach stage of the

average of 16 % (s.d. 10 %). digestion, whiletherecovered fraction of the
WME OCPswashigher inthesmall intestinestage, as
Microwaveextractionwith MilliQ®water ~ Shownby higher recoveriesfromtotal digestion.
astheextraction solvent gavelow recoveries InHA-sand, therecoverability of all OCPs
overall for all mediaand compounds. The increasedinthetota digestionwhenthehumic
averagerecoveriesranged from 2 to 24 %with ~ acid wasextracted by theneutral-basic condi-
amedian recovery of only 8%. Themost tionsof thesmall intestine phase. The OPPsdid
obviousfeatureswere higher recoveriesof not show thisincrease. Insoil, al compounds
high recovery of malathion from soil; otherwise, ~ Ph@ses. Themaximumbioaccessibility was
therecoverieswerevery low (Figure?2). defined asthe higher average of the stomach

andtotal digestion for each compoundineach
medium, if thetwo recovered fractionswere
significantly different at a=0.05inatwo-sided
t-test. If therewasno significant difference,
thentheresultsof each typeof digestionwere
pool ed to determine maximum bioaccess bility.

Bioaccessibility

Bioaccessibility wasdetermined by finding
theaverages of three stomach extractionsand
threetotal digestion extractionsfor eachme-
dium. Theextractability of each compound
varied in both mediatype and digestion stage
(Figure3). Insand, therecovered fraction of
Table 3. Average percent recovery by each technique from spiked soil.

M ean Percent Recovery?(std dev)
Technique/ :
Pesticide Soxhlet® M AE® WM E Maximum
Bioaccessible®
Diazinon 17 (10) 18 (13) 8 (3) 13% 4
Malathion 57 (11) 51 17 24 (6) 21t 3)
Chlorpyrifos 59 (8) 56 @ 8 2 13t 2
Chlordane-a 77 (5) 81 12) 6 2 13t ()
Chlordane-b 76 (5) 81 (13) 6 2 13t 2
p,p'-DDT 88 (10) 107 37) 10 (3) 10% (@)

2 Percent recoveriesas measured by fraction recovered of amount originally spiked onto soil.
b Each vauerepresentsan average of four, 24-hour mini-Soxhlet extractionswith 50%/50% v/v
Acetone:Hexane (A/H).

¢ Each valuerepresentsan average of five, 3-minute microwave extractionswith A/H.

d Each vauerepresentsan average of five, 3-minute microwave extractionswith MilliQ water.

¢ Each valuerepresentseither (1) the greater of either the average of three ssomach digestionsor
theaverage of threetotal digestions, or (1) the overall average of three ssomach digestionsand
threetota digestionsif the difference between thetwo averageswas not significant at a=0.05.
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MAE and Soxhlet extraction of spiked media after 12 weeks
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Figure 1. Comparison of Soxhlet and microwave extraction of sand, HA-sand, and soil 12 weeks
after spiking. MAE extractionsarethefirst of each pair identified by “/m” while Soxhlet extractions
areidentified by “/s’. Each peak representsthe average of four extractionsfor Soxhlet or five
extractionsfor MAE. Extraction conditionsare described inthetext. Theerror barsrepresent a
95% confidenceinterva for each case. The dashed line represents 100% recovery.

DISCUSSION

Soxhlet and MAE

Study of theefficiency of Soxhlet extrac-
tionand MAE confirmtheir useastotal extrac-
tion methods. Soxhlet isthe standard extraction
method used to determinethe contamination
leve of organic compoundsin soil (Smith,
1994). Itis, however, atediousand sol vent-
and sample-consuming process. Many different
techniques have been proposed to replace
Soxhl et extraction, somerecovering morethan
twicetheamount of acompound that isrecov-
ered by Soxhlet extraction (Barnabaset al.,
1995); (Hawthorneet al., 1994; Reindl and
Hofler, 1994). MAE isonesuchtechnique. In
thiswork, asimple domestic microwaveand an
inexpensive extraction vessel wereused. Al-
though the equi pment used allowed no control

of pressure and temperature, good reproducibil-
ity wasfound for extractionsof al samples
studied. Inaddition, therecoverieswereal in
good agreement with Soxhl et extraction (Tables
1,2, and 3). Using atwo-sided t-test for
independent samples, no Satigtically sgnificant
differences (a=0.05) werefound between
recoveriesby MAE and Soxhlet extraction for
most compounds. The soleexceptionwasthe
recovery of chlorpyrifosfromsand.

The samplesizes, solvent volumes, and
extractiontimesused for MAE inthiswork
weregenerally lessthanthose usedin other
MAE studies (Barnabaset al., 1995; L opez-
Avilaet al., 1995), but were sufficient at achiev-
ing good recoveriesaswell asreproducible
results. Thelower recoveriesby Soxhlet and
MAE of the OPPs, especially from sand, may
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WME analysis of spiked media
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Figur e 2. Comparison of aqueous microwave extraction (WME) of sand, HA-sand, and soil 12
weeksafter spiking. Each peak representsthe average of five extractions. Extraction conditionsare
described inthetext. Theerror barsrepresent a95% confidenceinterval for each case. The dashed
linerepresents 100% recovery. Note changein scale.

beindicativeof akinetic preferencefor tight
interactionsof thecompoundswith theinorganic
portion of thesoil.

The poor recoveries of the OPPs could
also beexplainedif the compoundswereno
longer presentinthesolidsat al. If thiswere
the case, the compounds might have never
sorbed to the solidsand been removed with the
spiking solvent, or could have sorbed but
subsequently decomposed. Themethods used
to spikethe matricesreducethe possibility of
the compounds being removed from solution
beforebinding takesplace. Sincethespiking
solvent was evaporated, rather than decanted,
fromthesolids, thelow volatility of the pesti-
cidesmeansthat all of the spiked compounds
remained with thematrix rather than with the
spiking solvent, asisthe casein somespiking
methodswhichinvolveremoving non-adsorbed

compoundsimmediately after spiking (Burgoset
a., 1999; Kanetal., 1994). Inthecases
where non-adsorbed compounds areimmedi-
ately washed off, thereisno allowancefor dow
adsorption of contaminantsinto thematrix and
only immediate adsorptionisinvestigated.
Thereisevidence, however, that adsorption of
somecontaminants, especially thosemigrating
into the pore volume, may take place over an
extended period of time (Chen et al., 2000;
Nam and Alexander, 1993).

The possibility remainsthat the OPPs
could have decomposed or biodegraded. If so,
the decomposition products should show upin
theGCandysis. Atthesengtivitiesthat are
currently possible, no additional compounds
werefound. Further work isbeing con-
ducted to determine whether these com-
pounds have decomposed.
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Stomach and total digestion of spiked media

10017 ————————————————

[ SOIL stomach
SOIL total
HASAND stomach
HASAND total
SAND stomach
Egn SAND total

50

40 |

% recovery

diazinon malathion  chlorp chlord 1

pesticide

——————— )

chlord 2 DDT

Figure 3. Comparison of stomach digestion and total digestion (stomach + small intestine) of sand,
HA-sand, and soil 12 weeksafter spiking. Each peak representsthe average of threedigestions.
Digestion conditionsare described inthetext. Theerror barsrepresent a95% confidenceinterval
for each case. The dashed linerepresents 100% recovery. Note changein scale.

Soxhlet and MAE werenot indicative of
bioaccessbility determined by physiologicaly
based tests. All Soxhlet-determined fractions
weresgnificantly different, at a=0.05, fromthe
bioaccessibilities determined, except for
malathion from sand and diazinonfrom soil.

WME

Recoveriesby WME did not agreewith
thosefound by Soxhlet extraction. All recover-
iesexcept for malathion from sand and diazinon
from HA-sand and soil werefound to be
significantly different at a=0.05inatwo-sded
t-test. Theability of subcritical water to extract
organic compoundsfrom solid matriceshas
been explored inthe past (Hageman et d.,
1996; Lagadec et a., 2000; Yang et al., 1995;
Yangetdl., 1997). Theconditionsunder which
WME occursmay besimilar to these subcritical

water conditions. Asyet, however, our WME
procedure has been unableto achievethehigh
recoveriesof subcritical water extraction
(SCWE). Itsuseappearstobemorein
bioaccessibility determinations.

Recoveriesby WME arein good agree-
ment with those determined by bioaccessibility
tests(Tables 1, 2, and 3). Significant differ-
ences (0=0.05, two-sided t-test) between
recoveries by thetwo techniqueswerefound for
chlorpyrifosand chlordanein soil and all com-
pounds except diazinonin HA-sand. No
significant differenceswerefoundin the com-
parison of compoundsextracted from sand.
Thedifferencesfoundin recoveriesof com-
poundsfrom HA-sand may likely beduetothe
remova of HA fromthe solid matrix during the
smdll intestine phase of the bioaccessibility
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determination, aswill be discussed subse-
quently. Eventhesedifferences, though statisti-
cdly sgnificant, aeonamuch smdler scae
than those found between Soxhlet and the
bicaccess bility determinations.
Bioaccessibility

Themaximum bicaccessibilitiesdetermined
by the physiologically based digestion model
werelow intermsof recovery of total spiked
pesticide. Thetotal extractiontechniques, MAE
and Soxhlet, however, also had smilarly low
recoveries, especialy for the OPPs. Ina
sampleof unknown origin, theamount of a
compound withwhichthesoil wasoriginally
contaminated will not beknown. Inthiscase,
the bioaccessibility would haveto bestated in
termsof the percentage of what isfound by total
extraction. Inmost cases, what isrecovered by
Soxhletisconsidered to beall that is* extract-
able.” If Soxhletisconsidered to recover 100
% of what isextractable, thenthe

bioaccessi bilitiesfound in thisstudy canbe

recal culated to reflect apercentage of totd
extractablematerial (Table4). Whenthisis
done, thetrendsin recovery appear to be
reversed. Therecovery of the OPPsishigher
thanthat of the OCPsfor most compoundsinall
threemedia. Infield sampleswhose composi-
tionisunknown, whilewhat percentageof the
origina contaminant that was present isacces-
siblemight be overestimated, the actual amount
of thecompound that isaccessiblewould still be
reported correctly.

Theincons stently highrecovery of DDT
from HA-sand in the maximum bioaccess bility
determination (Tables 2 and 3), may be ex-
plained by considering the ability of thebasic
conditionsof the small intestine portion of the
digestivemode to remove humic acid fromthe
solid matrix. Thisdesorption of theHA from
thematrix isevident asthedigestion solution
takesonabrown color that isnot present inthe

Table4. Averagepercent of Soxhlet recovery that isbioaccessible.

M aximum Bioaccessible Fraction (Percent of Soxhlet)?
M ediunV Pesticide

Sand HA-sand Sail

Diazinon 48 33 76
Malathion --b 42 37
Chlorpyrifos 14 13 22
Chlordane-a 7 17 17
Chlordane-b 10 20 17
p,p-DDT 30 51 11

2 Percent recoveriesas measured by average maximum fraction recovered by bioaccessibility tests
asapercentage of averagerecovery by Soxhlet extraction for each medium.

b Soxhlet recovery of malathion from sand waslessthan 1% and not significantly different from
zero. Thebioaccessiblefraction determined was morethan three timesthisamount, but not

sgnifi cantly different.
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sanddigestionand only dightly evidentinthe
soil digestions. DDT may beremoved aong
with the humic acid and dissolved into solution
whereit can be extracted into hexanefor
analyss. Itmightthenbeinferredthat DDT is
strongly associated with the organic or humic
acid portion of themodel solid. TheOPPsare
not highly recovered from thissame system,
indicating that they may bemoretightly inte-
grated into theinorganic portion of thesolid.

Except for thehigher recovery of DDT
fromthetotal digestion of HA-sand, the
bioaccessibility determined of the OCPs(chlor-
daneand DDT) wassimilar. The magnitude of
the maximum bioaccess bilitieswas comparable
acrosscompound typeinanindividua spiked
medium. Thesecompoundsarerelated chemi-
cally and could be expected to interact with the
matrix inan equivaent way.

The OPPsbehaved similarly across
compound typein each matrix aswell. The
main trend seen with the bioaccessibilitiesof the
OPPswas between matrix types. Indiazinon,
the maximum bioaccess blefraction washighest
for spiked soil and lowest for spiked HA-sand.
Inthe casesof maathion and chlorpyrifos, the
bioaccessibility increased asthe medium became
moreorganic, from sandto HA-sand to soil.

Thelow bioaccessibilities of the OPPs
withtheinorganic sand may indicate aninterac-
tion between the phosphate groupsand the
inorganic portion of thesand. Theseinterac-
tionscould be strong and reducethe ability of
the digestive system to remove the compounds,
lowering the bioaccessibility. The
bicaccesshilitiesof malathion and chlorpyrifos

increased asmore organic material wasadded
tothemedium. Thisindicatesthat these
compounds may have stronger interactionsthat
arefavored when no organic portionis
present, but, in general, favor areversible
interaction with the organic portion of the soil,
behaving smilarly to OCPs.

CONCLUSIONSAND FUTURE WORK

Thebioaccess bilitiesdetermined by the
digestive system model of spiked OCPand
OPP pesticidesweregenerally low in soil, HA-
sand, and sand. The percentagesof pesticides
that were accessiblein comparisontothetotal
extractable amount were higher for OPPsthan
OCPs, whilethe oppositewastruewhenthe
comparison was madeto theoriginally spiked
amount. MAE and Soxhlet were unableto
predict bioaccessibility, although they werein
good agreement with each other. WME
showed good potential as apossible model
for bioaccessibility.

Futurework inthisfieldincludes compar-
ing the biocaccess bilitiesdetermined by the
digestivemodd to biocavailabilitiesasdeter-
mined by standard methods, including abacte-
rial toxicity model (Botsford, 1999). Further
study of themechanism of binding of both
OCPsand OPPsto thedifferent fractions of the
s0il system may help determineaccessbility as
well aspredict theresultsof actual native
contaminated samples. Eventualy, these
techniqueswill beapplied to native contami-
nated samplesto determinethe usefulness of
WME in determining bicaccessibility of organic
contaminantsinenvironmenta solids.
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