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ABSTRACT

Aircraft de-icer fluids (ADFs) and antifreeze sol utions are mainly formulations of either propylene or
ethylene glycol and additives such as benzotriazole methyl substitution isomers (tolyltriazoles), and surfac-
tants. Although the formulations are proprietary, in general the glycols are present in concentrations that vary
from 20 to 95 % and the triazoles at levelsup to 1 g/L.. The ADFs are used and discharged to the environment
in large quantities, constituting aterrestrial and aquatic environmental risk. Although the in situ biodegrada-
tion of glycols has been achieved under controlled conditions, the (bio)degradation potential and mode of
toxicity of thetriazolesremain uncertain. Triazoles areidentified as possible carcinogens and inducers of toxic
responses in aguatic floraand fauna. Lignin peroxidase, which isthe catalyst in the lignification processin
higher plants, isan enzymethat is able to degrade triazole. We found athreshold for toxicity of triazolesto
common grass and to sunflowers, of about 0.1 g/L. It was not possible to extract triazoles from the treated
plants. The presence of glycols and surfactants in the ADF mixture impacts plant growth and health. These
compounds can reduce the ability for the plant to immobilize the triazoles.

Keywords: aircraft de-icing fluid (ADF), phytoremediation, tolyltriazole, propylene glycol,
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INTRODUCTION palitiesare often reluctant to accept untreated
Human safety isan overriding concern at ADFwagteasinfluent to their treatment sys-

arports, and the Federal Aviation Administra- tems. On-siteactivetreatment and/or recycling

tion (FFA) requirestheuseof de-icingchemi-  arecostly options, applicabletolarger airports.
calsto ensure passenger safety during winter On-sitedryland or wetland treatment isa
operations (Mericas and Wagoner, 1994). favorable approach because airports necessarily
Aircraft de-icingfluid (ADF) isan aqueous cover asignificant areaof land (Revittetd.,

glycol-based mixturethat isroutinely usedto 1997; Roseth et al., 1998). Land treatment of
control iceformation onaircraft beforetakeoff.  propyleneglycol-based ADF under controlled
De-icingfluidsareapplied by spraying onthe conditionsispotentialy an effectivemeansof
aircraft beforedeparture. A significantportion  remediation for ADF solutionsin soilsfor
of ADFrunsoff theaircraft, whereit can enter concentrations up to 20% by weight of propy-
storm drainsand nearby surfaceor groundwater,  |eneglycol (Bausmithetal., 1999). However,
causing potential damage (Cancillaet d., 1998). benzotriazolesand surfactantsmay inhibit
Thedischargeof untreated ADF wastesto  bacteria decomposition of glycols. Although
surfacewater and storm water collection the solutions can be diluted to prevent this
systemsisof both regulatory and practical inhibition, thebenzotriazolesmay seepinto
concern. Airportsaresearching for alternative groundwater systemsprior to undergoing
methodsfor managing ADF wastes, but munici-  bjodegradation. Surfactantsin ADF may
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increasethetoxicity of triazolesto microbesor
plants. While actual compositionsof ADFsare
proprietary, when diluted for usethey are
approximately asfollows: propyleneglycol,
20-30%; tolyltriazole, 0.05-0.2%; surfactants
and viscosity enhancers 1-2%; other additives
1-2%; water 65-80%. Some propertiesof the
main componentsinthe ADF areshownin
Table 1 (Sax and Lewis, 1989; USEPA, 1977;
Howard and Meylan, 1998).

Asaway to addressthe ADF disposal
problem, weareinvestigating alternativesto
handle components present intheformulation
individualy aswell asthecompleteformulation,
focusing onthecorrosoninhibitors
(tolyltriazoles). Thechemica structureof 1-H-
benzotriazoleisshowninFigure 1.

Methyl groupsonthebenzeneringyield
the4-methyl-1H-benzotriazole and 5-methyl-
1H-benzotriazole (USEPA, 1977), collectively
referredto as”tolyltriazole,” which contains

Figurel. Chemical structureof 1-H-
benzotriazole.

approximately equal amountsof thetwoiso-
mers. Benzotriazoleand itsderivativesare
stableto high temperature and dissipate ab-
sorbed ultraviolet (A _ around 275 nm) asheat.
Thelow vapor pressure of triazoles (about 4 x
10°to 5x 10° am) ensureslittle of these
contaminantsin the atmosphere; however,
because of their gppreciablewater solubility,
they can potentially migrateto groundwater. A
retardation factor of about 2in soil withan
organic matter content of 1% indicatesthat

Table 1. Relevant propertiesof ADF componentsof our concern.

Characteristic Cropylene | Methy! Benaniriazole

Boiling point (°C at 1 atm) 188.2 > 300
Freezing point (°C at 1 atm) - 59 76 - 87

Vapor pressure (mm Hg at 20°C) 0.08 0.03
Solubility in water (at 20°C) Hygroscopic 20g/L
Specific gravity 1.05 1.24 (solid)
Theoretical oxygen demand (mg O,/ mg) 1.68 1.56

Log octanol-water partition coefficient (Log K, ) -0.92 1.442

Henry's Law constant (atm m? / mol) at 25°C 1.29 x 10® 3.17 x 107

aThevaluereported for 1 H-Benzotriazoleis 1.44, whilefor methyl benzotriazole, thelog Kow

estimated using heptanol is1.81 (USEPA, 1978).
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triazolesareweakly sorbed to soil (our unpub-
lished observations).

Stability isakey concept inbenzotriazole
chemidry, givingit utility inmany beneficid
applicationsbut leading to undesirable persis-
tenceunder environmenta conditions.
Benzotriazolesdo not readily oxidize or hydro-
lyze; they arenot reactiveunder sunlight irradia-
tion; and thereisno evidence of biodegradation
of them by bacteria(Rollinsonand Calédly,
1986). Their sructurd similarity to naturaly
occurring substances (e.g., adenine, guanine,
indole) suggeststhat they couldinhibit the
production of proteins, enzymes, and RNA in
mammalian systemsand affect thecentra
nervousand endocrine systemsaswell
(USEPA, 1977). Althoughtheevidenceisnot
strong, they have beenidentified aspossible
carcinogenic substances (NCI, 1978). They
havebeen showntoinducetoxicresponsesin
modd ecosystemreceptorsincudingfish, inverte-
brates, and marineand soil becteriaat relatively
low concentrations(Cornell et d., 2000; Cancilla
etd., 1997; Hartwell etd., 1995).

Littleisknown about the mode of toxicity
of benzotriazolesin plants. They havesome
amilarity tonatural plant growth regulatorssuch
asauxinand cytokinin (Klingensmith, 1961;
USEPA, 1977). They aredso effectivemetal
chelators, whichisthebasisof their anticorro-
sion properties. Graham (1986) proposed that
copper chelation could resultinmaederility in
whest treated with benzotriazole. Damageto
theroot system seemsto bethe main effect that
weobserved. Wehave noted growth inhibition
with pumpkin, horseradish, sunflower, and

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

fescueat solution concentrations below 100 mg/
L (Wuetal., 1998).

Itisbelieved themgjority of the production
of benzotriazol esgoesinto anticorros on appli-
cations. Thisincludesthe protection of copper-
containing partsby inclusion of benzotriazolesin
automobileantifreeze solutions, intheformula-
tion of aircraft de-icer solutions, inrecirculating
water systems such aspower plant and com-
mercia air-conditioning systems, and in coatings
for the protection of copper alloysinarchitec-
tural and decorativeagpplications. Their usemay
have markedly increased sincethe 1977 esti-
mate of 28,000 tons per year (USEPA, 1977),
becauseaircraft de-icershaveincreasedinuse
and morevehiclesareontheroad. Recently
the 1-hydroxy derivativeisbeing considered as
an aternativelaccase mediator in biopulping
for paper production, aprocessfromwhich
enormous amounts of aby-product,
benzotriazole, might bedischarged tothe
environment (Call and Mucke, 1997). There
isno openly published environmental impact
report on thisapplication.

Wehaveinvestigated thefate of
benzotriazolesin plant-based remediation for
useat airports. We havereported that triazole
degradation may be achieved by the metabolic
action of theenzymelignin peroxidase (Wu et
al., 1998). However, thefungus culture condi-
tionsunder which lignin peroxidaseis produced
arefairly specific(Austetd., 1997). These
characteristicsmakeit difficult todevelopa
feasible on-gtetreatment with thefungus.

Higher plantsstrengthentheir cell wallsby
lignification, whichisthefree-radical catdyzed
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polymerization of methoxylated aromatic
alcoholswithlaccase and lignin peroxidasesas
thecatadysts(Ruhland et al., 1958). This
suggeststhat benzotriazole may bereactivein

plantswhereligninisbeing synthesi zed.

MATERIALSAND METHODS

Purebenzotriazole, 1-hydroxybenzo-
triazole, and methyl benzotriazole were pur-
chased from Aldrich/ SigmaChemical Co.
Tolyltriazolewasagift of Mark Hernandez,
University of Colorado. The compoundswere
kept asaqueous stock solutionsto treat plants
and ascalibration standardsfor chromatogra
phy. Stored solutions appeared to be stablefor
at least twoyears. De-icing fluid was obtained
fromtheloca airport inthediluted-as-applied
form. It contained 22% (v/v) propyleneglycol
(PG) and about 1 g/L tolyltriazole.

For separation and quantification of methyl
benzotriazole (MBz), detection at 275 nmwas
used withliquid chromatography onaHamilton
PRP-1 Column, with methanol (50-70%) +
water aseluent at aflow rateof 1.0mL/min.
Phenolic exudatesfrom plantselute at ashorter
timethanthetolyltriazole, so themethanol level
was adj usted to optimizeresol ution of com-
pounds of interest in each experiment. Appro-
priate standardswererun each day of analysis.

Themonitoring of PG wasdoneindirectly,
measuring the depl etion of sodium periodate
(absorbance decrease at 260 nm) by the
oxidation reaction. Theadaptation for theflow
injection anaysiswork included thereaction at
65°C and acid conditions (pH between 4 and
5) toimprovethe sengtivity. Themobile phase

for the assay wasasolution of sodium p-
periodate 0.1 mM, in sodium hydroxide (0.05
M), boricacid (0.1 M), and acetic acid (10 ml/
L). Thesampleswereinjected and mixed with
themobile phase usingaHPL C pump and loop
injector. Reaction wason high-dendity polyeth-
ylenetubing for four minutesat 65°C. The
system allowed usto detect solutionsbelow 1
mM (~0.1g/L) very rapidly, evenfor alarge
number of samples.

Plantsselected for study werefescuegrass
and sunflowers. Thegrass, (Festuca
arundinacea) K-31 cultivar, isavery common
grassused at airportsand representsaperennial
monocot with an extensivefibrousroot system.
The sunflowers (Helianthusannuus) are
rapidly growing dicotsthat producewoody
stemsinashort season, thusguaranteeing the
production of peroxidasefromthelignification
process. The plantswerecultured in different
media agueoussolution (for thewild sunflowers
only), purefinevermiculite, or inamixture of
sty sand topsoil / vermiculite (volumetricratio
1:2). Thesoil wasobtainedfromasiteat a
closed landfill on ariver floodplain that hasbeen
extensively used for our previousstudies. While
grasswasgrowninvermiculite, sunflower seeds
wereplanted inmoist vermiculitefor 10 days
and then the seedlingsweretransplanted to
different containers(with either vermiculiteor
soil / vermiculitemixture) to gpply some specific
treatment. Purevermiculite hasahigher cation
exchange capacity and thereforetheavailability
for ionic compounds (nutrients, contaminants) is
higher. For the sunflowers, when thefirst two
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main leaveswere4 cmlong, the plantsbeganto
bewatered with the corresponding solution. The
lighting wasdonewith regular fluorescent light
bulbs, either 24 or 12 hoursaday.

Somenutrients (based on Hoagland's
solution @) were added to the medium; if not
specified, the concentration was¥sof that
recommended by Hoagland. The solutions of
triazole, PG, and ADF were prepared inthe
nutrient solution aswell. Threekindsof con-
tainerswereused: 600 mL (~10 cm diameter,
12 cmhigh), 800 mL (~7 cm diameter, 22 cm
high), and 1500 mL (~10.5 cm diameter, 22cm
high). Detail sfor particular experimentsare
givenbelow.

RESULTS

Sorption of Triazoles to Culture Media
Giventheir organic nature, triazolesare
sorbed to the culturemediain which the plants
aregrown. For the concentration rangestested
(50to0 200 mg/L ), sorption factorswere mea-
sured astheratio of the concentration of an
agueous samplefrom the mediato theinput
concentration. For vermiculite, thisratiowas
approximately 0.71, which meansthat the
sorbed fraction was 0.29 (29% of MBz was
sorbed to vermiculite). The mixture of vermicu-
liteand top soil gavearatio of approximately
0.44 (56% of MBz was sorbed) and for silty
sand topsoil rich inroots, the ratio was approxi-
mately 0.26 (74% of MBz was sorbed). These
resultsshow clearly that the effective concentra-

tion of MBz in the aqueous phase of the culture
mediadependsgreatly on the organic matter
content of themedia. Whiletolyltriazolegave
similar resultsto the sorption valuesof MBz,
benzotriazol e showed alower sorption (inthe
soil / vermiculite mixture. Itsratiowas0.66
with 34% sorbed), possibly becausethe
absence of the methyl group makesthe
benzotriazolelesshydrophobic.

Tolerance of Grass to Methyl-Benzotriazole

Fescue grass seedlingsweretransplanted
tovermiculite (10 per 600 mL container) and
treated with either methyl-benzotriazoleor
benzotriazole solution. At aconcentration 50
mg/L, they grew nearly normaly whilethose
treated at 100 mg/L were stunted. For more
maturefescue grass, watered with solutions of
triazolesfor about 50 days, the biomass pro-
duction (aspercentagein weight of leaves
produced with respect to ahealthy untreated
control) and the disappearance of triazolefrom
themedium (measured astheloss of the com-
pound with respect to the material introduced)
wererecorded. Theresultsare shownin Table
2. Theleavesweretrimmed after thefirst 20
dosesand then again after 20 moredoses. The
agueous phasewas anayzed after thetota of
40 doses.

A concentration greater than 50 mg/L of
elther methyl-benzotriazol e or benzotriazolewas
toxic, and it was|lethal at aconcentration of 150
mg/L. For concentrationsbelow 50 mg/L, the

2 Standard Hoagland’s sol ution contains: KNO, (404 mg/L ), KH,PO, (109 mg/L), MgSO,.7H,O
(394 mg/L), Ca(NO,),.4H.0 (1476 mg/L ), FeSO,.7H,O (6 mg/L ), EDTA Na, (8 mg/L), H,BO,
(83mg/L), MnCl..4H,0 (2mg/L), ZnSO,.7H,0 (0.2 mg/L ), CuSO,.5H,0 (0.2mg/L ), and

H,M00O,.H,0 (0.2 mg/L).
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plantsgrew somewhat lessvigoroudy than
untreated controls, but could be maintained for
long periodswith no cumulativetoxicity.
Benzotriazolewas somewhat lesstoxic than
methyl-benzotriazole.

Severd extraction methodswereinvesti-
gated for therecovery of thetriazolefromthe
stemsand leavesof theplants. Solventsinclud-
ing water, methanol, ethanol, and acetonein
different sequences, extractiontimes, and
temperatures (ashigh as96°C) weretried
unsuccessfully. Evenwith1M NaOHor 1M
HCl solutionsat low and high temperatures,
therewasno recovery. Thisleadsusto think
that thetriazoleisbeing bonded and/or trans-
formed withintheplantsresultinginanon-
extractableform of the compound, maybeas
part of the plant structure.

Tolerance of Sunflower to Methyl
Benzotriazole

After two monthsof growth outside, wild
sunflowersweretransferred to thelaboratory

and maintai ned in agueous solutionscontaining
different concentrationsof triazoles. Fresh

sol ution was added based on their consumption
such that solution volume remained constant. In
general, therate of water consumption per gram
of initid fresh plant materia decreasedwithtime
of triazoletreatment. Thiseffect waslarger
when thetriazole concentration wasgreater than
100 mg/L. It waspossibleto observethe
gradua damage of theroots, which first turned
brown, followed by little new root growth. The
plants apparently accumul ated triazoleand
transformation productswithintheir structure
(up to about 3.0to 5.0 mg of triazoleincorpo-
rated per gram of freshinitia plant materia over
aperiod of about 35 days). The accounting of
triazolewas done by measuring the concentra-
tion of thesolutioninthecontainer at different
timesand comparing thiswith the concentration
expected inthissolution based on theamount
added. Similar triazole extraction methodsas
those donefor thefescuegrass, including

Table 2. Biomass production and triazol e di sappearance for fescue grasstreated with methyl-

benzotriazole and benzotriazole sol utions.

% Biomass produced relative Triazole that disappeared
Concentration to control PP
Compound Fed (mg/L)
After 20 doses After 20 more (mg) %
doses
50 35.8 17.3 23.7 49.8
Methyt- 100 443 5.1 17.6 189
Benzotriazole
150 43.8 1.45 3.21 2.4
50 46.2 26.4 39.2 78.3
Benzotriazole 100 31.3 3.6 33.9 36.5
150 27.7 0.6 335 24.8
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Figure2. Biomassproducedinsoil (dry weight of
plant materid) by sunflowerstrested with different
MBzlevds effect of nutrient amendments
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Figure 3. Percentage of M Bz disappearing
from soil solution: effect of nutrient amendments.

stemsand |eaves, were also unsuccessfully
attempted, even at these high levelsof accumu
lation. Either thetriazolesweredegradedin
solution or they wereincorporated and trans-
formed to plant biomass.

Inaone-month treatment, sunflower
seedlings(three plants per 800 mL container)
grew inthesoil / vermiculitemixturea most
normally (ashigh asthe controls) when watered
with methyl benzotriazole solutionat 25mgy/L.
Theleaves, however, turned yellow and brown
and werelessvigorousthan the control s, with
the effect more pronounced in the bottom
leaves. Thetop leaveswerenearly normal and
the plantsflowered about five daysbeforethe
controlsdid. Theseeffectsweremore evident
at 50 mg/L. Ataconcentration of 100 mg/L
the plants were 20% shorter than the controls
and produced small precociousflowers. The
leaves and roots, however, showed much
more damage.

In order to improve plant growth condi-
tionswhilebeing treated with thetriazole, we
studied the effect of adding an extrasupply of
nutrientsto the soil ivermiculite mixture. Sun-
flower 10-day old seedlings (2 per 800 mL

contai ner) werewatered with solutions contain-
ing thetriazole at concentrations of 100, 200,
and 300 mg/L prepared inthe nutrient solution
at four levelsof strength: %2 (VaX), 1 (1X), 3
(3X), and 10 (10X) timesthe concentration
recommended by Hoagland; and then com-
pared with control solutions of the same con-
centration of nutrientswithout any triazole. The
resultsareshowninFigures2 and 3. Figure 2
showsthe biomass produced (dry weight of the
plant materid) for thedifferent triazol etreat-
mentswith thedifferent nutrient levelsduring the
30-day period. Asmentioned above, it should
be noted that the effective concentration of
triazoleisreduced asmuch asonehalf by the
sorption of it to the organic matter inthesoil. It
isclear that the plantscantoleratealow level of
triazole (100 mg/L) for dl different level sof
nutrients; however, increasing thenutrient level
hasanegative effect possibly because of the
highleve of nitrogen (A separate study showed
that an N level greater than 700 ppmi.e., 3X
Hoagland's, istoxicto the plants.).

For concentrationsof MBz equal or
greater than 200 mg/L, the nutrient effect inthe
toleranceisnot appreciable. With respect to
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thetriazole disappearance (Figure 3), increasing
thenutrient level hasapostiveeffect upto
about 1 X (thelevel recommended by
Hoagland) for dl triazoletreatments.

Josten and K utschera (1999) reported that
borateisan essentia element for formation of
new (adventitious) rootson sunflower seedlings.
Becauseroot formation appeared to bethefirst
inhibited processin triazole-treated plants, we
tested the effect of increased borate onthe
triazoleinhibition of plant growth. Plants(4 per
600 mL container) weregrownfor 20 daysin
vermiculiteand watered with afixed amount of
Yrstrength Hoagland’ s sol ution per day, con-
taining supplementary borate at two different
levels (5 x and 10 x the control rate (Y4
Hoagland's)) and varied levelsof triazoles (100
and 200mg/L). Plantstreated withthe higher
levelsof triazoleand borate died from excess
water becausethetriazole markedly decreased
water useand plant growth compared to the
controls. Plantstreated with thelower extra
level of borate (5/4 Hoagland's) and 100 mg/L
triazole concentration grew as much as 75% of
thecontrols.

A second experiment wasdonewith asoil/
vermiculitemixturein 1500 mL containerswith
four plants. Plantsweretreated with either
tolyltriazoleor MBz at 100 mg/L or 200 mg/L.
The solutioninput wasmore closdly controlled
to match water usethaninthefirst experiment.
Thismakesdescription of thedosageregime
moredifficult, but plantsweretreated until those
exposedtothehighestinput level of triazoles
werekilled. Supplemental borate at threeand
ninetimesthe control rate (thelater ismorethan

twicethat of standard Hoagland’ s solution)
showed no significant differencefrom thelowest
level (YaHoagland's), indicating that boratedid
not have amarked effect on thetriazoletoxicity.
Indeed, after 20 daysof treatment, the plants
exposed to the highest level of triazoleand no
extralevel of boratelooked better than those
withthehighest level of triazoleand extra
borate, but still not asgood asthe controls.
Therewasno observabl e difference between
theplantstreated with M Bz and tolyltriazole at
smilar concentrations.

A different way tolook at the problemis
by considering the metal - binding capacity of the
triazole. Although required by theplantsinvery
small amounts, metalssuch asZn, Mo, Cu, and
Mn (also called trace el ements or micronutri-
ents) areessential for the plant development in
different biochemica pathways. Wethought that
thetriazoletoxicity could betheresult of a
chelating processthat prevents meta uptake by
theplant. Therefore, wetried to enrich the soil
by using Hoagland' snutrient solution and adding
anextrasupply of themicronutrientsat three
different levels: 1X, 3X, and 10X, where X is
the concentration of themicronutrientsinthe
originad Hoagland' sformulae. Wedid not add
an extrasupplement of boratesinceit dready
showed noimprovement.

Two sunflower seedlingsweretransplanted
to purevermiculiteinthe 600 mL containersand
weretreated with MBz solutions (100 and 200
mg/L) prepared inthemodified Hoagland's. The
plantswerewatered every day until thedesired
concentration was achieved. We observed that
the plantswith higher micronutrientswereable
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Figure4. Biomassproduced invermiculite (dry
weight of plant materia) by sunflowerstreated
withdifferent MBzlevels: effect of micronutrient
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Figure5. Percentage of M Bz disappearing
from solution: effect of micronutrient amend-
mentsinvermiculite.

totolerate more MBz, sowe held the plantsat
that level (maintaining volumewithwater) for
seven daysand then we continued watering with
the solution until the predi cted soil solution level
wasdoubled. Theresultsare shownin Figures4
and 5. Thereisnot adramatic effect inthe plant
growth (biomass production) when notriazoleis
present. Thelevel of micronutrientscan be
increased even up to 10 timesthat recom-
mended by Hoagland’ swith notoxic effect. The
plant toleranceto M Bz wasincreased some-
how, but their final weightswerevery compa:
rable. However, more M Bz disappeared at the
higher level sof micronutrients, leading usto
think that indeed thetriazoletoxicity might have
to dowith metal uptakeinhibition.
Tolerance of Sunflower to Propylene
Glycol

Sunflowersat about 10 days age, grown
from seedsin soil /vermiculite mixture, were
treated in 800 mL containerswith ADF solu-
tionsat concentrationsof 1.0, 2.0, and 4.0 % of
ADF(2.3,4.6,and 9.2 g/L of glycol), watering
fromthetop with adaily dose of about 50 mL
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depending on the excess of runoff observed.
After aperiod of 24 days, the plantstreated
with 4% of ADF had died, whilethe ones
treated with 1% survived, dthoughwithlimited
growth and someleaf-damage. Wethink that
PG absorption by the plantsleadsto itsaccu-
mulationin theleaves, which subsequently
causes an osmotic effect that damagesthe plant.

Therefore, the conditions of the experiment
were changed to try to achieve aerobic degra-
dation of theglycol prior toitscontact tothe
plant roots. We utilized part of the soil previ-
oudly used to degrade glycol and combined it
with fresh soil. Thistimethewatering wasdone
from the bottom, allowing enough timefor the
soil/plant systemto take up the solution (with
ADF dosesreduced to 0.5, 1, and 2%) and for
oxygentodiffusein. Fromthisexperiment we
saw rather than PG accumul ation, somekind of
nutrient deficiency inthe plants, maybe because
of intensebacterial activity that consumed
nutrientsrequired by the plant.

Under smilar conditionsin another experi-
ment, plants (3 per 800 mL container) were
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watered from the bottom with solutions of PG,
ethyleneglycol, antifreeze, and ADF solutionsat
aconcentrationof 2 g/L of glycol instandard 1
X Hoagland' ssolution or Hoagland's solution +
10 x potassium phosphate. Withthe higher level
of phosphate, the plantscan grow in PG,
ethyleneglycol, or antifreezewith no particular
damage. The ADF-treated plants (equivalent
to 2 g/L of glycol and 8 mg/L of triazole)
show some leaf burnwith or without addi-
tional phosphate, whilethe standard phos-
phate treated ones al so consumed less water
than the others.

Plantsweretreated in 800 mL containers
(threeper container) with ADF solutionsat
differentlevels. Thosetreatedwith 5.0 g/L of
glycol (~20 mg/L of triazole) showed poor
growth but survived while plantstreated with 10
g/L of glycol and 40 mg/L of triazole showed
acutetoxicity with just three daysof treatment,
perhaps becausethetriazoleleve at thiscon-
centrationinhibitstheglycol degradationand
affectsthebacteria populationsand root
development. Thesurfactantsinthede-icer
formulation may bean additiona contributing
factor inthetoxicity of ADFto plants.

CONCLUSIONS

We proposethat triazolesmight betrans-
formed by lignin peroxidasesand | accase of
plantstoincorporate and immobilizetheminto
theligninfraction. Whenadded at alevel
beyond the ability of the plantsto cope, MBz
causesroot death and eventually plant death.
Thedose-responsecurvefor triazoleispeculiar,
with adoubling of input concentration changing
froma“no-effect” toatoxicresponse. The

toxic threshold of MBzin an aqueous solution
(about 100 mg/ L) seemsto be about the same
for several plant species(Wuetal., 1998 and
our unpublished observations), and isthe same
whether plantsaregrown hydroponically, with
vermiculite, or inalow-organic soil. The
tolerance of the plantsand their triazole-
degradative capability isenhanced by the
addition of nutrientstothe soil media. The
Improvement isgreater when an extrasupple-
ment of trace dements (excluding borate) upto
10timesthat recommended by Hoagland'sis
added tothe soil. A screening processthat
might reveal the compound (or compound
mixture) that promotesthis plant-resistanceis
under investigation in the search for themecha
nismof toxicity of MBzto plants. Oxalate
oxidase, an enzymethat may generate peroxide
for thelignin peroxidase, isamanganese enzyme
(Reguenaand Bornemann, 1999). Laccase
requirescopper. Thetriazolesareknownto be
effective copper chelatorsat high concentrations
(USEPA, 1977) and may also bind other
metals. Thetoxicity could be such adirect effect
or it could bethrough mimicking aplant growth
regulator (Klingensmith, 1961).

Insitu soil biodegradation of PG from
ADFispossibleunder controlled conditionsand
ispromoted by maintaining aerobic conditions
and supplying nutrients, including anextra
addition of phosphate. However, thetoxic
effect of the PG on plants(mainly thedteration
of theleavesosmoatic equilibrium) causes plant
wesknessandinhibitsthetriazoleimmobilization
inplants. Atthesametime, bacteriadegrading
theglycol might beinhibited by the presence of
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highlevelsof triazoles. Itistill necessary to
find more appropriate conditions, i.e., concen-
tration of contaminants, supplementation of
nutrients, soil pre-adaptation, and location of the
input for which the degradation of both contami-
nantscanbeachievedinafield scale. Sail tilling
anddripirrigation techniquescanbeusedin
field applicationsto assureoxygen diffusonand
aerobic conditions.
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