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ABSTRACT

Sorption-desorption behavior of phenol and o-cresol was studied on two soils belonging to the Haynie
series (very fine sandy loams) collected from field and forested sites. Experimental investigations focused on the
effect of HRP addition on sorption and desorption of target chemicals when present in solution alone, and when
present asamixture. Addition of HRP resulted in adramatic increase in sorption of the phenols. Desorption was
little or negligible. No Fenton's oxidation of the target chemicals was observed. Hysteresis, represented by
Hysteresis I ndices, was significantly enhanced upon HRP addition. No competition was observed in dual-
sorbate systems.  Increases in Freundlich n and K_ values upon HRP addition were attributed to the production
of hydrophobic polymersin the aqueous phase and new “organic matter” on the soil.
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INTRODUCTION

Phenolshavebeen classified aspriority pollutantsbecause of their multipletoxic hedth effects
at very low concentrations (Clean Water Act, 1985). These chemicalscongtitute animportant class
of organic contami nants commonly associ ated with polluted soilsand sediments. Phenolsof anthro-
pogenic origin may enter the environment asaresult of uncontrolled dischargesor accidenta spills,
or accumul ate asintermediates during theincompl ete bi odegradation of aromatic compoundsand
pesticide mixtures (Guerin and Jones, 1988; Heitkamp and Cerniglia, 1988). Soil and sediments
contaminated with such chemicalsareamajor cause of concern because of the high risksposed to
ecosystem hedlth.

Engineering remediation schemesto i nfluencethefate and transport of organic contaminantsin
soilsand sedimentsrequiresathorough understanding of thegoverning physica, chemical, and
biologica processesin complex natural environments. Although sorption processes between
organic chemicasand soil componentshave beenwell studied (Chiou et d., 1983; Pignatello,
1989; Weber and Huang, 1996), chemical reactions between these pol lutants and soil/sediment
matriceshave not beeninvestigated in great detail. Thereisincreasing evidencethat chemical
interactions between organic pollutantsand soil components, specifically reactionscatalyzed by
trangtion metal oxidesor extracelular soil enzymes, cansignificantly affect thefate of contaminants
insoilsand sediments, and potentially alter the associated health risksfrom the chemicals (Wang et
al., 1986; Voudraisand Reinhard, 1986; Nannipieri and Bollag, 1991, Bollag, 1992; Gianfredaand
Bollag, 1994).

Soil organic matter (SOM) hasbeenimplicated asone of thefundamental factorscontrolling
thefate of hydrophobic organic contaminants (HOCS) in soilsand sediments (Chiou et al., 1983;
Gschwend and Wu, 1985; Leeet al., 1990). Sorption capacitiesof soilsfor HOCsare highly
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dependent on the content and chemica composition of SOM (Karickhoff et al., 1979; Garbarini
and Lion, 1986; Gauthier et al., 1987; Gratwohl, 1990; Weber and Huang, 1996). Inthe case of
ionogenic HOCs such as phenals, propertiesof the soil solution such aspH andionic strength, as
well astheacid dissociation constant (pK ) of the chemical, can affect the pollutant’s sorption
behavior (Schellenberg et al., 1984; Westall et dl., 1985; Leeeta., 1991).

Desorption processes have been observed toinvolveare atively fast initial release of the
sorbatefollowed by aprolonged and increasingly s ower desorption, suggesting thepossibility that a
fraction of the solute may remain bound or sequestered in soil and sediment particles(DiToroand
Horzempa, 1982; Steinberg et a., 1987; Pavlothasisand Mathavan, 1992; Xingetal., 1996). The
desorption resistant fraction hasbeen found to increase with increasing sol ute-sorbent contact times
(Steinberg et d., 1987). Theexact mechanismsrespons blefor sequestration and binding of solutes
insoil matrices, however, remain unelucidated. Inthe case of phenals, the contaminants can be
fixed or “trapped” within soil matricesasaresult of enzymatic processesthat imitate humusforma
tion. Thereisincreasing evidencethat such chemical processes can significantly affect thefate of
phenolic contaminantsin soilsand sediments, potentially altering the associated health risksfrom
thesexenobiotics (Wang et a., 1986; Voudraisand Reinhard, 1986; Nannipieri and Bollag, 1991,
Bollag, 1992; Gianfredaand Bollag, 1994).

Soilscontain alarge background concentration of extracellular enzymesthat catalyze degrada
tion and biosynthesisreactionsin the soil environment. These organic cataystsare often protected
against natural degradation by their attachment to soil congtituents. Several soil enzymesincluding
peroxidases, laccases, and polyphenol oxidases, are capable of catalyzing chemical reactionsthat
result inthe polymerization of hydroxylated aromatic compounds. Soblad et a. (1976) were
among thefirst to demonstrate the ability of asoil fungusderived phenoloxidaseto polymerize
hydroxylated aromatic chemicals. Suflitaand Bollag (1980) |ater studied the polymerization of
methoxyphenol and chloronaphthol by asoil-enzyme complex. Klibanov and coworkersuitilized
horseradish derived peroxidaseto investigate the pol ymerization of aromatic aminesand phenolsin
agueous systems (Klibanov and Morris, 1981; Klibanov et a., 1983).

Enzyme-catalyzed oxidative coupling reactions can result intheformation of covaent linkages
between phenolsand humic substances. Bollag et al. (1980) observed the cross coupling of 2,4-
dichlorophenal (DCP) to model humus constituentsthat included orcinol, syringic acid, vanillicacid,
andvanillin. Bollagand Liu (1985) observed smilar |accase-catalyzed copol ymerization of syringic
acidwith other halogenated phenol sincluding 4-chlorophenal, 2,6-DCRP, 4-bromo-2-chlorophenol,
2,3,6- and 2,4,5-trichlorophenal, 2,3,5,6-tetrachl orophenol, and pentachl orophenol. Oxidative
coupling catayzed by three oxidoreductases—tyrosi nase, peroxidase and laccase—was demon-
strated for 2,4-DCPand astream fulvic acid (Sarkar et al., 1988). Thisstudy alsoillustrated that
enzyme- catalyzed incorporation of thetarget chemical intofulvic acid occurred over awiderange
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of pH and temperature. Irreversible binding of aromatic compounds observed during sorption-
desorption experiments has al so been attributed to enzyme and trangition metal oxide-catalyzed
oxidative coupling of the contaminant to SOM (Bhandari et a., 1996; 1997; 1998; Burgoset d .,
1996; 1999). Other researchers haveinvestigated incorporation of pesticidessuch asatrazineinto
soilsand haveattributed asignificant portion of the binding to oxidative polymerization reactions
(Barriuso and K oskinen, 1996).

Thework presented here represents sel ected early results obtained from acomprehensive
investigation of enzyme-catalyzed binding of phenolic contaminantsand their mixturesto natural
geosorbents. Dataobtained from natural system studieswill be used to design engineered
remediation systemsthat exploit the oxidative coupling propertiesof phenolic contaminants.

EXPERIMENTAL APPROACH
Soils

Two soilswere collected near the city of Manhattan in Riley County, Kansas. Thesesoils,
collected from aforest site (SOM = 5.1%; pH = 7.1) and an agricultural site (SOM =4.1%; pH =
7.3), belong to the Haynie series (fine sandy loam). The selection procedurewasbased ontheU.S.
Department of Agriculture’ssoil survey dataand discussionswith personnel at the Kansas Agricul-
tural Experiment Station. Desired soil propertiesincluded near neutra pH, sandy/siity composition,
and varying organic matter content and type. Once selected, the soilswere collected asepticaly
and transported in coolers. Soilsweresieved to passthrough 1-mm and 500-mm sieves. Each soil
wassplitinto smaler representativefractions using the coning and quartering technique. Each soil
fraction was sterilized using amultiple autocl aving procedurethat included subjecting the soilsto
sequentid autoclaving and incubation to neutraizeal spore-forming bacteria Thesoilswere
incubated twicefor 48 hoursand autoclaved threetimesfor 50 minutesover afive-day period.

It was observed that when mixed with water, both soilsrel eased natural organic matter into
solution. To avoid working with athree-phase system (soil, water, and dissolved organic material),
wewashed both soils several timesto removeall leachable SOM. The soils(25 g) werewashed
with asynthetic groundwater (GW) solution (40 mL) cons sting of aphosphate buffer and 500 mg/L
of the biocide sodium azide (solutionionic strength =18 mM). Toremoveall leachable SOM, the
Hayniefield soil was subjected to six washingswhilethe Haynieforest soil waswashed el even
times. Thewashed soilsweredried at 70°C and homogenized with amortar and pestle. The SOM
content of the washed soils as determined by combustion at 550°C was 3.7% and 2.5% for the
forest and field soils, respectively. All prepared soilswere stored at sub-zero temperaturesin glass
bottles.
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Target Chemicals

Thetarget chemicdsusedin thisstudy included uniformly labeled ““C-phenol (specific activity:
14.3 mCi/mmol) and **C-o-cresol (specific activity: 4.8 mCi/mmol). Thesechemicalswere pur-
chasedinther radiol abel ed and nonlabe ed formsfrom Sigma Chemical sand used without further
purification. Known volumesof the radioactivetarget sorbate were added to anon-radioactive
solution of the corresponding chemical. All solutionswere prepared inthe synthetic GW described
previoudy. Thenon-labeled phenolswere added from concentrated stock solutionspreparedin
methanol. To avoid cosolvency effectsdueto methanol, the volume of stock solution added was
maintained at |essthan 0.1 % by volume. In studiesinvolving phenol/cresol mixtures, parale
experimentswere conducted with onetarget chemica being radiolabeled while the other chemica
wasnonlabeled. Radioactivity in aqueous sampleswas enumerated asdisintegrations per minute
(dpm) using aBeckman 6500 liquid scintillation counter (L SC) with quench and luminescence
corrections. Horseradish peroxidase (Typell, RZ: 2.2) was purchased from SigmaChemicalsand
used without further purification.

Adsorption-Desorption Experiments

Sorption-desorption experimentswere conducted at three sorbate concentrati ons spanning
two ordersof magnitude. Theinitia agueousconcentrationswere5, 50, and 500 uM for both
target sorbates. Preliminary investigationswere conducted to determinetheidea solid/liquidratio
and solid/liquid contact timefor adsorption experiments. From thesestudies, it wasdetermined that
each 16-mL glasscentrifugetubereactor would contain 5 gramsof soil and enough solutiontofill
thetubewith no headspace. A seven-day contact period was determined to be sufficient for
equilibrium.

Constant solid dose adsorption experiments were conducted in glass centrifuge tubes operated
ascompletely mixed batch reactors(CMBRs). Each CMBR contained 5 gramssoil (dry weight
basi s) and approximately 14 mL ssol ution containing the radioactive and non-labeled sorbate. Each
experimental setupincluded triplicatetubescons sting of thefollowing: 1) HRP (soil + sorbate +
enzyme+H,0,); 2) No HRP (soil + sorbate); 3) H,O, control (soil + sorbate + H,O,); and 4)
abiotic control (sorbate only). The“NoHRP” experimentswere conducted to quantify sorption-
desorption properties of the soilswhen no enzymewas added. The*H,O, control” tubeswere
included to assess changesin adsorption behavior dueto the possibility of Fenton’soxidation upon
peroxideadditionto soil. The*abiotic control” tubes quantified contaminant lossesdueto volatiliza-
tion or adsorption to reactor components.

Toeach“HRP’ tubewereadded (i) fivegramsof the desired soil; (ii) approximately 12.5mLs
of 5, 50, or 500 uM solution of thetarget chemical (phenol or cresol, individually or asamixture);
(iif) 2 activity units (AU) of peroxidase per mL of solution, (one AU being the amount of enzyme
that will form 1.0 mg of purpurogallinfrom pyrogallol in 20 secondsat pH 6.0 and 20°C.); and (iv)
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sufficient H,O, to achieve asol ution concentration equal to thetarget chemical. Thetubeswere
capped with teflon-lined phenolic caps and the contents mixed using atouch mixer. All tubeswere
then placed on their sideson ashaker table and allowed to equilibratefor seven daysat 25+ 1°C.
During thiscontact period, thetubeswere periodically removed from the shaker and their contents
mixed using atouch mixer. Attheend of 7 days, thetubeswere removed from the shaker, their
contents mixed on the touch mixture and then centrifuged at 250 g for 45 minutesto separatethe
solid and aqueous phases. A 250-pL aliquot wasremoved from each tubeand transferred into a
mini scintillation via containing 5 mL scintillation fluid (ScintSafe Plus50%, Fisher Scientific). The
sampleswereallowed to Sit overnight to minimize chemiluminescenceand then analyzed for radio-
activity usngaL SC.

After the 250-pL aliquot wasremoved from the tubes at the end of the adsorption experiment,
the soil swere subjected to sequential “fill-and-draw” desorption as described el sewhere (Bhandari
etd., 1997). Theremaining supernatant was pipetted out and replaced with clean synthetic GW.
Thetubeswere capped tightly, their contents mixed rapidly on thetouch mixer, and placed onthe
shaker for overnight reequilibration (desorption). Thetubeswereremoved fromthe shaker onthe
following day, their contents centrifuged, and the supernatant drawn for analysisonthe L SC.
Thereafter, fresh buffer wasadded, and the tubesreequilibrated and resampled daily until the
radioactivity in the supernatant was reduced to bel ow detection limit. The sorption-desorption
experimentswere repeated for all sorbent-sorbate-trestment combinations.

The adsorption datawerefitted to the Freundlich model described as:

g. = K:.C. or logq, =nlogC, +logK_ (linearized form)

whered, and C_represent the solid- and agueous-phase concentrations of thetarget chemicd,
respectively. K_isameasure of the sorption capacity of the solid at aspecific agueous concentra-
tion of thesorbate. The exponent nisajoint measure of the magnitude and heterogeneity of energy
associated with the sorption process. Vauesof n< 1, represented by convex (Typel) isotherms,
areindicative of adsorption by heterogeneous mediawhere high energy sitesare occupiedfirst,
followed by adsorption at siteswith lower energies. Valuesof n> 1 represented by concave (Type
[11) isotherms, areindicative of adsorption behavior where previoudy sorbed moleculesmodify the
surface such that further sorption of the sorbateisenhanced. Findly, linear (Typell) isotherms(n=
1) represent aphenomenon whereby the organic sorbate partitionsinto an amorphous SOM
structure ana ogousto aseparate organic phase. Both K_ and n also depend on sorbate properties,
such asitsoctanol-water partition coefficient, K .

Sorption-desorption behavior of organic contaminantsin soilsisoften characterized by the
occurrenceof hysteresis. Possiblereasonsfor thisbehavior includethe presence of “ink-bottle”
type poresthat can trap the sorbate or, morelikely, the occurrence of irreversible changesonthe
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sorbent surface resulting in adesorption processthat isactually different from the adsorption
process (Adamson, 1990). Inthisstudy, wemeasured hysteresisusing the HysteresisIndex (HI)
defined by Huang and Weber (1997) as.

d _ ~a
HE =% "% 1 ¢,
e

where g * and g ¢ are solid-phase sol ute concentrations for the adsorption and desorption experi-
ments, respectively; and T and C_specify conditions of constant temperature and residual agueous
phase concentration. A HI of 1.0isindicativeof no hysteresis. HI valuesin the studies discussed
herewerecalculated at C_valuesof 10 uM.

RESULTSAND DISCUSSION

Single Sorbate Studies

Adsorption-desorption datafor single sorbate systemsare presented in Figure 1. A summary
of resultsfor thedifferent soil-sorbate-treatment combinationsstudiedis presented in Table 1.
Figure 1(A) illustrates sorption-desorption behavior of phenol on Hayniefield and forest soils.
Adsorptionisothermswerelinear asindicated by the Freundlich nvalue of approximately 1.0in
both cases. Thisillustratesthe partitioning nature of phenol in soilsassociated with diagenetically
young SOM such asthe onesused inthisstudy. Asaconsequence of itsmarginally higher SOM
content, theforest soil exhibited adightly larger sorption capacity for phenol than thefield soil.
Desorption hysteres swas observed in both soilswith thefield soil manifesting asignificantly greater
hysteresis(HI =10.2). Theforest soil contained freshly decaying biomassand consequently a
“younger” SOM ascompared to thefield soil. Thismay bethereasonwhy lesshysteresiswas
observedintheforest soil (HI = 3.8).

Asseenfrom Figure 1(B), adsorption of cresol wasnear linear athough thenvauesinthis
caseweresignificantly smaller than for phenol. Thesorption capacities, K_, werehigher inthe case
of cresol. Thisbehavior isreflectiveof thegreater hydrophobicity (larger K | ) of o-cresol. Negli-
gibledesorption hysteresiswasobserved inthiscase. |sothermsresulting fromthe“H,O, control”
tubes (datanot shown) werenot significantly different fromthe“NoHRP” tubes, indicating no
Fenton’s oxidation of thetarget chemicalsby peroxide.

Figure2illustratesthe effect of HRP addition to the sorption-desorption behavior of thetarget
chemicalsonfield and forest soils. Asisapparent from Figures1and 2 and Table 1, sorption
capacitieswereincreased severa foldinall cases. Thisincrease may beattributableto the s multa-
neous occurrence of two processes: (i) HRP-catalyzed production of phenolic polymerswith
reduced solubilitesand greater hydrophobicities, and (ii) HRP catal yzed oxidative coupling or
cova ent bond formation between the parent phenolsor phenolic polymersand SOM. Inall cases,
sorptionlinearity increased marginaly or significantly upon HRPaddition. Thisbehavior isindicative
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of sorption processeswhere previoudy sorbed mol ecul es (phenolic polymers) may have modified
thesurfacein such away (for example, by increasing the surface hydrophobicity) that further
sorption of thetarget chemica wasincreased. HRP-catalyzed * humification” reactionsresultedin
the production of hydrophaobic polymersin the aqueous phase aswell asanincreaseinthe“organic
matter content” of the soil, thereby enhancing sorption of phenolsand their polymers.

The sorbed material wasvery resistant to desorption asillustrated intheincreasein desorption
hysteresis. TheHI valuefor phenol sorption onforest and field soilsincreased from valuesof 3.8
and 10.2to 17.6 and 19.7, respectively. Inthecaseof cresol, the HI valueincreased from negli-
gibleto 11.9and 15.6 for theforest and field soils, respectively. Another interesting observation
wasthat in the absence of HRP, the sorption capacitiesfor forest soil were greater than thosefor
field soil. Thiswas, however, reversed upon HRP addition. It appearsasif the surfaceof thefield
soil wasmodified to asomewnhat greater extent upon HRP addition, resulting in higher sorptionin
thiscase.

Dual Sorbate Studies

Instudiesinvolving phenol-cresol mixtures, parallel experimentswere conducted with one
target chemical being radiol abel ed whilethe other chemical wasnonlabeled. Adsorption-desorption
isothermsfor the phenol-cresol mixtureson thetwo soilsareillustrated in Figures 3 (no HRP) and 4
(withHRP). Sorption-desorption parameterssuch asthe Freundlichnand log K_and the HI values
arelistedin Table 1. Thedatafor phenol-field soil-no HRP, athough presented here (Figure 3(A)),
issuspected to beincorrect dueto experimenta errorsand will not bediscussed further. Inall
caseswith no HRP, the sorption-desorption datawere very smilar to Single-sorbate systems,
indicating no competitive sorption. Thiscorroboratesour hypothesisthat the organic matter isfairly
“young” and amorphous and favors non-site dependent partitioning of the sorbatesinto the SOM
“phase”

When HRP was added to the systems, once again adramatic increasein sorption was ob-
served. Thisincreasewaslarger at higher agueous concentrationsthan at lower concentrations
reflected by higher Freundlich nvaluesof 1.46 and 1.42 for phenol/cresol-Field soil, and 1.30 and
1.10infor phenol/cresol-Forest soil in dual-sorbate systems (Table 1). The corresponding valuesin
single-sorbate systemswere 1.06, 1.15, 1.03, and 1.03 for phenol-Field, cresol-Field, phenol-
Forest and cresol-Forest, respectively. Onceagain, desorption of sorbateswas extremely reduced
inthe presenceof HRP. Phenol wasobserved to desorb to adightly greater extent than cresol,
especidly at thelowest concentration studied. HI vauesfor dual sorbate systemsin the presence of
HRPweresignificantly higher than thosefor dual sorbate systemswith no HRP or single sorbate
systemswithHRP (Table 1). It appearsthat sorption of both sorbates (in both soils) was enhanced
when they were present asmixtures. Thisisanimportant observation asit pointsto the potential of
peroxidase enzymesto effectively retard the mobility of phenolic mixturesin soilsand groundwater.
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CONCLUSIONS

The purpose of thispaper wasto present and di scuss resultsfrom ongoing studiesevaluating
the effectsof engineered humification processeson thefate of phenolic contaminantsin soilsand
groundwater. Sorption-desorption of phenol and o-cresol was studied on two sandy loamswith
varying organic matter typesand contents. Effect of the addition of peroxidase enzyme (and
hydrogen peroxide) on the adsorption and desorption behavior of the phenolswas eva uated.
Findly, experimentswere conducted to study sorption-desorption of thetarget chemicasinsingle-
sorbate systems and as dual-sorbate mixtures. It was observed that sorptionisothermsfor all cases
werelinear or near-linear, indicative of the*young,” amorphous nature of the SOM associated with
thetwo soils. Although phenol exhibited some hysteresisin the absence of HRP, cresol showed
littleor no hysteresisfor both soils. Addition of HRPresulted in dramaticincreasesin sorption for
all soil-contaminant combinations. No Fenton’s oxidation of thetarget chemicalswas observed.
Desorption wasreducedto littleor negligible. Hysteress, asreflected by the HI values, was
sgnificantly enhanced upon HRP addition. No competition was observed in dual-sorbate systems.
Freundlichnand K_ valuesincreased with HRP addition possibly dueto the production of hydro-
phobic polymersin the aqueous phase and s multaneousincreasesin the* organic matter content” as
aresult of enzyme-catalyzed oxidative coupling of phenolsor polymersto SOM. Resultsof this
study illustratethe capability of engineered humification processes, such asthose catalyzed by
peroxidase enzymes, to sgnificantly dter thefateand transport of phenolic contaminantsin sall,
sediment, and groundwater systems.
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Table1. Freundlichisotherm parameters(nandlog K.) and HysteresisIndex (HI) vauesfor the
different soil-contaminant-treatment combinationseva uated. HRP = horseradish peroxidase
enzyme. Hl valuesweredetermined using .2 and g valuesat C_= 10uM.

Sail Target-Chemical HRP n log K. R? HI
No 1.00 -0.75 0.99 10.2
Phenol Yes 1.06 0.13 1.00 19.7
Haynie-Field
Cresol No 0.88 -0.30 0.99 ++
Yes 1.15 0.33 0.99 15.6
No 1.02 -0.65 0.99 38
Prenol Yes 1.03 0.00 1.00 176
Haynie- Forest
Creso No 0.92 -0.24 0.99 ++
Yes 1.03 0.21 0.99 11.9
o No 055 | -024* | 095 ++
Prenol in Mix Yes 1.46 -0.63 0.95 58.0
Haynie-Field
o No 0.79 -0.14 0.98
Cresol in Mix Yes 1.42 0.28 0.97 o
14.9
o No 1.02 -0.59 0.99 6.4
Prenol in Mix Yes 130 | -058 0.97 29.1
Haynie- Forest
Cresol in M No 0.93 -0.25 0.98 3.7
Yes 1.10 0.22 0.99 20.1

* Data suspected to beincorrect dueto experimenta errors(field soil, phenol in mixture, no HRP).
++HI vauesnot calculated duetollittleor no hysteresis.
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Figurel. Adsorption-desorptionisothermsfor individual target chemicals(A) phenol and (B) o-

cresol on Hayniefield and Haynieforest soils.
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Figure?2. Effect of horseradish peroxidase addition on adsorption-desorption isothermsfor
individud target chemicals(A) phenol and (B) o-cresol on Hayniefield and Haynieforest soils.
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Figure3. Adsorption-desorption isothermsfor phenol-cresol mixtureson (A) Hayniefieldand (B)
Haynieforest soils.
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Figure4. Effect of horseradish peroxidase addition on adsorption-desorption isothermsfor
phenol-cresol mixtureson (A) Hayniefield and (B) Haynieforest soils.
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