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ABSTRACT

Benzotriazoles are recal citrant mol ecul es used as corrosion inhibitorsin antifreeze and deicing formula-
tions. Remediation of deicing solution runoff to prevent damage to aquatic organisms has recently been
recognized as aneed at airports. Both the propylene glycol and the corrosion inhibitors are of concern, but this
work isfocused on the corrosion inhibitors. Plants that we are testing as remediation agents include fescue, a
grass commonly planted at airports, and sunflowers, arapidly growing annual with high levels of peroxidatic
activity. Both speciesare negatively affected by water-applied benzotriazole and tolyltriazole (5-
methylbenzotriazole). Severe cumulativetoxicity isquickly observed at 0.1 mg/mL inthewater, alevel presentin
~10 % deicer solution. Both species are somewhat more tolerant of lower applied levels of contaminant. Long-
term experimentsarein progressto determine the cumulative toxicity or contaminant degradation with different
plant species.
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INTRODUCTION

Tolyltriazole (MBz), oneof several methyl substitutionisomers, primarily at the4 and 5 pos-
tionson the benzenering, iscommonly used in antifreeze and dei cer formulationsat level sof about
0.1% (1 g/L or 1 mg/mL) asapplied to aircraft. The parent compound benzotriazole (Bz) isfound
insomeformulationsand isaby-product of hydroxybenzotriazole (HBZz) oxidativereactionsina
recently proposed paper-pul ping process (Call and Mucke, 1997). Inthe process described,
whichisintended to bemore environmentally benignthanthe usua akali delignification of wood
pulp, HBz would serve asalaccase free-radical mediator to facilitate breakdown of lignin. How-
ever, theenvironmental fate of the HBz and Bz has not been examined. Thereare no reportsof
bacterial degradation of the benzotriazol esin wastetreatment processes, and benzotriazoles show
toxicity tomicrobesat fairly low concentrations (USEPA, 1977). Aquatic organismsareknownto
besensitivetolow levelsof benzotriazoles, for instancefor fish, LC50isaround 30 mg/L (~3%
deicer leve).

We havereported that awhite-rot fungus, Phanerochaete chrysosporium, isableto degrade
bothBzandMBz (Wuet a., 1998). Themechanism of degradationislikely related to aFenton
oxidation, whichisknownto rapidly degrade Bz and MBz (unpubl. obs.).

For useinsitu at airports, aplant-based remediation processwould bedesirable. Plants
contain peroxidasesessential for lignin formation and other metabolic processesand so may beable
to attack benzotriazoles. Littleisknown of therdativetoxicity of Bz, MBz, or HBzto higher plants
(Klingensmith, 1961; USEPA, 1977), dthough derivitives have been devel oped asherbicidesactive
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a 1 kg/ha(Barton, 1990) and the parent compound Bz wasidentified early on asaplant growth
regulator for tomatoesat levels~0.1 mg/kg (2.5 mg/pot) (Davis, 1954). Maesterility inwhesat has
been induced by asingletreatment with Bz at 50 mg/kg of soil, most likely viacopper chelation
(Graham, 1986). Thusthereisknown to betoxicity to plantsat <5% deicer equivalent, smilar to
thethresholdfor toxicity tofish. When considering the potentia environmental impact of
benzotriazoles (Betts, 1999), one cannot ignoretheir effect on either terrestrial or aquatic plant life.
Herewe describe some effortsto determinethe extent of plant tolerance and possible metabolism
of benzotriazoles.

METHODS

Sunflowers (large-seeded cultivar of Helianthus annuus) were germinated in 100 g vermicu-
litewith 0.5 L 1/4 strength Hoagland’ s solution and grown until two pairsof trueleaveshad
emerged. They werethen transplanted to providefive plants per pot, watered daily with 50 mL of
theindicated concentrations of triazolesinthe same nutrient solution for 20 days, under continuous
lightat 25°C.

Hybrid poplar (Populusdetoidesx nigra, cv Imperial Carolina) cuttingswererooted in
vermiculiteand then tested with the contaminantsat 0.1 mg/mL. Inanother experiment, 10 sun-
flower seedswere germinated in that same vermiculitewith 0.1 mg/mL of thetriazolespresent, and
thelr rate and extent of growth was determined witha 12-hr light/dark cycleat 23°C.

Fescue (Festuca arundinacea cv. K31) wasgrown with 12-hr light/dark cyclesat 23°C for
threeweeksin vermiculitewith one-quarter strength Hoagland' s solution and then 12 seedlingswere
transplanted toindividual pots, eachwith vermiculiteand with 0.5 L of the solutionsat various
contaminant concentrations. Evaporativelosswas~50 mL/day. Plantswerewatered with the
contaminant solution in one-quarter strength Hoagland’ ssol ution until thedesiredleve of triazole
input was obtained (10 days). Then plantsweregiven distilled water for several weeks.

Chemica swere obtained from Fisher Scientific, except the benzotriazoleswhich werefrom
Sigma/Aldrich. Analysesof benzotriazoleswere donewith 60% MeOH (ACS certified) as solvent
onal50 mmlong x 4.1 mmdiam. Hamilton PRP-1 column. Standardsof contaminant at 0.1 mg/
mL were prepared inwater. Detectionwasby uV absorption at 275 nm. Flow ratewas1 mL/min,
controlled by aBeckman HPLC. Samples (20 uL) of plant extract or watering solution were
analyzed following atwo-min centrifugationat 13,000 x g. Detection limitswerebelow 0.01 mg/
mL. Reducing theMeOH concentrationimprovesdetection sengitivity inthe presence of plant
phenolicswhich elute before the contaminants, but lengthenstheanaysis. At40% MeOH, MBz
takesabout 20 minto e ute.

Sunflower topsin thefirst experiment were harvested at the end of thetreatment period, dried,
andweighed. They weregroundinaWiley Mill to passa20-mesh sieve and portionswere ex-
tracted with 60% MeOH.
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Spiking experimentswere doneto determine the threshold for contaminant detectionin plant
tissue. Sorption to vermiculitewas checked by long-termincubation of thetriazoleswith vermiculite
inclosed tubes at the samelevel sused in watering experiments.

RESULTS

Table 1 showstheeffect of severa levelsof triazolesin thewatering solution for sunflowers.
Plantssurvived but thosetreated with Bz or MBz had their vertical growth severdly inhibited shortly
after application of the highest level of contaminant (0.1 mg/mL) wasbegun. At harvest they had
relatively few, short roots. Thedominant fraction of water losswasviathe plantsrather than
evaporation for most treatments, and thefinal concentration of contaminant inthewater of the pot
wascloseto that of theinput water. Thissuggeststhat contaminant was being taken up by the
plants, or elseit would have accumulated in theresidual water. Control experimentsshowed very
little sorption to vermiculite over aperiod of amonth.

Attemptsto detect the contaminantsin the plantswere unsuccessful. Spiking experimentswith
thedried plant materia indicated that free contaminant withinthe plant, at alevel foundinthe
watering sol ution, would have been measurable.

Other experiments, not shown here, were donewith horseradish or sunflowersgrownwith
contaminant and extracted fresh, rather than dried. No contaminant was detected in these cases
either. It appearsthat only very low levelsof free contaminant are present in plants.

Theeffect of watering fescuewith several levelsof contaminant wassimilar to that with sun-
flowers. Theconcentrations used were one-half those used with sunflowers. Growthinhibitionwas
similar withthe plantstreated at the highest levelsof Bz and M Bz (0.05 mg/mL) showing littlenew
leaf growth after treatment wasinitiated.

With such small plantsand just 12 seedlingsper pot, evaporation wasthe dominant mode of
water lossin most treatmentsfor thefirst several weeks. The contaminant concentrations measured
inthewater 10 days after switching back to purewater asthe watering solution were closeto those
expected from theinput amount ( nearly two-fold higher than theinput concentration), but lower for
thosetreatmentswith larger amountsof plant material present. At four weekshalf of theHBz was
gonefrom the solution whileonly one-third of the Bz and one-fourth of theMBz wasgone. Thisis
presumably because the contaminant wastaken up into the plants. Plant material hasnot yet been
analyzed for contaminant content. The plants continued to survive and those dosed with higher
levelsrecovered to some extent asthe contaminant disappeared from the soil solution.

Rooted hybrid poplar cuttingstreated with 0.1 mg/mL of contaminant, either Bzor MBz, died.
When sunflower seedswere germinated with 0.1 mg/mL level of contaminants, therewasstrong
inhibition of growth. After 10 days, thosetreated with HBz appeared about likethe controls, while
the Bz and MBz seedsgerminated but failed to elongateroots. After amonth, the control and HBz
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treatmentshad seven plants 10-15 cm high with six trueleaves, whilein the Bz treatment the seven
emerging plantshad four leavesand were5-8 cm high. Thethree emerging MBz-treated plants
wereonly 3-5cm high, with 2-4 leavesthat were dark green and only 1-2cmlong. Severa more
seedswerealive but without elongated roots.

CONCLUSIONS

Both sunflower and fescue plants, once established, are ableto survivetreatment withtriazole
contaminants and appear to sequester it to anon-extractableform. Inhibition of growthisstronger
for smdler plants.
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Table1. Effect of benzotriazol etreatment on sunflower growtht,

Treatment(mg/mL) Height (cm) Weight ()
Corntrol 21 4.7
0.05 Bz 16 34

0.075 Bz 14 31
0.1Bz 12 17
0.05 MBz 16 4.0
0.075 MBz 15 23
0.1 MBz 14 15
0.05 HBz 17 35
0.075 HBz 17 3.5
0.1 HBz 18 25

Five plants per 600 mL pot werewatered for 20 dayswith theindicated concentrations of
benzotriazole (Bz), 5-methylbenzotriazole (MBz), or 1-hydroxybenzotriazole (HBz). Heightsshown
aretheaveragefor each pot. Weightsarefor thetop portionsonly of thefive plantsin each pot.
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