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ABSTRACT

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine), one of themost widely used agro-
chemicalsin the Midwestern United States, has appeared in surface waters at level s above the maximum contami-
nant level of 3ug/L. Although atrazineisrelatively mobilein soil-water systems, it can associate with avariety
of soil components. Our study focused on atrazine interactions with two surface soils from the Hillsdale
Reservoir Basinin eastern Kansas. One soil was collected from an agricultural field (3.4% SOM), whilethe other
was obtai ned from an adjacent forested area (6.2% SOM). U-ring-**C-label ed atrazine was used in sterile bottle-
point adsorption experiments with synthetic “ surface water” to create adsorption isotherms. The distribution of
“bound” atrazine was then determined by “ surface water” extractions (quickly desorbed), ethyl acetate extrac-
tions (dlowly desorbed), and alkali extractions (humic and fulvic acid bound). Atrazine remaining on each soil
component after extraction was determined by combusting the soil at 925°C and counting the “CO, on aliquid
scintillation counter. At least 70% of theinitialy sorbed atrazine was quickly desorbed, and soil type did not
have asignificant effect on atrazine distribution. The presence of the soil enzyme, horseradish peroxidase, was

determined to havelittle effect on the nature and extent of atrazine binding.
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INTRODUCTION

Agricultura chemicass, whileoften benefit-
ing farming productivity, can have detrimental
environmental effectswhen gppliedimproperly.
Herbicides, such asatrazine (2-chloro-4-
ethylamino-6-isopropylamino-1,3,5-triazine),
arefrequently detected in ground and surface
waters(Koplinetal., 1997; Miller et a., 2000;
Pereiraand Rostad, 1990). Several factors
affect adsorption and desorption of herbicides
from soils, including physico-chemical charac-
teristicsof the soil and the herbicide, surface
acidity, temperature, eectric potentid of theclay
surface, and nature of the herbicideformulation
(presenceof surfactants, etc.) (Bailey and
White, 1970). Severd recent studieshave
focused on therole of soil organic matter
(SOM) intheoverdl fate of agricultural chemi-
cals(Barriuso and Koskinen, 1996; Barriuso et
al., 1992a; Capriel et al., 1985; Kalouskova,

1987; Piccoloet al., 1998; Saint-Fort and
Visser, 1988; Xingetal., 1996; Wang et al .,
1992). Thispaper evaluatesthedistribution of
adsorbed atrazine among thefulvic acid, humic
acid, and humin components of SOM associ-
ated with two Kansas surface soils. A sorption-
enhancing process, engineered humification, was
adsoinvedtigated.

BACKGROUND

Atrazine, despite being banned in most
European countries, isthemost widely used
herbicideinthe United Statesand isregistered
inmorethan 70 countriesworldwide
(Kauffmannet a., 2000). It hasbeenused
since 1958 asapre- and post-emergent herbi-
cideto control broad-leafed weedsin the
production of corn and sorghum (Joneset al.,
1982). Once absorbed though the roots of the
target species, atrazineistrand ocated to the
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leavesand apical meristem, where photosynthe-
sisisinhibited, causing chlorosisand death of
theweed (Donnelly et al., 1993). Cornand
other cropsare ableto take up atrazine, but
decomposeit enzymaticaly beforeherbicida
effectsoccur (Wu, 1980). Whileatrazineis
only moderately pers stent intheenvironment,
with ahaf-lifeof oneto twelve months, appear-
ancein surfacewatersraisesconcernduetoits
possiblehealth hazards (Bouquard et d., 1997).
Atrazineisaprobable human carcinogen, and
itscurrent EPA maximum contaminant level
(MCL) indrinking water is3.0ug/L. Inaddi-
tion, atrazine hasrecently been reported to have
long-term reproductive and endocrine-disrupt-
ing effects(Tuguleaet d., 1998). Additiona
propertiesof atrazinearelistedin Table 1.
Recent attention hasfocused on atrazine
loadingsinthe Hillsdale Reservoir in northeast
Kansas. A 1997 USGS study revealed signifi-

cantly higher concentrationsof triazine pesti-
cidesinwater samplestaken downstream of the
reservoir when compared to upstream samples
(Putnam, 1997). Suchfindingsindicate herbi-
cide storage, rather than an expected dilution
effect. Sincethereservoirisonly 92,160 acres
insize, and no sgnificant climatechangeis
expected, itisbelieved that theherbicidesare
being shielded from biodegradation, possibly
through sorption to natural organic matter.
Whileparalel sudiesareexamining sediment
and water samplesfrom thereservair, the
objectiveof thisresearchisto characterize
atrazine behavior at the point of gpplication:
HillsddeBasnsoils.

Once atrazine has been applied to soils, it
hastheability to associatewith various soil
components, including soil organic métter.
Adsorptionisotherms, such asthe Freundlich
isotherm, are often used to describe the overal

Table 1. Physical and chemical propertiesof atrazine.

Structure /\gkykg\
Application Rate (Ib/acre ai )2 1-2
Aqueous Solubility (mg/L)?2 33
log K 2 2.68
Mélting Point (°C)? 175-177
Vapor Pressure (mPa, 25°C)2 0.038
;ﬂi:&"’g?fg?’“ 2.5 x 10
pK , (20°C)? 1.68
MCL (ng/L)e 3.0

aSource: Capel etal., 1999
bai = activeingredient
cSource: Aceroeta., 2000
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sorption characteristicsof aparticular soil at
equilibriumwith arange of contaminant concen-
trations. The Freundlich model isdescribed by
theequation:

g. = KcCorlogqg, =nlogC, +logK.

whereq,and C_represent the solid- and
agueous-phase equilibrium concentrations of the
target chemical, respectively. The Freundlich
constant K_isameasure of the sorption capac-
ity of thesorbent. The Freundlich n measures
sorption linearity, whichisrelated to the hetero-
geneity of sorption siteenergy. BothK_andn
are dependent upon the physica and chemica
properties of the sorbate and sorbent.
Adsorption of arazineto varioussoils,
clay mineras, and soil organic matter hasbeen
widely researched. Ingeneral, SOM becomes
animportant factor with atrazineadsorptionin
soilswith high SOM contents (> 6%) (Shea,
1989). Barriuso et d. (1992b) examined
atrazine sorption to two Brazilian oxisolsand
concluded that SOM wasthe most important
factor effecting atrazineadsorption. Xingetal.
(1996) examined therole of SOM more specifi-
caly by examining competitive sorption between
atrazine and other organic compoundsto
varioussorbents. Whilethe study demonstrated
competitive sorption between atrazineand s-
triazineanaogs, it also provided evidencefor
non-linear or dua-mode sorption of atrazineto
peat and humic acid particles. Piccoloetal.
(1998) found that thetype of SOM playsan
important rolein atrazine adsorption. Studies
using *C-NMR indicated that aliphatic groups
in humic substancesmay contribute moreto

atrazine binding than aromatic groups. Atrazine
adsorptionto humic acid washigher than
adsorption to montmorilloniteinastudy by Celis
eta. (1997); however, several studiesreved
notabl e atrazine associationswith clay minerds.
Roy and Krapac (1994) found that atrazine
sorption to low organic carbon sand, till, and
dluvia samplesconformedtolinear isotherms.
In addition, for eight of theten adsorbents
studied, atrazine adsorption was not propor-
tiond to the organic carbon content, indicating
mineral surfaceinteractions. Other studiesalso
indicatethat clay mineralscan contributetothe
physica adsorption of atrazine, particularly
when SOM content islow (Brown and White,
1969; Lairdeta., 1994).
Whileadsorptionisanimportant mecha-
nismto examine, desorptionisequdly sgnifi-
cant, sinceitisdirectly related to herbicide
runoff and leaching that leadsto surface water
and aguifer contamination, respectively.
Barriusoet d. (1994) found that atrazine
adsorption wasgenerally reversiblefor
smectities, suggesting weak van der Waals
forcesor hydrogen bonds between the atrazine
moleculesand the clay surfaces. For soil
samples, particularly thosehighin SOM,
however, adsorptionistypically lessreversble.
Many researchershavefound that atrazine
exhibitshysteresseffects, i.e. lessherbicide
desorbsthanispredicted by adsorptioniso-
therms. Hysteresisreflectsthe portion of
contaminant that isvery strongly or irreversibly
bound to the soil or SOM, and hasbeen
recently described by the hysteresisindex:
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Hysteresis Index, HI =%mc
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whereq.?and g ¢ are solid-phase solute
concentrationsfor the adsorption and desorp-
tion experiments, respectively, and Tand C,
specify conditionsof constant temperatureand
residual aqueous-phase concentration (Huang
and Weber, 1997). Severa studieshave
confirmed hysteretic characteristicsof atrazine,
with degreesof hysteressvaryingwith soil type
and SOM content (Maet al., 1993; Clay and
Koskinen, 1990; Roy and Krapac, 1994).

The adsorption and desorption of atrazine
has considerable effectsonitsbiodegradation
and ultimatefatein surface soils. Barriusoet .
(1997) found that SOM content affectsatrazine
bi odegradation; asincreasing amounts of
compost were added to soil s, theformation of
bound residuesincreased and atrazine mineral -
ization decreased Sgnificantly. Caprid etd.
(1985) analyzed soil samplesthat were sprayed
with **C-labeled atrazine nineyearsearlier and
found that approximately 50% of the radi oactiv-
ity remained. Furthermore, 90% of the*C was
present in organic materials, present as parent
atrazineaswell asmetabolites. Suchresults

indicatethat soil organic matter playsanimpor-
tantroleintheoverdl bioavailability of arazine.
Whilethere hasbeen widespread research on
arazineinteractionswith soil and soil organic
matter, resultsarevery case-specific, and
availableinformationisunableto explainthe
scenario a theHillsdale Reservoir. Therefore,
the goal of thisstudy isto develop a spe-
cific understanding of atrazine associations
with Hillsdale Basin surface soils and soil
organic matter.

PROCEDURES
Soils

Two soilswere collected near the city of
Gardner in Johnson County, Kansas. Thesite,
whichisnorth of theHillsdaleBasin, drainsinto
thereservoir. One soil wascollected froman
agricultural field (SOM =3.4%, pH =6.1),
whilethe other was obtained from an adjacent
forested area (SOM = 6.2%, pH = 6.9). Both

soilsbelong to the Woodson Series(silty loam).

Additional soil characteristicsareshownin

Table2. Thetwo soilswere selected dueto
their varying organic matter content and type,
whilehaving smilar parent materids, pH, and

Table2. Propertiesof two Hillsdale Reservoir Basin soils.

Agricultural Soil Forest Soil
Type
Woodson (silty loam) | Woodson (silty loam)

Organic Matter Content 3.4% 6.2%
pH 6.1 6.9

32% sand 38% sand
Texture Composition 52% silt 52% silt

16% clay 10% clay

Cation Exchange Capacity (CEC)

19.8 meqg/100 g

23.7 meg/100 g
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texture composition. Inaddition, atrazinehad
not been applied tothe sitefor approximately a
year and ahalf.

Upon collection, soilswereair-dried and
passed through 1-mm and 500-mm sieves.
Each soil wassplitinto smaller representative
fractionsusing the coning and quartering
method. Before soilswere used, spore-forming
bacteriawere neutralized usng asequential
autoclaving/incubating procedure, wherethe
soilswereincubated twicefor 24 hoursand
autoclaved threetimesfor 50 minutes. Soils
werethen storedinthedark inglassjarsat 0°C.

Chemicals

To enhanceatrazinetracking and detection
limits, U-ring-1C-labeled atrazine was used.
Thechemica waspurchased from Sigma
Aldrich and had aspecific activity of 18 uCi/
pmol. Known volumesof radioactive atrazine
were added to non-radi oactive solutions of
atrazine (Supel co) in synthetic surface water.
Radi oactive and non-radioactive atrazinewere
used without further purification, and stock
solutionswere preparedin acetone. The
synthetic surfacewater consisted of 500 mg/L
sodium azide (Fisher Scientific) indistilled water
to ensure sterile conditions. Horseradish
peroxidase (Typell, RZ: 1.9) waspurchased
from Sigma Chemica sand used without further
purification. Radioactivity remaininginsolution
during bottle-point adsorption experimentswas
enumerated asdis ntegrations per minute (dpm)
using aBeckman 6500 liquid scintillation
counter (L SC) with quench and luminescence
corrections. Radioactivity remaining onthe soils
was determined by combustion at 925°C, using

an OX-500 R.J Harvey Bio-Oxidizer and
counting the **CQO, produced ontheliquid
scintillation counter.

Adsorption-Desorption Experiments

Sorption-desorption experimentswere
conductedin centrifugetubesat five sorbate
concentrations spanning three orders of magni-
tude. Theinitid atrazine concentrationswere
0.25,1.0,2.5,10.0,and 25.0 uM. Preliminary
experimentsdetermined that asolid/liquidratio
of 0.175 sorbed adesired 30-70% of added
arazine. Other preliminary experimentsshowed
negligibleincreasein atrazine sorption after
seven daysof contact for the sel ected solid/
liquid ratio; therefore atrazine adsorption
experimentswere alowed aseven-day equili-
bration period.

Adsorption experimentswere conducted
incompletely mixed batch reactors(CMBRS)
congsting of 10 mL glasscentrifugetubes
closed with open-closure phenolic caps, sealed
with Teflon-lined sllicone septa. Tubeswere
first filled with 1.5 gramsof soil, and then
gpproximately 8.5 mL ssolution containing
radioactive and non-labeled atrazine was added
withminima headspace. Ninereplicate
CMBRswereusedfor eachinitia atrazine
concentration. Two controlscontaining no soil
wereused to determineatrazinelosses. The
tubeswerevigorously mixed with aVortex-
mixer, seeled with Teflon tapeto minimize
losses, and then placed on acustom-design
vertical tumbler for sevendaysat 25+ 1°C. At
theend of the equilibration period, thetubes
were centrifuged at 2200 rpm for 45 minutesto
separatethe solid and liquid phases. A 250-pL
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aliquot wasremoved from each tubeand
transferredintoascintillationvia containing 5
mL scintillation fluid (ScintSafe Plus50%,
Fisher Scientific). Thevialswerethen gently
mixed and allowed to sit overnight to mini-
mize chemiluminescence before L SC analy-
sis. Adsorption datawasfitted to the
Freundlich model.

After the adsorption datawas collected,
theremaining atrazine solution wasremoved
with apipette, and replaced with clean synthetic
surfacewater for sequentia “fill-and-draw”
desorptionsdescribed by Bhandari et al.
(1997). Thetubescontaining clean surface
water werere-capped and placed on the
tumbler overnight for atrazinedesorption. The
next day, thetubeswere centrifuged and the
supernatant wasanayzed asprevioudy dis-
cussed for desorbed atrazineonan LSC. The
liquid wasthen removed, and the procedure
wasrepeated until atrazine concentrationsfell
below thedetection limit (typicdly after seven
desorptions). After dl of thewater-extractable
atrazinewasremoved, three of thereplicates
wereimmediately combusted to determinethe
amount of atrazineremaining onthesoil as
“CO,. Theatrazineremoved withsynthetic
surfacewater was operationaly defined as
“quickly desorbed” atrazine.

After surfacewater desorptions, “fill-and-
draw” desorptionswererepeated usinga4:1v/
v ratio of ethyl acetateand water. Thisparticu-
lar solvent mixture was chosen based on recent
literature comparing solvent efficiency for
atrazineextractionfrom soil (Laabsetd.,
1999). After oneextraction, theslowly desorb-

ing atrazinewas removed and counted onan
LSCasprevioudy discussed. Anadditiond
extraction removed non-detectabl e concentra-
tionsof atrazine. After thetwo extractions,
threeof theremaining six replicateswere
immediately combusted and the“ s owly des-
orbed” atrazinewas quantified fromthe*CQO,
onalL SC.

Humic Acid-, Fulvic Acid-, and Soil/
Humin-Bound Atrazine

After water and solvent desorptions, the
remai ning three sampleswereakali-extracted
under anitrogen atmospherewith 0.1 N sodium
hydroxide (Fisher Scientific) to removehumic
andfulvicacids. Each day, thetubeswere
removed from thetumbler, centrifuged at 2400
rpmfor 45 minutes, and the supernatant trans-
ferredinto separatetubes. Fresh sodium
hydroxide was added and the procedure was
repeated until the supernatant becameclear in
color, and negligiblehumic or fulvicacids
remainedinthesoil. After eight totenakali
extractions, theremaining soil wasdried and
combusted to determinethe atrazine that
remained bound to the soil/humin.

To separatethe humic acid fromthefulvic
acid, afew dropsof concentrated sulfuricacid
were added to the remaining supernatant
samplesto precipitatethehumicacid. The
sampleswerethen centrifuged at 1200 rpm for
60 minutes and the supernatant fulvic acid was
removed. Theremaininghumicacidwas
immediately combusted and the bound atrazine,
measured as “CO,, was counted onan L SC.
Thefulvicacidwastoo dilutefor direct LSC
anaysis, sofulvic acid-bound atrazinewas
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Figurel. Adsorption of atrazineto two Hillsdale Basin soilsdisplayed asaFreundlichisotherm
(Ieft), and aFreundlichisotherm adjusted for SOM content (right).

determined by massbalance sincelosseswould
belarge during concentration.

RESULTSAND DISCUSSION

Adsorption | sotherms

Theadsorptionisothermsfor boththe
agricultural and forest soilswerenesar linear,
with Freundlich nvaluesof 0.88 and 0.90,
respectively (Figurel, left). Vauesof n<lare
indicative of adsorption by heterogeneousmedia
wherehigh energy stesare occupiedfirgt,
followed by adsorption at lower energy sites,
whilelinear isotherms(n=1) indicatesmple
partitioning into the amorphous SOM (Weber
and DiGiano, 1996). Thehigher nvaluefor the
forest soil reflectsalarger presence of young
amorphous SOM, when compared to the
agricultural soil. Figure 1 (left) asoindicates
that theforest soil hasadlightly higher ad-
sorption capacity (0.52) than the agricultural
soil (0.41).

Whiletheforest soil appearsto havea
dightly higher adsorption capacity thanthe
agriculturd soil, thetrend reverseswhen SOM
content isaccounted for (Figure 1, right). The

forest soil, which has SOM content of 6.2%,
had alower sorption capacity per unit SOM
content than theagricultural soil, which has
3.4% SOM content. Thisislikely related tothe
type of organic matter present; forest soil is
likely to contain more young, amorphous
organic matter, thusexplainingtherdatively
higher Freundlichnvaue. Sinceforest soil
recelvesaconstant supply of dead ledf litter that
isrichin oxygen, forest SOM hasahigher
proportion of partially degraded, amorphous
biopolymers. Agricultural soil doesnot receivea
constant input of fresh organic materid; there-
fore, agricultural SOM ismore degraded and
relatively older. Theamorphous SOM associ-
ated with theforest soil hasalower adsorption
capacity thantheolder, morecrystaline SOM
that ispresentintheagricultural soil. However,
itisimportant to notethat thetwo soils, while
containing different amountsand typesof SOM,
asocontaindightly different clay contents(16%
for theagricultural soil, 10%for theforest soil).
Thismay beimportant to consider, especidly
for theagriculturad soil, Snceatrazine-clay
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Figure2. Adsorption and desorption of atrazineto Hillsdale Basin agricultural soil (left) and forest

soil (right).

associ ations have been reported to beimportant
with soilsthat contain lessthan 6% SOM (Shea,
1989). Ingeneral, the adsorption characteris-
ticsfor thetwo soilswererdatively smilar.
Desorption of atrazinefrom thetwo
Hillsdde soilswasasovery smilar. Figure2
showsthe adsorption and desorption datafor
both of thesoils. Itisimportant to notethat the
desorption datarepresentsonly thefirst desorp-
tionfromthe sequentid fill/draw procedure.
Hysteresisindices(HIs), whichwerecaculated
at C,=1mM, were0.55for theagricultural
soil, and 0.53 for theforest soil. TheHI values,
which arelow and not significantly different for
thetwo soils, areindicativeof therdatively
young, amorphous nature of the SOM. Huang
and Weber (1997) examined the adsorption and
desorption of phenanthrenewith materials
having arangeof O/C atomicratios (higher O/C
ratioscorrespond to geologically younger, less
degraded SOM). Resultsshowed that asthe
ratio of oxygen to carbon decreased, HI values
increased and Freundlich n valuesdecreased,
nearly proportionally. Asadsorption becomes
moreste-specificinmoregeologicaly aged
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materialssuch askerogens, desorption becomes
more hysteretic, i.e. moleculesthat are

adsorbed withinthe amorphous* rubbery”

SOM matrix aremore easily removed than had
they been adsorbed toamorecrystalline
“glassy” matrix. Boththeagricultural and forest
soilsexhibited near linear adsorption and were
therefore associated with younger SOM having
ahighO/Cratio.

Atrazine Distribution

Althoughthetwo soilshavedightly differ-
ent SOM contentsand type, the distribution of
adsorbed atrazine within thetwo soilswasquite
similar. Table3 summarizesthedistribution of
the adsorbed atrazinefor each data point onthe
Freundlichisotherm previoudy discussed.
Resultsare expressed in both pmol/kg and
percent of thetotal adsorbed atrazine. Atall
concentrationsfor both soils, over 70% of the
adsorbed atrazinewas quickly desorbed with
synthetic surfacewater. Thetrendsin atrazine
distribution can bemoreeasily interpreted from
anareaplot (Figure 3), whereinitia atrazine
concentrati ons between the experimenta values
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areinterpolated. For both soils, the percent of
bound atrazine (soil/humin-, humic acid- and
fulvic acid-bound) increased rel atively propor-
tionally toincreasesininitia atrazineconcentra-
tion, i.e. asC_ increased an order of magnitude,
thetotal bound atrazinea so increased approxi-
mately an order of magnitude. Thisislikely due
to aconcentration gradient effect; at higher
concentrations, moreatrazinemoleculesare
forced into the microporesassociated with
SOM and mineral domains, wherethey areless
easly desorbed. Theunusual increasein
quickly desorbed atrazine at the 10 uM con-

centrationfor theagricultura soil islikely dueto
experimental error.

Another point of interest inthedataisthe
greater association of atrazinewith fulvicacid
thanwith humic acid. Barriuso and Koskinen
(1996) have suggested that fulvic acidsplay an
activeroleintheimmobilization of herbicides;
however, withincreasing time, the proportion of
bound residues associated with humic acidsand
huminincreases. Whileaseven-day equilibra-
tion period was determined to be appropriate
for overdl atrazine adsorption, alonger equili-
bration period may possibly increasethe humic

Table3. Atrazinedigtributionin Hillsdale Basin agricultura and forest soil.

Distribution of Adsorbed Atrazine
(umol/kg) [% of initially adsorbed]

0.25 uM 1.0 uM 25uM 10.0 uM 25.0 uM
aQuickly 0.349 1.44 3.22 12.3 22.9
Desorbed [72.1] [73.4] [74.8] [83.7] [72.6]
bSlowly 0.089 0.320 0.596 0.444 3.56
Desorbed [18.4] [16.3] [13.8] [3.02] [11.3]
Ag”gﬁ“ra' Humic Acid 0.013 0.045 0.091 0.437 0.901
Bound [2.69] [2.30] [2.11] [2.97] [4.18]
Fulvic Acid 0.017 0.099 0.169 1.05 2.69
Bound [3.51] [5.05] [3.92] [7.15] [8.53]
Soil/Humin 0.016 0.057 0.230 0.459 1.49
Bound [3.30] [2.91] [5.34] [3.12] [4.72]
aQuickly 0.409 1.65 3.53 13.7 31.2
Desorbed [71.6] [72.9] [78.0] [77.2] [73.9]
bSlowly 0.104 0.363 0.455 1.71 4.05
Desorbed [18.2] [16.1] [10.0] [9.63] [9.60]
Forest Soil Humic Acid 0.013 0.066 0.126 0.578 1.28
Bound [2.28] [2.92] [2.79] [3.25] [3.03]
Fulvic Acid 0.023 0.081 0.224 0.804 2.66
Bound [4.03] [3.58] [4.95] [4.53] [6.30]
Soil/Humin 0.022 0.101 0.189 0.958 3.01
Bound [3.85] [4.47] [4.18] [5.39] [7.13]

ZQui ckly Desorbed = removed with synthetic surface water
Sowly Desorbed = extracted with 4.1 ethylacetate = synthetic surface water
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Figure3. Theeffect of C_ onatrazinedistributioninHillsdale Basin agricultural soil (l&ft), and

forest soil (right).

acid fraction of bound atrazine. Inaddition, the
interaction of humicacidswith atrazineisaso
strongly dependent upon pH. Kalouskova
(1987) found that atrazine adsorptionto humic
acidincreased aspH decreased within therange
of 6.1t02.6. ThepH of the soil/synthetic
surfacewater durry for thisresearchwas5.95
for theagricultura soil and 5.96 for theforest
soil. Had the pH been lower, itislikely that
more atrazinewould have been presentinthe
humicacidfraction. Findly, traditiona akali
separation techniques, such astheoneused, are
harsh and may decreasethe amount of atrazine
associated with humic acid. AspH israised
under akali conditions, humicacid swellsand
becomesmore openin structure. Thismay
allow atrazine moleculesentrapped in afolded
humic acid structureto desorb morereadily as
the macromol ecul e opensup, thusbeing ac-
counted for inthefulvicacidfraction.

Peroxidase Enzyme Study

The addition of enzymesto enhance
adsorption of phenolic compoundsisbecoming
anincreasingly researched topic (Bhandari et
al., 1997; 1998; 1999; Bollag, 1992). Soil
enzymes such as peroxidases, laccases, and
polyphenol oxidasesareableto catalyze oxida
tive coupling reactionsthat canresult inthe
formation of cova ent bonds between phenolic
compoundsand humic materid, i.e. enhancing
irreversibleadsorption. Theresultsfroma
batch equilibrium study with horseradish peroxi-
daseindicated that adsorption of parent atrazine
to Hillsdal e soilswasnot influenced by enzyme
addition. Figure4 showsadsorption datafor a
singleatrazine concentration (10 uM), atrazine
plusenzymeand H,0,, and atrazine plusH, O,
(contral). Itisimportant to notethe Figure4is
not an isotherm; datavariationsrepresent small
differencesintest tubevolume. Whileit ap-
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pearsthat enzyme addition actual ly decreased
adsorption, the same effect was noted with the
H,O, control. Thisisbelievedto betheresult
of partial chemical oxidation, perhapsviaa
Fenton reaction, of atrazine by theH,O, that
caused the herbicideto becomedightly less
hydrophobic. Whileengineered humification
appearsto beineffectivefor parent atrazine,
futurework isneeded to determineif thereare
any effectson adsorption of hydroxyatrazine, a
common phenolic degradation product.

CONCLUSIONS

The purpose of thispaper wasto present
and discusstheresultsof an ongoing investiga:
tion to describetherole of soil organic matter in
thefate and transport of atrazineinthe Hillsdae

Reservoir Basin. Specifically, sudieswith

Hillsdaeagricultura and surface soils produced

thefollowingresults:

m Atrazine adsorption wasnon linear for both
agricultural andforest HillsddeBasin
soilsat concentrationsranging from
0.25 uM to 25 uM. Freundlich n

valueswere0.88 and 0.90for agricul-
tural and forest soils, respectively, and
log K, vaueswere 0.41 and 0.52.

When SOM content was accounted for, the
agriculturd soil manifested adightly
higher adsorption capacity thanthe
forest soil. Differencesin SOM typeor
clay content are possible causesfor this
observation.

Hysteresswasobserved for both soils;
hysteressindiceswere0.55for the
agricultura soil and 0.53for theforest soil.

Soil typedid not have asignificant effect on
atrazinedigtribution.

Asatrazine concentrationsincreased,
“bound” atrazine also increased propor-
tionaly. However, for al concentra-
tions, over 70% of theinitialy adsorbed
atrazinewas quickly desorbed with
synthetic surfacewater.

More atrazinewas associated with thefulvic
acidfraction of the SOM, rather than
withthehumicacidfraction.

Engineered humification, or the use of
enzymesto enhance adsorption, isnot
applicablefor parent atrazine.
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