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ABSTRACT

Peroxidase enzymes can enhance the rate and extent of contaminant binding to soil organic matter and
immobilize the contaminant within the soil matrix, and thus prevent its transport into the subsurface. This study
focused on evaluating the binding of phenal, dichlorophenol, and naphthol, individually and as mixtures, on two
sandy |oams belonging to the Haynie series. U-ring-14C-labeled target chemicals were used asradio tracersto
track the distribution of the pollutant among various soil components. Bottle-point adsorption experiments with
constant soil dosage were conducted for a period of seven days followed by sequential desorption of the
“quickly desorbing” fraction with synthetic groundwater. The “slowly desorbing” chemicals were removed by
multiple extractions with methanol. The chemicals associated with humic/fulvic acids and the soil (humin)
fraction were determined by combustion of soil before and after alkali-extraction. Resultsillustrated that enzyme
addition increased adsorption of phenol, and DCP and lead much more than desorption hysteresis, whether they
were present alone or asamixture. Addition of enzyme also resulted in dramatic enhancement in contaminant
binding. The presence of co-contaminant did not affect adsorption or desorption of phenol or DCP, but to some
extent decreased binding to HA/FA and soil humin fraction. Addition of enzyme did not enhance adsorption of
naphthol but increased binding to HA/FA and soil humin fraction.
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INTRODUCTION

Substituted phenolsareclassfied as
priority pollutantsbecause of their multipletoxic
hedlth effectsat very low concentrations (Clean
Water Act, 1985). These chemicalsconstitute
animportant classof organic contaminants
commonly associated with polluted soilsand
sediments. They may enter theenvironment
during uncontrolled dischargesor accidental
spills, or accumul ate asintermediatesduring the
incompl ete bi odegradation of gasoline congtitu-
entsor pesticide mixtures (Guerin and Jones,
1988; Heitkamp and Cerniglia, 1988). More-
over, severa of thesechemicalsand their
precursors, including fuel hydrocarbonsand
pesticides, are commonly found to coexist at
contaminated sites(Riley et al., 1992; NRC,
1994; USAF, 1996). Soil and sediments
polluted with such chemica mixturesarea
major cause of concern because of thehigh

risks posed to ecosystem health and the diffi-
culty of trestment using conventiona
remediation approaches. A compelling need,
therefore, exigtstoevduatedternative
remediation strategiesthat can effectively and
economicaly lower therisksof environmenta
exposurefromthesecompoundsby chemicaly
dteringthecontaminantsinwaysthat sgnificantly
reducetheir interaction with target receptors.
Engineering remedi ation schemesto
influencethefate and transport of organic
contaminantsin soilsand sedimentsrequiresa
thorough understanding of the governing physi-
ca, chemica, and biological processesin
complex natural environments. Sorption pro-
cesses between organic chemicalsand soil
componentsarewell documented (Chiouetal.,
1983; Pignatello, 1989; Ball and Roberts,
1991; Robinson and Novak, 1994; Weber and
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Huang, 1996). Chemical reactions between
these pollutants and soil/sediment matriceshave,
however, received only limited attention. There
isincreasing evidencethat chemicd interactions
between organic pollutantsand soil compo-
nents, specifically reactionscatayzed by trans-
tion metal oxidesand soil enzymes, cansignifi-
cantly affect thefate of contaminantsinsoilsand
the subsurface, and potential ly alter the associ-
ated hedlth risksfrom the chemicals (Wang et
al., 1986; Voudraisand Reinhard, 1986;
Nannipieri and Bollag, 1991, Bollag, 1992;
Gianfredaand Bollag, 1994).
I nteractions of Organic Contaminants with
Soil Organic Matter

Sail organic matter (SOM) hasbeen
implicated asone of thefundamental factors
controlling thefate of organic contaminantsin
soilsand sediments(Chiou et d., 1983;
Gschwend and Wu, 1985; Leeet al., 1990;
Rutherfordet d., 1992). Sorption capacitiesof
soilsfor organic contaminantsare strongly
influenced by the content and chemical compo-
sition of SOM (Karickhoff eta., 1979;
Garbarini and Lion, 1986; Gauthier et al., 1987,
Gratwohl, 1990; Rutherford et a., 1992;
Weber and Huang, 1996). Inthe case of
ionogenic organic contaminantsthat include
phenolsand anilines, propertiesof the soil
solution such aspH andionic strength, aswell
astheacid dissociation constant (pK ) of the
chemical, can affect the pollutant’ ssorption
behavior (Schellenberg et al., 1984; Westall et
al., 1985; Leeetal., 1991). Desorption of
organic contaminantsfrom soilshasbeen
observedtoinvolveardatively fast initia

release of the sorbate followed by aprolonged
andincreasingly dower desorption, suggesting
thepossibility that afraction of the solute may
remain bound or sequestered within the soil
matrix (Schwarzenbach and Westall, 1981,
DiToro and Horzempa, 1982; Steinbergetdl.,
1987; Pavlothasisand Mathavan, 1992; Xing et
al., 1996; Cornelissenet al., 1997). This
desorption resistant fraction hasbeenfoundto
increasewithincreas ng solute-sorbent contact
time(Steinberget d., 1987).

Soilscontainlarge concentrations of
extracellular enzymesthat can catalyze degrada-
tion and biosynthesi sreactionsin the soil envi-
ronment. Theseorganic cataystsareoften
protected against natural degradation by their
attachment to soil organic and mineral domains.
Severd s0il enzymes, including peroxidases,
laccases, and polyphenol oxidases, are capable
of catayzing chemicd reactionsthat resultinthe
polymerization of phenolic chemicalsviareac-
tionsana ogousto those catalyzed by transition
metal oxides. §oblad et al. (1976) were
among thefirst to demonstratethe ability of a
s0il fungus-derived phenol oxidaseto polymerize
phenols. Suflitaand Bollag (1980) later studied
the polymerization of methoxy-phenol and
chloronaphthol by asoil-enzyme complex.
Klibanov and coworkersutilized horseradish-
derived peroxidaseto investigate the polymer-
ization of aromatic aminesand phenolsin
agueous systems (Klibanov and Morris, 1981,
Klibanov et a., 1983).

Hydroxylated aromatic compoundshave
been shownto form covaently linkageswith
model soil organic matter asaresult of enzyme-
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catalyzed oxidative coupling. Bollagetal.
(1980) observed the cross coupling of 2,4-
dichlorophenaol (DCP) to model humus congtitu-
entsthat included orcinal, syringicacid, vanillic
acid, and vanillin. Bollagand Liu (1985)
observed similar laccase-catalyzed copolymer-
ization of syringic acid with other halogenated
phenolsincluding 4-chlorophenal, 2,6-DCR, 4-
bromo-2-chlorophenal, 2,3,6-, and 2,4,5-
trichlorophenoal, 2,3,5,6-tetrachl orophenol and
pentachlorophenol. Oxidative coupling cata-
lyzed by three oxidoreductases—tyrosinase,
peroxidase, and |accase—was demonstrated
for 2,4-DCPand astream fulvic acid (Sarkar et
a., 1988). Thisstudy adsoillustrated that
enzyme-catalyzed incorporation of thetarget
chemical occurred over awiderange of pH and
temperature. Recent work by the Pl and co-
investigators hasattributed irreversiblebinding
of aromatic compounds observed during
sorption-desorption experimentsto enzymeand
trangtion meta oxide-catalyzed oxidative
coupling of the contaminant to SOM (Bhandari
eta., 1996; 1997; 1998; Burgoset d., 1999).
Other researchershaveinvestigated incorpora-
tion of pesticidessuch asatrazineinto soilsand
have attributed asignificant portion of the
binding to oxidative polymerizationreactions
(Barriuso and Koskinen, 1996). Recently, our
laboratory reported aten-foldincreaseinthe
amount of phenol and o-cresol associated with
soil inthe presence of peroxidase (Bhandari and
Cho, 1999). The enhanced sorptionwas
attributed to the greater hydrophobicity of the
polymerized productsand possible covalent
bond formation between the phenolsand SOM.

This paper describesthe effect of peroxidase
addition to soilscontaining amixture of phe-
nolic contaminants.

METHODSAND MATERIALS

Materials

U-¥C-phenol, U-C-2,4-dichlorophenol
(DCP), and carbon-1-4C |abel ed 1-naphthol
were purchased from SigmaChemicaswith
specificactivitiesof 14.3, 20.9, and 9.6 mCi/
mmol, respectively. Theseweredissolvedin
methanol to prepare stock solutionsand used
without further purification. Unlabeled chemica
stock solutionswerealso prepared in methanol.
All labeled and non-label ed stock solutions
were stored at sub-zero temperatures. Horse-
radish peroxidase (Typell, RZ:2.2, 240
purpurogallin units/ mg) and hydrogen perox-
ide (30% w/w, 8.82 mol/L) were purchased
from Sigma Chemicalsand used without
further purification.
Soil

Two soilswere collected from an agricul-
turd field and an adjacent forested site near the
city of Manhattan, Kansas. These soilsbelong
totheHaynieseries(finesandy loam). Thesoils
were collected aseptically and transported to
thelaboratory in coolers. Soilsweresieved to
passthrough 1-mm and 500-pum sieves. Each
soil wassplitinto smaler representativefrac-
tionsusing the coning and quartering technique.
Thesoil fractionsweresterilizedusngamultiple
autoclaving procedurethat included subjecting
the soil sto sequentia autoclaving andincubation
toneutraizedl spore-forming bacteria The
soilswereincubated twicefor 48 hoursand
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autoclaved threetimesfor 50 minutesover a
five-day period.

When mixed with water, both soilsre-
leased natural organic matter into solution. To
avoid working with athree-phase system (soil,
water, and dissolved organic materid), the soils
werewashed severd timeswith warm synthetic
groundwater. Field soil waswashed seventimes
andforest soil waswashed 11 times. After
washing, thefield soil contained 44% sand,
42% silt and 14% clay; OM content was 1.7%
and CEC (cation exchange capacity) was 9.7
meg/100 g. Theforest soil contained 56% sand,
38% silt, and 6 % clay; OM content was 2.6%%;
CECwas10.9meg/100g. Synthetic ground-
water (GW) was prepared by adding 500 mg/L
of the biocide sodium azideinto apH 7 phos-
phate buffer solution. The phosphate buffer
contained 1.8 mM KH,PO,, and 2.82 mM
K,HPO, with anionic strength of about 18
mM. Thewashed soilsweredried at 35°C and
homogenized with amortar and pestle. The
SOM contents of thewashed soilswere 1.7%
and 2.6% for thefield and forest soils, respec-
tively. All prepared soilswere stored at sub-
zerotemperaturesin glasshbottles.

Adsorption and Desorption Experiments
Threeinitial agueousconcentrations(C,)
of 5, 50, 500 uM were used in adsorption
experiments. All solutionswerepreparedin
gynthetic groundwater. Known volumesand
activitiesof theradioactivetarget chemicals
were added to corresponding non-radioactive
target chemical solutions. For thechemicd
mixturestudies, parale experimentswere
conducted with onetarget chemica being
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|abeled whilethe other chemical wasnon-
labeled. Three setsof completely mixed-batch
reactors(CMBR) (triplicate) were used for
each concentration of thetest compound.

Each CMBR was prepared with 5.0
gramsof soil (dry wt) and completely filled with
asolution of |abeled and non-labeled
chemical(s) (gpproximately 13mL) tominimize
any headspacein thereactor. Enzyme (horse-
radish peroxidase) and H,O, were added into
thereactorswith the enzyme concentration of
two Sigmaactivity units (AU) of peroxidase per
mL of solutionand sufficient H,O, toachievea
solution concentration equal to that of thetarget
chemicds. TheCMBRswereimmediately
sedled with Teflon-lined phenolic capsto
minimizethevoldtilization of chemicals. Non-
HRP experimentswere conducted identically
withno enzymeor H,O, addition. Control
experimentsto quantify chemical lossesdueto
thevolatilization or adsorption to reactor
componentswere conducted at the sametime
withno soil or enzyme+H,O, addition.

After thetubeswere capped, the contents
were mixed with atouch-mixer. Thereactors
werethen placed in atumbler and alowed to
mix for seven daysat room temperature. At the
end of seven days, thetubeswere centrifuged at
2200 gfor 45 minutesand a250 pL aiquot of
the supernatant wasremoved from each tube
andtrandferredintoascintillation vial with5mL
scintillation cocktail (ScintSafe Plus50%, Fisher
Scientific). Thesampleswerealowed to stand
overnight to minimizechemiluminescence, after
which theradioactivity wasenumerated as
disintegrationsper minute (dpm) usinga
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Beckman 6500 liquid scintillation counter (LSC)
with quench and luminescence corrections.
After the250 pL aliquot wasremoved
from thetubesat the end of the adsorption
experiment, theremaining supernatant was
pipetted out and replaced with clean synthetic
GW. Thetubeswere capped tightly, mixed with
atouch-mixer, and placed inthetumbler for
overnight reequilibration (desorption). After 24
hthe CMBRswere centrifuged and the super-
natantsdrawn for analysisonthe L SC. Sequen-
tial desorption experimentswere repeated until
theradioactivity inthe supernatant was reduced
tolessthan 50 dpm (below detection limit).

Extraction and Combustion

Methanol extraction was conducted
following desorptionwith synthetic GW to
removeany strongly adsorbed chemicals.
Extractionswere conducted inthe sameway as
GW desorption except thefresh solution was
methanol, instead of GW solution. Solvent
extractionswererepeated until theradioactivity
inthe supernatant wasreduced to bel ow
detection limit. Thenet methanol-extractable
fraction (dowly desorbing fraction) was deter-
mined by massbaance.

The solvent-extracted soilsweredriedina
fumehood and one half of the soil in each tube
wasdirectly combusted at 925°C in an OX-500
Biological Materid Oxidizer (BMO, R.J.
Harvey and Associates). The*CO, produced
during combustion wastrapped in Harvey
Carbon-14 Cocktail and analyzed by the LSC
to determinethe amount of target chemicals
bound to soil and humic substances The second
half of the soil wasextracted with alkali (0.1 N

Reactors with Enzyme Reactors w/o Enzyme Control Reactors

+5 g soil

+13 mL solution (Jabeled
+ non-labeled)

+2 AU/mL Horseradish labeled)

N 4

7 days Adsorptive Contact Time

+18 mL solution
(labeled+ non-

+5 g soil
+13 mL solution
(labeled+ non-labeled)

5~8 GW Extractions

2~3 Methanol Extractions

4~6 Alkali Extractions

Combustion
Combustion

Figure 1. Schematic of experimental proce-
dures.

NaOH inaN, atmosphere) several timesto
remove humicandfulvicacidsfrom soil. The
soil containing thenon-alkali extractable SOM
(huminfraction) wascombusted inthe oxidizer
and the chemical sassociated with thisfraction
quantified by theradioactivity liberated as
“CQ,. Thefraction of chemicalsassociated
with akali-extractablehumicacid andfulvicacid
was determined by massbalance. Figure 1
illustrates the compl ete experimental process.
The adsorption datawerefitted tothe
Freundlichmodel described as

0. = K:Clorlogq, =nlogC, +logK,

whereq_and C_represent the solid- and ague-
ous-phase concentrations of thetarget chemical,
respectively. K_isreferredto asthe Freundlich
constant, whichisameasure of the sorption
capacity of thesorbent. TheFreundlichn
measuressorption linearity whichisrelated tothe
heterogeneity of sorption siteson the sorbent.
Sorption-desorption behavior of organic
contaminantsin soilsisoften characterized by
theoccurrenceof hysteresis. Possiblereasons
for thisbehavior includethe presence of “ink-

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



bottle” type poresthat can trap the sorbate or,
morelikely, the occurrenceof irreversible
changesonthe sorbent surface, resultingina
desorption processthat isactudly different from
the adsorption process (Adamson, 1990). In
thisstudy, we measured hysteresisusing the
Hysteresisindex (H.1.) defined by Huang and
Weber (1997) as X

H =% q—aqe T,
wheregand g are S:JI id-phase sol ute con-

centrationsfor the adsorption and desorption
experiments, respectively; and T and C, specify
conditionsof constant temperatureand residua
agueous phase concentration. AnH.I. of zerois
indicativeof nohysteresis. H.l. valuesinthe
studiesdiscussed herewerecalculated at C,
vauesof 10 uM.

RESULTSAND DISCUSSION

Severd termsneed to be defined for the
following discussion. Thewater-extractable
component of the adsorbed chemical was
operationaly defined asthe* quickly desorbing”
fraction. Thefraction of the adsorbed chemical
that wasremoved by solvent extraction was
defined asthe“ d owly desorbing” component.
Thesoluteassociated with thehumic/ fulvic acid
fraction representsthe contaminant bound to
these organic macromolecules, aswell assolute
trapped withinthemicrocrystaline, glassy
domainsof thehumicandfulvicacids. The
soluteresistant to water, solvent, and alkali
extractionsrepresentsthe contaminant that is
actually bound to the humin component of the
SOM, aswell assolutetrappedinthe
micropores associ ated withthemineral domain.

(A)

log ge

@ Naphthol: adsorption
© Naphthot: desorption
A 2,4-DCP: adsorption
2.5 1 A24-DCP desorption
m Phenol: adsorption
a Phenol: desorption

Rps

B)

log qe

-1 0 1 2 3

Figure 2. Adsorption-desorption behavior of
phenoal, 2,4-DCP, and naphthol (A) inthe
abscences of HRP, (b) inthe presence of HRP
(fiddsail).

Sorption Isotherms of Single-Target
Chemicals

Theeffect of peroxidaseadditionon
sorption-desorption of phenol, DCP, and
naphthol on field and forest soilswasinvesti-
gated by comparing adsorption and desorption
behaviorsof target chemica swith and without
enzymeaddition. Figure2illustratesadsorp-
tion-desorption dataof phenol, DCP, and
naphthol in the presence and absence of enzyme
for field soil. Thecorresponding datafor the
forest soil aresummarizedin Table 1. Figure
2A describes adsorption-desorption of phenal,
DCP, and naphthol when no HRP was added.
Figure 2B isthe dataupon HRP addition.
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Adsorption of phenol wasdramatically en-
hanced by addition of enzyme. TheFreundlich
nvauefor phenal in presence of enzyme, 1.06,
wasamost the sameasthat in the absence of
enzyme, 1.09. ButlogK_valueincreased from
—0.84t00.13. Theadsorption of DCPwas
increased by theaddition of HRP, although the
increment was not so obviousasthat of phenol.
TheFreundlich nvalueincreased from 0.81 to
0.88 and log K_from 0.66 t0 0.72 upon HRP
addition. The adsorption of naphthol didn’t
show significant increase upon HRP addition.
From the adsorption dataof phenol, DCP,
and naphthol, it can be noted that the effect of

enzyme addition can be correlated with the
hydrophobicitiesof target chemicas. The
addition of enzymeresultedin alargeenhance-
ment in adsorption of phenol to soil. Theaddi-
tion of enzymeincreased adsorption of DCP,
athough to asmaller extent than phenol. En-
zymeaddition, however, had no effect on
adsorption of ngphthol. Enzymeatic polymeriza-
tion wasefficient when the substrate was
availablein solution. Increasesin hydrophobicity
resulted in decreasein enzyme-catayzed
adsorption asillustrated by naphthaol.

Theeffect of enzyme addition on desorp-
tion of DCP, naphthol, and phenol isalso shown

Table1l, part 1. Freundlichisotherm parameters(nandlog K.) and HysteresisIndex (H.1.) values
for thedifferent soil-contamininat-treatment combinationsstudied.

Soil Target-Chemical HRP! n log K. H.l.2
No 1.09 -0.84 0.96
Phenol
Yes 1.06 0.13 19.4
No 0.81 0.66 0.07
Field DCP
Yes 0.88 0.72 5.31
No 0.91 112 5.61
Naphthol
Yes 0.82 1.13 347
. __________________ _________ ____ _________|
No 0.88 -0.56 0.78
Phenol in DCP/Phenol Mixture
Yes 0.98 0.28 12.8
No 0.91 0.63 0
Phenol in Phenol/Naphthol Mixture
Yes 101 0.038 16.5
Field
No 0.74 0.56 0
DCP in DCP/Phenol Mixture
Yes 0.91 0.66 5.76
No 0.79 0.52 0
DCP in DCP/Naphthol Mixture
Yes 11 0.49 10.76

HRP = horseradish peroxidase enzyme,

2H.I. valuesweredetermined using g.2and g ° valuesat C_= 10uM
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inFigure2. Addition of enzymedragtically
reduced desorption of phenol and DCP. There
was no obvious hysteresisin the desorption of
phenol or DCPwhen no enzymewas added.
Theaddition of enzyme, however, resultedin
obvioushysteresisin desorption of phenol or
DCP, and increased theH.l. valuefrom 0.96 to
19.4 for phenol and from 0.07 to 5.31 for DCP.
Very smal amountsof the adsorbed target
chemicalswere desorbed upon the addition of
enzyme. Aninteresting result wasobservedin
the desorption of naphthol when no enzymewas
added; the mgjor part of adsorbed naphthol
resisted water extraction whilealarge amount of

adsorbed phenol and DCP was extracted with
water. It appearsthat naphthol was adsorbed
moretightly than phenol and DCP. Burgoset al.
(1996) showed similar resistanceto naphthol
desorptionin theabsence of enzyme. Similar
resultswere observedinforest soil (Table1).

Sorption | sotherms of Phenolic Mixtures
Sinceusualy morethan onephenolic
chemica ispresent in contaminated Sites, the
effect of the presence of phenolic co-contami-
nants on the adsorption-desorption wasinvesti-
gated with and without addition of peroxidase.
In these studieswith mixtures cons sting of two

Table1, part 2. Freundlichisotherm parameters(nandlog K.) and HysteresisIndex (H.1.) values
for the different soil-contamininat-treatment combinationsstudied.

Soil Target Chemical HRP! n log KF H.I2
No 1.02 -0.65 4.02
Phenol
Yes 1.03 -0.0022 20.9
No 0.91 0.77 0
Forest DCP
Yes 0.89 0.65 6.07
No 1.0 1.0 0
Naphthol
Yes 0.80 0.80 0.37
|
No 0.91 -0.53 0
Phenol in DCP/Phenol Mixture
Yes 0.92 0.093 15.9
Phenol in DCP/Naphthol No 0.93 -0.60 0
Mixture Yes 1.09 -0.37 24.6
Forest
No 0.87 0.56 0
DCP in DCP/Phenol Mixture
Yes 0.82 0.76 3.37
DCP in DCP/Naphthol No 0.89 0.65 0
Mixture Yes 0.88 0.68 6.59

HRP = horseradish peroxidase enzyme,

2H.I. valuesweredetermined using g.2and g valuesat C_= 10uM
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Figur e 3. Adsorption-desorption behavior of
phenol present with other phenolic chemicals
(A) intheabscenceof HRP, (B) inthe presence
of HRP (fidd soil).
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Figure4. Adsorption-desorption behavior of
2,4-DCP present with other phenolic chemicals
(A) intheabscenceof HRPenzyme, (B) inthe

presence of HRP enzyme (field soil).

chemicals, theinitia concentration of each
chemicd was5 uM, 50 uM, and 500uM,
respectively. InFigures3and 4, thechemicd in
the parenthesisistheunlabeled one. Figure 3is
thedataof adsorption-desorption of phenol in
thepresence of DCP and naphthol infield soll.
Freundlichisotherm fitswere used to model the
adsorption behavior. Figure4 isthe data of
adsorption-desorption of DCPinthe presence
of phenol and naphthol infield soil. Thedata
corresponding to theforest soil are summarized
inTablel.

Comparing the adsorption-desorption data
of phenol alone and phenol in presence of DCP,
or naphthol, there appearsto be no obvious
difference between the adsorption of phenol
alone and phenol inthe presence of co-contami-
nant, especially under low-sol ution concentra-
tion. Under higher solution concentration,
adsorption of phenol wasreduced alittlebitin
the presence of DCP or naphthol, which may
indicatethe competition of limited adsorption
sitesunder higher solute concentration. Thedata
of adsorption and desorption of DCPalone, in
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the presence of phenol or naphthol (Figure4),
also confirmsthat under low-solute concentra
tions, thereare no obviousdifferencesinad-
sorption whether DCPispresent done, or inthe
presence of phenol or naphthal.

Figures 3B and 4B arethe data of adsorp-
tion, desorption of phenol, and DCP, respec-
tively, inthe presence of co-contaminant upon
addition of peroxidase. It can be seenthat there
isno obviousdifference between the adsorp-
tion-desorption of phenol present alone, or in
the presence of DCP or naphthol. Similar results
were observed inthe case of DCP. These
resultsclearly demonstratethat not only isthe
adsorption of asingle chemical (phenol or DCP)
gresatly enhanced upon enzyme addition, but
adsorption of these chemicalsinthe presence of
co-contaminantsisalso gresatly increased. Inthe
presence of asecond phenolic chemical, the
adsorption of phenol or DCPdid not show
obviousdifferencesfromwhenthetarget
chemical waspresent alone, irrespective of
which phenolic chemica waspresent. The
addition of HRP dramatically enhanced the
adsorption of phenol or DCPtothefield soil in
the presence of co-contaminant.

Addition of HRP a so affected the desorp-
tion of phenolic mixtures. Desorption of target
chemicalsinall mixtureswasreduced dramati-
cally compared to the casewhen no enzyme
wasadded. H.I. values(Table 1) of phenol in
the presence of DCPincreased from 0.78to
12.8 upon theaddition of HRP, from O (almost
desorbed completely) to 16.5 in the presence of
naphthol. Similar resultswere observed for H.1.
valuesof DCPinthe presence of phenol or
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naphthol. Similar resultswere observedinthe
caseof forest soil (Table1).

Distribution of Target Chemicals in Soil
Fractions

Figure5A representsthedistribution of
DCPindifferent soil fractionsinthe presence/
absence of enzyme. Figures5B and 5C repre-
sent the datafor DCPin the presence of naph-
thol and phenol, respectively. In the absence of
enzymeat aninitia solute concentration of 50
MM, morethan 30% of DCP adsorbed was
removed by water extraction, whether DCP
was present a one or with co-contaminant.
Under higher initia solute concentration, a
greater fraction of DCP adsorbed wasremoved
by water extraction. The presence of co-
contaminant increased the percentage of the
quickly desorbing fraction. Lessthan 5% of
DCP adsorbed wasbound to humic/fulvic acids
and soil fraction if no enzymewas added.
Almost 50% or even more of adsorbed DCP
wasremoved by methanol extraction (dowly
desorbing fraction).

Theaddition of enzymedramatically
altered the percentage distribution of DCP
associated with different soil fractions. Inthe
absence of co-contaminants, 55% of DCP
adsorbed wasbound to humic /fulvic acidsand
7% wasbound to soil humin fraction upon
addition of enzyme. The presence of co-
contaminant decreased thefraction of DCP
bound to humic/fulvicand thesoil huminfraction
to somedegree. But still morethan 25% of
DCP adsorbed was associated with these
fractions. Similar observationswerefoundin
experimentswithinitial solute concentrationsof
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Figure5. Distribution of 2,4-DCPinfield soil
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5 uM and 500 uM. The presence of naphthol
decreased morethan thefraction of DCPin
humic/fulvic acidsand soil fraction. That could
have resulted from the competition of binding
Stesbetween chemicals, which may have
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decreased theavail ability of DCP. Naphthol
showed higher competition with DCPthan
phenol since naphthol ismore hydrophobic
than phenol.
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Figure®6. Distribution of phenol infield soil, in the abscence/presence of HRP, (@) present alone,
(B) present with naphthol, (C) present with 2,4-DCP. Theinitial solute concentrationis50 uM.

Figure 6 representsdatafor the distribu-
tion of phenol indifferent soil fractionsinthe
presence/absence of other phenolic chemicals.
Theinitia solute concentrationwas50 M. In
the absence of enzyme, morethan 70% of
phenol adsorbed wasremoved by water
extraction, whether phenol was present alone or
with co-contaminants. Compared with the
distribution of DCR, itisobviousthat DCPwas
harder to remove onceit was adsorbed. Ap-

proximately 9% of adsorbed phenol was
associated with humic/fulvicacidsand 5~7%
was bound to soil humin fraction in the absence/
presence of co-contaminant. Becauseno
enzymewas added in these casesand the
binding occurredinagterilesystem, itisbe-
lieved that 1) the binding resulted from entrap-
ment of chemical swithin microporousregionsof
the SOM or mineral domains, or 2) other
factorssuch astransition metal oxidesmay have

Proceedings of the 2000 Confer ence on Hazar dous Waste Resear ch 389



390

been responsiblefor the observed binding. In
the case of DCP, amost no binding to humic/
fulvicacidsand soil huminfraction wasob-
served without addition of HRP enzyme.
Electron-withdrawing substituents (—Cl) in DCP
arebelieved to have affected the binding of
DCPto humic/fulvicacidsand soil humin
fraction because oxidative coupling reactions
areelectron-donating processesand more
unlikely to occur with eectron-withdrawing
subgtituents. In the case of naphthol, even
without addition of enzyme, most of
adsorbed naphthol could not be removed by
water or methanol extraction. A possible
reason may bethat methanol isan ineffective
solvent for naphthol.

Upon the enzymeaddition, the percentage
distribution of phenol wasaltered, whether
phenol was present alone or with other pehnolic
chemicals. Lessthan 15% of adsorbed phenol
wasremoved by water extraction and ahigher
percent of adsorbed phenol wasremoved by
methanol extraction compared towhennoHRP
was added. M ore than 50% of adsorbed
phenol wasassociated with humic/fulvicacids
and soil humin fraction. Inthe casewhen phenol
was present alone, 55.6% of adsorbed phenol
wasassociated with humic/fulvic acidsand 19%
was bound to soil huminfraction. The presence
of aco-contaminant decreased to asmall extent
thefraction of phenol associated with humic/
fulvicacidsand soil huminfraction. Inthecase
of DCP present with phenol, however, there
was 44% of adsorbed phenol associated with
humic/fulvic acidsand 10% percent bound to
s0il humin fraction. When naphthol was present

with phenol, 53% of adsorbed phenol was
associ ated with humic/fulvic acidsand 9% was
bound to soil huminfraction.

CONCLUSION

Theinvestigation of horseradish peroxi-
dase-mediated binding of phenol, DCP, and
naphthol on field and forest soilsindicatesthat
the effect of addition of HRP on adsorption of
phenolic chemicalsdepends on the hydropho-
bicity of thechemica. Themore hydrophobic
thechemicalsare, thelesseffect the addition of
enzyme has. Theaddition of enzymealteredthe
distribution of chemicasin soil fractions. Mgor
portions of target chemicalsadsorbed could not
beremoved by water or solvent extraction but
remained bound to humic/fulvic acidsand soil
huminfraction.

The presence of co-contaminant did not
influencethe adsorption/desorption of phenol or
DCP, whether enzymewas added or not.
Enzyme additionincreased the percentage of
target chemicalsbound to humic/fulvicacidsand
soil huminfraction, whichwassmilar tothe
singlechemical studies. The presence of co-
contaminant, however, decreased thefraction of
target chemica sassociated with humic/fulvic
acidsand soil huminfraction.
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