CESKA ZEMEDELSKA UNIVERZITA V PRAZE

Fakulta agrobiologie, potravinovych a prirodnich zdroju

‘ rfl:. KATEDRA _— o
“’ AGROENVIRONMENTALN!I CHEMIE A VYZIVY ROSTLIN

CESKA
ZEMEDELSKA
UNIVERZITA V PRAZE

SORPCE TEBUCONAZOLU NA KONTRA’STNi
TYPY PUD A VYBRANE PUDNI MINERALY

Doktorska disertacni prace

Autor: Ing. Cadkova Eva
Skolitel: prof. Ing. Tlusto§ Pavel, CSc.

Skolitel specialista: doc. RNDr. Komarek Michael, Ph.D.

Praha 2012



ProhlasSeni
Prohlasuji, Ze jsem disertacni praci na téma: ,,SORPCE TEBUCONAZOLU NA

KONTRASTNI TYPY PUD A VYBRANE PUDNI MINERALY“ vypracovala

samostatné a pouzila jen pramend, které cituji a uvadim v prilozeném seznamu literatury.

V Praze dne 18. 6. 2012

Podpis



Podékovani

Touto cestou bych chtéla podékovat doc. Komarkovi a prof. TlustoSovi za vedeni
této disertatni prace. Vielé podékovani patii manzelim Kaliszovym za cenné rady
a ptipominky. Dékuji také kolektivu katedry agroenvironmentalni chemie a vyzivy rostlin
a vSem svym nejbliz§im za podporu, kterou mi prokazovali béhem studia a psani této

prace.



Obsah

1. UVOD

2. LITERARNI PREHLED

2.1 VYVOJ FUNGICIDNICH LATEK

2.2 FUNGICIDY PATRICi DO SKUPINY AZOLU

2.2.1Tebuconazole

2.3 SORPCE ORGANICKYCH FUNGICIDU V PUDE

2.3.1Fyzikéln¢-chemické vlastnosti fungicidi ovliviujici jejich sorpei v ptidé
2.3.2 Vlastnosti plidy ovliviiujici sorpci fungicidli

2.3.3Sorpce tebuconazolu v padé

o o0 0 W U B W N

2.4 DEGRADACE ORGANICKYCH FUNGICIDU V PUDE

[Sy
(5]

2.5 INTERAKCE ORGANICKYCH PESTICIDU A FUNGICIDU NA BAZI MEDI

p—
[\

2.5.1Sorpce médi v pude

p—
[98)

2.5.2Interakce mezi organickymi pesticidy a médi

3. HYPOTEZY A CILE PRACE

14

4. METODIKA

15

4.1 SORPCE TEBUCONAZOLU NA SYNTETICKY PRIPRAVENE MINERALY A HUMINOVE
KYSELINY 15
4.2 SORPCE TEBUCONAZOLU NA KONTRASTNI TYPY PUD 16
4.3 SORPCE TEBUCONAZOLU A CU NA KONTRASTNI TYPY PUD, HUMINOVE KYSELINY A
SYNTETICKY PRIPRAVENY MINERAL FERRIHYDRIT 17

4.4 SESTROJENI ADSORPCNICH IZOTEREM 18

5. VYSLEDKY A DISKUZE

19

5.1 SORPCNI EXPERIMENTY S TEBUCONAZOLEM VE FORME STANDARDNI LATKY 20
5.1.1Sorpce tebuconazolu ve formé standardni latky na synteticky pfipravené mineraly a
huminové kyseliny 20
5.1.2Sorpce tebuconazolu ve forme standardni latky na kontrastni typy pad 21
5.1.3Sorpce tebuconazolu ve formé standardni latky na kontrastni typy ptd, huminové
kyseliny a synteticky pfipraveny mineral ferrihydrit v pfitomnosti Cu 22
5.2 SORPCNi EXPERIMENTY S TEBUCONAZOLEM VE FORME KOMERCNE DOSTUPNEHO
PRIPRAVKU 23
5.2.1Sorpce tebuconazolu ve formé komeréné dostupného pripravku na synteticky

ptipravené mineraly a huminové kyseliny 23



5.2.2Sorpce tebuconazolu ve formé komeréné dostupného piipravku na kontrastni typy

pad 24
5.2.3 Sorpce tebuconazolu ve formé komeréné dostupného ptipravku na kontrastni typy

pud, huminové kyseliny a synteticky pfipraveny mineral ferrihydrit v pfitomnosti Cu 25

6. ZAVERY A DOPORUCENI PRO VYUZITi POZNATKU V PRAXI 27
7. POUZITA LITERATURA 29
8. PRILOHY-PUBLIKOVANE VYSLEDKY 36
8.1 PRILOHA 1 36
8.2 PRILOHA 2 36
8.3 PRILOHA 3 36
8.4 PRILOHA 4 36
8.5 PRILOHA 5 38

8.6 PRILOHA 6

38



1. Uvod

K nejvétsim problémtim dnesni doby patii zne¢istovani zivotniho prostfedi. Mnohdy
velice Skodlivé latky wvznikaji jak pfirodnimi procesy, tak antropogenni cinnosti.
Antropogenné vznikajici latky jsou sohledem na zneciStovani Zivotniho prostiedi
ekosystému zahrnujicim ptdu, vodu, vzduch, ale i zivé organismy. Ptikladem lidské
aktivity, kterd miize znamenat riziko pro Zzivotni prostiedi, je zemédé€lska cinnost.
Pouzivani organickych a anorganickych prostiedkii k ochrané¢ zemédélskych plodin
(pesticidi) je jednou ze zemédé€lskych aktivit, pfi které miiZze dochazet k ptresunu
kontaminant do zivotniho prostfedi. Aktivni substance mnoha téchto latek jsou tékavé, a
tak kon¢i v atmosféte. Pouzivani pesticidii mize dale vést ke kontaminaci ptid. V zavislosti
na jejich fyzikalné-chemickych vlastnostech a na vlastnostech danych ptid miize dochazet
k jejich akumulaci v plidich nebo jejich transportu v pidnim profilu a popiipadé ke
znecisténi povrchovych a podzemnich vod. Je dilezité podotknout, Ze v tomto ptipadé je
znecisténi charakterizovano ¢asovou prodlevou, nez se latky dostanou do podzemnich vod.
U nékterych komponentl v pesticidech miZe byt tato prodleva 20 az 30 let. Pesticidy se
také mohou prostfednictvim rostlin dostat do potravinového fetézce a ohrozit tak kvalitu
potravin a v kone¢ném diisledku i lidské zdravi.

Mezi hojné pouzivané latky k ochrané rostlin, osiv, ale 1 materialt patii fungicidy ze
skupiny triazold. Jejich spotieba kazdorocné vzrustd. I piesto, ze jsou tyto fungicidy
aplikovany na rostliny, dostavaji se do plidy pravé pii aplikacich nebo smyvem z rostlin.
Casto se jedna o latky, které se velmi dobie sorbuji na piidni organickou hmotu, mohou se
tak akumulovat v prostfedi a negativné ptusobit na pidni ekosystém. Nepiedpoklada se, ze
by se tyto latky mohly snadno pohybovat padnim profilem a ohroZovat kvalitu podzemnich
a povrchovych vod. I ptesto byly naméteny koncentrace fungicidli v povrchovych vodach
ptesahujici limity stanovené Evropskou unii pro pitnou vodu.

Dlouhodobé byly proti houbovym chorobam pouzivany fungicidy na bazi médi, coz
mélo za nésledek akumulaci médi ve svrchnich ptadnich horizontech. Jak bylo zjisténo,
pravé obsah médi v pidé miize vyrazné ovliviiovat adsorpci organickych fungicidd. V
ptipad¢ azolovych fungicidi dochdzi k tvorbé Cu-azol komplext, které ovlivituji sorpéni
schopnosti obou latek.

Proto je velmi dilezité detailné prostudovat sorpcni schopnosti a interakce téchto
latek v padnim prostfedi. Ze ziskanych udajii 1ze ptredpovidat jejich chovéani v piidnim

profilu a popt. tak omezit negativni dopady na zivotni prostiedi.



2. Literarni prehled

2.1 Vyvoj fungicidnich latek

Fungicidy jsou latky, které slouzi k ni¢eni nebo potlacovani ptivodcti houbovych
chorob. V pocatcich byly proti houbovym chorobam pouzivany pouze anorganické
fungicidy a téméf az do konce 19. stoleti byla k potlacovani padli pouzivana hlavnég sira.
Az vroce 1885 zacal byt ve Francii pouzivan fungicidni piipravek Bordeauxska jicha,
ktery byl hojn€ vyuzivan proti padli révovému a dal§im chorobam. Tento piipravek byl
kombinaci siranu méd’natého a vapna. Pfipravky na bazi organomédnatych fungicidi,
k oSetfovani osiva proti snéti obilné, byly poprvé pouzivany aZ v roce 1913 (Washington,
2002).

Od roku 1930 byly vyvijeny synteticky ptipravené organické fungicidy. Mezi prvni
synteticky ptipravené latky patii fungicidy ze skupiny dithiokarbamétl napf. thiram,
maneb, mancozeb (Washington, 2002).

K nejvétsimu rozvoji organickych fungicidt doslo v 60. a 70. letech 20. stoleti, kdy
byly pfedstaveny fungicidy ze skupin:

e Dbenzimidazoll plisobicich na Siroké spektrum vieckatych hub (carbendazim)

e hydroxypyrimidini plsobicich proti padli (dimethirimol)

e karboximidi plisobicich proti rzi a snéti (oxycarboxin)

e dikarboximidi (ipridion)

e inhibitori biosyntézy sterolli, které piisobi proti vSem skupindm hub kromé
oomycet (fenarimol, bitertanol, myclobutanil, propiconazole, triticonazole a dalsi)

e fenylamida ptsobicich proti saprolegnii a padli

e anilinopyrimidint plisobicich proti plisni §edé€ a strupovitosti jablek

VétsSina zminénych fungicidl patii mezi systémové fungicidy. Tyto latky jsou
v rostlindch pouze c¢astené mobilni a pohybuji se v rostlindch pfevazné xylémem.
Vyjimkou jsou fosforitany (fosetyl aluminium a kyselina fosforita), které se v rostlindch
mohou pohybovat vzestupné (xylémem) i1 sestupné (floémem) a pisobi pievazné proti
pudnim patogentim.

Koncem 20. stoleti zacaly byt vyvijeny nové fungicidy na bazi pfirodnich latek
napt. strobiluriny (azoxystrobin, kresoxim methyl) (Washington, 2002).



2.2 Fungicidy patiici do skupiny azola

Latky pattici do skupiny azoll (imidazoly, triazoly, diazoly) jsou hojné vyuzivany
v zemé&délstvi na ochranu rostlin, ochranu materiali napt. dreva, ale jsou také pouzivany
jako antimykotika v humanni i veterinarni mediciné. Kvuli jejich rozlisnému pouzivani
v mnoha oblastech byly na tyto latky pfi jejich vyvoji kladeny specifické pozadavky.
V humanni ¢i veterindrni mediciné byla pozadovana hlavné vysoka ucinnost fungicidnich
latek a byl kladen diiraz na to, aby uc¢inné latky pti 1écbé pacienta nezptsobovaly Zadné
vedlejsi efekty. V zeméd€lstvi byla pozadovéana vysokd specifickd u¢innost na patogenni
organismy s diirazem na to, aby se tyto latky dale neakumulovaly v Zivotnim prostiedi. Pii
ochrané materidlli byla vyzadovana ucinnost proti Siroké Skale organismil, dlouhodoba
stabilita latky a odolnost vici alkalické hydrolyze (Bruns et al., 2005).

K nejvétsimu rozvoji azolovych fungicidii dochazelo predevsim v 70. a 80. letech
20. stoleti. Mnozstvi pouzivanych diazolovych a triazolovych fungicidi pouzivanych
k ochrané rostlin, ale i osiva, v poslednich deseti letech vyznamné vzrista jak v Evropé,
tak na celém svété (FAOSTAT, 2011). Proto je velmi dualezité pochopit jejich chovani
v Zivotnim prostiedi a odhadnout a nasledné omezit mozna rizika, kterd mohou byt spojena
s jejich aplikaci. Tyto latky mohou byt charakterizovany jako pétiClenné substituované
aromatické heterocykly obsahujici substituovany a nesubstituovany atom dusiku vzajemné
vpoloze 1,3 a piipadny tieti dusik je v poloze 1,2 k substituovanému dusiku. Na
substituovaném dusiku je navédzéna lipofilni skupina zahrnujici benzenovy kruh.
Fungicidni ucinek azoll je primarné zalozen na inhibici biosyntézy ergosterolu, ktery je
charakteristickym sterolem pro mnoho vysSich hub (ascomycetes, basidiomycetes, ale i
funghi imperfecti). Inhibici enzymu C-14 demethylazy, ktery katalyzuje 14-a-demethylaci
lanosterolu, nedochdzi k preméné lanosterolu v ergosterol. Nasledkem toho neobsahuji
plazmatické membrany hub ergosterol, ¢imz dochdzi ke zméné pruznosti membran a
k omezenému rastu hub (Paulus, 2005). Hlavni roli pfi inhibici biosyntézy sterolli hraje
nesubstituovany atom dusiku v pozici 1,3, jenz komplexuje s atomem zeleza, ktery se
nachazi v protohemu, ktery je soucasti cytochromu P-450 (koenzym demethylazy) (Gadher
et al., 1983). Dale fungicidné pusobi i lipofilni skupiny, které jsou soucasti azolovych
fungicid. Ty jsou adsorbovany na povrchy bunék a méni tak permeabilitu membran.
Atomy chloru, které jsou véazany na benzenovy kruh azolovych fungicidi zlepSuji

rozpustnost u¢innych latek v lipidech (Paulus, 2005).



2.2.1 Tebuconazole

Tebuconazole [(RS)-1-p-chlorfenyl)-4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)
pentan-3-ol] patii do skupiny triazolovych fungicidi a je pouZivan proti Sirokému spektru
houbovych patogenit (fémové hniloby brukvovitych, Cerni fepkové, hlizence obecné,
fuzariéze klasi, padli chmelovému, moniliové spale peckovin, moniliové hnilobé
peckovin, rzi slivoné, snéti mazlavé, snéti prasné jecné, braniCnatce plevové, padli
travnimu, rzi, hnédé skvrnitosti je¢mene, rynchosporiové skvrnitosti, padli révovému,
plisni révové, plisni Sedé, strupovitosti, atd.) a slouzi k ochran¢ mnoha zemédélskych
plodin (obilnin, révy vinné, fepky olejky, chmele otacivého, peckovin, slivoni, jadrovin,
atd.) (Registr piipravkli na ochranu rostlin, 2011). Jeho hlavni fyzikalné¢ chemické
vlastnosti jsou uvedeny v tabulce 1.

Utinna latka tebuconazole je obsaZzena v mnoha komerén& dostupnych piipravcich
(Cello, Falcon 460 EC, Hattrick, Horizon 250 EW, Lamardor FS 400, Lynx, Orius 25 EW,
Orius 5 FS, Orius 6 FS, Ornament 250 EW, Prosaro 250 EC, Raxil 060 FS, Raxil 515 FS,
Raxil ES, Raxil TNT, Scenic 080 FS, Staccato, Zamir 40 EW). Pro rizné zpiisoby pouziti
jsou na trhu pfipravky s touto aktivni latkou k dispozici v mnoha formulac¢nich upravach
(EW-emulze typu olej ve vodé, EC-emulgovatelny koncentrat, FS-kapalny suspenzni
koncentrdt pro moteni osiva, DS-praSek k suchému moteni osiva, SC-suspenzni

koncentrat, WG-ve vod¢ dispergovatelné granule, WP-smacitelny prasek) (FAO, 1994).

Tabulka 1. Fyzikalné-chemické vlastnosti tebuconazolu dle IUPAC (2011) a FAO (1994).

(RS)-1-p-chlorfenyl)-4,4-dimethyl-3-(1H-1,2,4-

Chemicky nazev triazol-1-ylmethyl)pentan-3-ol

CAS 107534-96-3
Chemicka skupina triazoly
CH,OH

H,C—C—C—CH,
CH;CH \CH / \ -—Cl
3 | 2 X

Vzorec v
N N>
/i
4
Molekulova relativni hmotnost 307,8
Rozpustnost ve vodé (g.I'") 0,036 (pti 20 °C)
Bod tani (°C) 105
log Ko 3,7 (pti 20 °C)
Koc (Lkg™) 803-1251
Degradace v pudé (d) 55,8-365




2.3 Sorpce organickych fungicida v padé

Organické fungicidy jsou pouZzivany pii ochran¢ mnoha zeméd¢lskych plodin a
pravé jejich rozsahlé pouzivani mize vést ke kontaminaci Zivotniho prostredi zahrnujici
kontaminaci pudy, ale i povrchovych a podzemnich vod. Hildebrandt et al. (2008) uvadéji,
ze koncentrace fungicidii v povrchovych i podzemnich vodach fek, které se nachazeji
v zem&d&lsky aktivnich oblastech, piesahovaly regulaéni limity (0,1 pg.l™) stanovené
Evropskou unii pro pitnou vodu (EC, 1998).

ProtoZe organické fungicidy patii do mnoha chemickych skupin, je jejich adsorpce,
transport a chovani v Zivotnim prostfedi ovlivnéno hlavné jejich fyzikalné-chemickymi

vlastnostmi a vlastnostmi prostiedi, ve kterém se nachdzeji (Wheeler, 2002).

2.3.1 Fyzikalné-chemické vlastnosti fungicidu ovliviiujici jejich sorpci v pudé

Mezi klicové procesy, které ovlivituji koncentraci a pohyb pesticidi/fungicidi
v pudnim prostiedi, patfi adsorpce (Kamrin, 1997; Gevao et al., 2000; Wheeler, 2002;
Huang et al., 2003; Arias-Estévez et al., 2008). Obecné¢ plati, ze sorpce fungicidl souvisi s
jejich rozpustnosti ve vodé (S) (g.I'") (tabulka 2), s rozd&lovacim koeficientem oktanol-
voda (K,,), distribu¢nim koeficientem (K,) a rozdélovacim koeficientem vztaZzenym na
organicky uhlik (K,.) (Wheeler, 2002).

Rozdélovaci koeficient K,, je definovan jako pomér rovnovaznych koncentraci
rozpusténé latky (naptf. pesticidu) ve dvoufizovém systému dvou omezené misitelnych
rozpoustédel-oktanolem a vodou:

Co

w

Kow -

kde C, je koncentrace latky v n-oktanolu (g.I") a C,, je koncentrace latky ve vod& (g.1™).

Cim je hodnota K,, vy$si, tim maji fungicidy vétsi schopnost sorbovat se v pudé a
sedimentech ¢i se kumulovat v bioté (hodnoty log K,,, vyssi nez 7 ¢i 8 indikuji, ze tyto
latky jsou v prostredi témét nemobilni a maji vysokou sorpéni schopnost) (Chamberlain et
al., 1996; Baird, 2003). Hodnota log K,, také zavisi na schopnosti pesticidu ionizovat se,
coz uzce souvisi s jeho konstantou kyselosti K, (Chamberlain et al., 1996; Gevao et al.,

2000).



Distribuéni koeficient K, (l.g”) popisuje distribuci fungicidu mezi pevnou a

kapalnou fazi:

Cs
Ce

Ka=

kde Cy je koncentrace sorbované latky v pevné fazi (g.g™), C. je rovnovazna koncentrace
latky v kapalné fazi (g.17).
Vyssi hodnoty K,; indikuji vys$si schopnost latky sorbovat se v pade¢.

Obsah organické hmoty v ptidé je jednim z hlavnich faktorti, které maji vliv na
sorpci azolovych fungicidll. Proto je dilezitym ukazatelem mobility fungicidi/pesticidl
hodnota rozd&lovaciho koeficientu K,. (1.g™), ktery je definovén stejné jako koeficient K
stim, ze distribuce fungicidu mezi pevnou a kapalnou cast je vztazena na obsah
organického uhliku v dané pidé (Sukop a Cogger, 1992; Monkiedje a Spiteller, 2002;
Lépez-Blanco et al., 2005).

Koc=&

oc
kde K, je distribu¢ni koeficient (l.g'l), F,. je frakce organického uhliku v ptdé
(bezrozmérné).

Mezi dalsi faktory, jimiz lze popisovat pohyb fungicidl v celém ekosystému, patii
tlak nasycenych par (P), biokoncentra¢ni faktor BCF a Henryho konstanta (H) (Wheeler,
2002); jejich vliv na chovani fungicidl v zivotnim prostiedi je schematicky znazornén na
obrazku 1. Hodnota tlaku nasycenych par vypovidéa o schopnosti latky piechazet do plynné
faze. Obecné volatilita latek roste s teplotou a v ptidé budou vice zadrzovany perzistentni
latky s nizkym tlakem par. BCF je definovan jako pomér koncentrace chemické latky
nalezené v bioté ke koncentraci v zevnim prostiedi a je pfimo imérny hodnotdm log K,,.
Henryho konstanta popisuje volatilitu latky z vodného roztoku. Cim je hodnota H vysi,

tim je latka t€kavéjsi a ma vyssi tendenci prejit z vodniho prostiedi do atmosféry.



Tabulka 2. Rozdéleni fungicidl dle rozpustnosti, mobility a jejich persistence v prostiedi.

(Kamrin, 1997; IUPAC, 2011).

Rozpustnost p¥i 20-30 °C (mg.l™) Priklad
Nerozpustné <1 quinoxyfen.
Mirng rozpustng 1-100 azoxystrobin, fludioxonil, mancozeb,
P penconazole, tebuconazole.
Rozpustnd 100—10000 metalaxyl, propiconazole,
pyrimethanil.
Velmi rozpustné > 10000

Polocas rozpadu fungicidi v piudé (d)

cyprodinil, mancozeb, metalaxyl,

Malo perzistentni <30 propiconazole, pyrimethanil,
quinoxyfen.
azoxystrobin, fludioxonil, metalaxyl,

Mirn¢ perzistentni 30-100 propiconazole, pyrimethanil,
quinoxyfen, tebuconazole.
fludioxonil, penconazole,

Vysoce perzistentni > 100 pyrimethanil, quinoxyfen,
tebuconazole.

Mobilita fungicida dle klasifikace SSLRC? (K,,. ml.g'l)

Velmi mobilni <15

Mobilni 15-74 metalaxyl.

Mirn¢€ mobilni 75-499 metalaxyl, pyrimethanil.
azoxystrobin, mancozeb,

Nepatrné mobilni 500-4000 penconazole, propiconazole,
pyrimethanil, tebuconazole.

Nemobilni > 4000 fludioxonil, quinoxyfen.

* Soil Survey and Land Research Centre, Cranfield University, UK

Obrazek 1. Hlavni faktory ovlivilujici chovani fungicidi v zivotnim prostfedi Wheeler

(2002).
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2.3.2 Vlastnosti pudy ovliviiujici sorpci fungicida

Fungicidy jsou v pid¢ sorbovany na plidni castice. Do jaké miry se fungicidy
v pudé sorbuji, ovliviluje predevSim: obsah a sloZeni organické hmoty, obsah jilovych
mineralti a oxyhydroxidu, velikost ptidnich ¢astic, pH, atd. (Iglesias-Jiménez et al., 1997;
Gevao et al., 2000; Clausen a Fabricius, 2001; Fernandes et al., 2006; Pateiro-Moure et al.,
2009).
obsah organické hmoty v pid¢ (Riise et al., 2001; Berenzen et al., 2005; Fernandes et al.,
2006; Rodriguez-Cruz et al., 2006) a kvalita a slozeni organické hmoty (Fernandes et al.,
2006). Pokud humusové latky obsahuji vy$s$i mnoZzstvi rozpustné organické hmoty, sorpce
organickych fungicidi mulZe byt niz$i diky kompetici rozpustné organické hmoty a
fungicidu o nespecifickd sorpcni mista (Fernandes et al., 2006). Andrades et al. (2001) a
Monkiedje a Spiteller (2002) zdlraziuji, ze také obsah jilovych minerali zna¢né ovliviiuje
retenci fungicidl v pidé a sorpce fungicidii pfi nizkém obsahu piidni organické hmoty je
pfevazné ovlivnéna piidnimi mineraly (Sukop a Cogger, 1992; Sharma a Awasthi, 1997) a
obsahem Fe, Mn-oxyhydroxida v ptidé¢ (Thorstensen et al., 2001). Dulezitou roli pfitom
hraje charakter mineral (Singh, 2005). Z toho vyplyva, Ze sorpci fungicidi ovliviiuje
hlavné sloZeni piidy a kvalita jednotlivych ptidnich komponent. Lze tedy usuzovat, Ze pidy
s nizkym obsahem jilu ¢i organické hmoty by mély byt obohaceny ptidavkem téchto
slozek, ¢imz by bylo zabranéno proplavovani fungicidi do spodnich vod (Komarek et al.,

2010).

2.3.3 Sorpce tebuconazolu v pudé

Sorpce a stejné¢ tak 1 degradace tebuconazolu v puadeé je pievazné ovlivnéna
obsahem pidni organické hmoty (Berenzen et al., 2005). Hodnoty K,. se pohybuji v
rozmezi 803—1251 L.kg™' v zavislosti na slozeni pidy. Tyto hodnoty poukazuji na vysokou
afinitu tebuconazolu k organickému uhliku. Velmi dulezity je ale i obsah jilovych castic.
Hodnoty K se pohybuji v rozmezi 7,7 (prach) az 12,4-16,4 Lkg™ (pis¢itohlinita pida), coZ
indikuje, ze pudy s vysSim obsahem jilovych Castic maji vétsi schopnost sorbovat
tebuconazole (FAO, 1994; Bending et al., 2007). Jeho polocas rozpadu se pohybuje mezi
55,8-365 dny (IUPAC, 2011) v zavislosti na mnoZstvi aplikovaného fungicidu a ptidnim
typu. Mnozstvi tebuconazolu adsorbovaného na plidu se pohybuje mezi 28%—74% (FAO,
1994). Dalsim faktorem, ktery ptispiva k vyssi sorpci tebuconazolu, je vegetacni pokryv.
Distribuéni koeficient tebuconazolu na plidach s vegetacnim pokryvem byl az 4krat vétsi,

kvili vy$simu mnozstvi organické hmoty ve svrchnim ptidnim horizontu (Dousset et al.,



2010). Tebuconazole je detekovéan hlavné v hornich vrstvach pidy (0—15 cm), a proto by
nem¢lo dochazet k jeho pruniku do spodnich vod (FAO, 1994). I pfesto byly naméfeny
koncentrace tebuconazolu v povrchovych vodach v Braunschweigu (Némecko), které
dosahovaly hodnot a7 9,1 pg.1" pfi aplikovaném mnozstvi fungicidu 250 g.ha™ (Berenzen
et al., 2005). Uvazime-li, Ze fungicidy mohou byt akumulovany a adsorbovany na pidni
Castice, lze predpokladat, ze nasledkem toho miize dochézet k vyraznému ovliviiovani
pudnich organismi a ekosystému. Po aplikaci tebuconazolu byl v pidach s nizkym
obsahem pudni organické hmoty sledovan pokles aktivity enzymu dehydrogenazy
(Bending et al., 2007). Podobné vysledky uvadéji i Cycon et al. (2006) a poukazuji na

negativni pisobeni tebuconazolu na nitrifikacni bakterie a bakterie fixujici vzdusny dusik.

2.4 Degradace organickych fungicidi v pudé

Stejné jako sorpce je 1 degradace fungicidli ovlivnéna jejich fyzikdlné-chemickymi
vlastnostmi, piidnimi vlastnostmi, vegetacnim pokryvem pidy ¢i mikrobidlnim aktivitou v
pude. Vzhledem k tomu, Ze fungicidy patfi do mnoha chemickych skupin, je velmi tézké
popsat obecné principy jejich degradace. Proto bude tato ¢ast zamétena pouze na degradaci
tebuconazolu v pidé. Degradace tebuconazolu v piidé¢ je zndzornéna na obrazku 2. Podle
FAO (1994) vétSinu rezidui v pudé tvofil tebuconazole, 32% produktii rozkladu oxid
uhlicity a pouze 0,8—3,5% bylo tvofeno ostatnimi produkty (v malém mnozstvi byl tvofen
1,2,4-triazol, ktery byl dale také degradovan na oxid uhli¢ity). FAO (1994) uvadi, ze
prumérny polocas rozpadu tebuconazolu je v polnich podminkach 100 dni. Jak jiz bylo
zminéno diive, polocas rozpadu zalezi na fyzikdlné-chemickych vlastnostech pesticidu a
pudnich podminkach. Vys$si vlhkost a teplota pldy v kombinaci s nizkym obsahem
organického uhliku mtize vést k rychlejsi degradaci tebuconazolu. Diky nizkému obsahu
organického uhliku dochazi k mensi sorpci a tebuconazole se tak stava 1épe biodostupnym.
Poloc¢as rozpadu byl za téchto podminek az 7krat nizsi (Strickland et al., 2004), nez byly
hodnoty uvedené napt. v [IUPAC (2011). Dalsi faktor, ktery ovliviiuje polocas rozpadu je
vegetatni pokryv. Vegetace pfispiva k vétsi mikrobidlni diverzité¢ vpiadé a tim
podporuje rychlejsi degradaci tebuconazolu (FAO, 1994).

Ptestoze je tebuconazole pouzivan proti chorobam zplisobenym houbami, praveé
houby a jiné mikroorganismy mohou pfispivat k jeho pfeméndm a degradaci. Obanda a
Shupe (2009) uvadéji, Ze izolaty z hub Meruliporia incrassata, Chaetomium globosum a
Trichoderma harzianum mohou degradovat tebuconazole v kapalném médiu béhem 21 dni.

Tebuconazole v pevném médiu (dfeve) byl velmi dobfe degradovan houbami Trametes



versicolor a Fomitopsis palustris. Jiné houby (Phanerochaete chrysosporium, Laetiporus
sulphureus, Coniophora puteana, Trichoderma harzianum) byly schopné na této matrici
rust (Woo et al., 2010) a lze tedy ptredpokladat, Ze po delsi expozici tebuconazolu by ho
byly taktéZ schopny degradovat.

Hlavni krok detoxifikace je Stépeni triazolového kruhu, ktery je odpovédny za
fungicidni charakter latek. Jakmile tedy dojde ke zniCeni triazolového kruhu, molekula
ztraci svoji schopnost inhibovat rist organismt. V disledku toho se pak mikroorganismy
mohou opét tspésné vyvijet. Kromé toho dochazi k oxida¢nim reakcim na terc-butyl
skupin¢ a oxidacni produkty jsou dale metabolizovany acetylaci. Vzniklé produkty
rozkladu jsou netoxické (Obanda et al., 2008).

Strickland et al. (2004) uvadéji, Zze rozkladem tebuconazolu v pudé vznikaji 4
hlavni produkty rozkladu - PR1, PR2 (y-lakton), PR3 (y~hydroxy kyselina-forma y—
laktonu) a PR4 (Obrazek 3), kde PR2 a PR4 odpovidaji produktim rozkladu tebuconazolu
KFE 1224 a STJ 5706 dle FAO (1994). Z jejich studie vyplyva, ze pii degradaci
tebuconazolu byl v nejvyssi mife tvoren PR3 (tvofil témét 50% produktl rozkladu) a
nasledné¢ PR2 (tvotil 15% vSech produktii rozkladu). Dalsi dva produkty rozkladu PRI
s PR4 byly tvofeny minimalné (méné nez 2% vsech produktt rozkladu). Podobné vysledky
byly zjistény ve studii Potter et al. (2005), kdy byly detekovany produkty rozkladu PRI,
PR2 (y-lakton) a PR4 (obrazek 3). PR3 nebyl detekovan pravdépodobné z diivodu jeho
rychlé pfemény na PR2. PR2 vtomto ptipadé tvotil 92-97% produkti rozkladu

tebuconazolu, zatimco PR1 a PR4 pouze 1%.
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Obrazek 2. Degradace tebuconazolu v ptidé (FAO, 1994).
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Obrazek 3. Hlavni produkty rozkladu tebuconazolu v ptid¢ (Strickland et al., 2004).
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2.5 Interakce organickych pesticidi a fungicidi na bazi médi

2.5.1 Sorpce médi v pudé

Pozad'ové obsahy Cu v nekontaminovanych pudach jsou ovlivnény matecni
horninou, ze které byly pady tvoreny a dosahuji praimémych hodnot 30 mg kg™ (Adriano,
2001). Rozpustnost a mobilita médi je hlavné ovlivnéna hodnotou pH ptidy; nejdostupné;si
je meéd’ pti hodnotach pH 6 (Adriano, 2001; Celardin et al., 2004; Boudesocque et al.,
2007). V kyselych ptdéach tedy Cu mize snadno migrovat pidnim profilem a zpusobit tak
znecisténi podzemnich vod (Névoa-Muiioz et al., 2007). Méd’ je v pudach adsorbovana
hlavn€ na piidni organickou hmotu a hydroxidy Zeleza a manganu, v mensi mife pak na
jilové mineraly (Parat et al., 2002; Bradl, 2004). Nicmén¢ ptdni organickd hmota mize
ovlivnit mobilitu Cu dvéma zptsoby. Zatimco nerozpustnad piidni organicka hmota puasobi
jako sorbent Cu, rozpustna pidni organicka hmota s Cu komplexuje a tim zvySuje jeji
rozpustnost zvlasté pii zasaditém pH (cca 7,5) ptidy (Arias et al., 2006; Ferndndez-Calvifio
et al., 2008; Martinez-Villegas a Martinez, 2008). DalSim dilezitym faktorem, ktery

ovlivituje mobilitu a biodostupnost Cu v pidach jsou pudni uhli¢itany. Aktivita Cu ve
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vapenatych pidach je do znaéné miry kontrolovana precipitaci CuCO3 (Ponizovsky et al.,
2007). Dulezitym retenénim mechanismem je srazeni nové se tvoricich Cu fazi mezi které
patii: Cu(OH),, CuCO3/Cuy(OH),CO3, CuO. Pokud se v pidach nachazi sirany (napft.
z aplikaci Bordeauxské jichy), dochazi ke sraZeni a tvorb& mnoha hydroxysulfati (Ma et
al., 2006; Ponizovsky et al., 2007; Komarek et al., 2009). Aplikaci fosfati do pidy (napf.
ve form¢é hnojiv) dochazi ke tvorbé novych fazi, coz nasledné¢ muize snizovat mobilitu

rizikovych kovt v pidé (Cao et al., 2003; Pérez-Novo et al., 2009).

2.5.2 Interakce mezi organickymi pesticidy a médi

Jak jiz bylo uvedeno diive, prvotné byly proti houbovym chorobdm pouZivany
fungicidy na bazi Cu. V disledku toho poté dochazelo k akumulaci Cu v hornich pidnich
horizontech (Arias et al., 2004). Pravé obsah Cu v pidé¢ ale mize vyznamné ovliviiovat
adsorpci organickych fungicidt. Pateiro-Moure et al. (2007) se zabyvali studiem interakci
mezi Cu a organickymi herbicidy (paraquat, diquat, difenzoquat) a zjistili, Ze pfi
zvySenych koncentracich Cu miize dochazet k vytésiovani difenzoquatu z adsorpcnich
mist. Arias et al. (2006) uvadéji, ze pritomnost Cu nijak neovlivnila sorpci organického
fungicidu metalaxyl. Na druhou stranu ale pfidavek Cu zvysil sorpci fungicidu
penconazole diky tvorbé komplexi Cu-penconazole, které mély vyssi afinitu k pidnim
koloidlim. Podobné byly tvotfeny komplexy i pii interakcich Cu s herbicidem glyfosat
(zvlasté v kyselych ptidach) (Morillo et al., 2000) a dale pii interakcich Cu s fungicidem
tebuconazole (Zhang and Wu, 2005; Evans et al., 2007; Jaklova Dytrtova et al., 2011). Jak
jiz bylo zminéno dfive, interakce Cu s organickymi pesticidy ovliviiuji jejich toxicitu a
chovani v pudé¢. Jacobson et al. (2005) uvadéji, ze zvySené koncentrace Cu vyznamné
ovlivnily zmény ve slozeni mikrobialni populace, a tim transport diuronu v ptidé. Z tohoto
divodu je velmi dulezité sledovat jednotlivé interakce mezi anorganickymi a organickymi
fungicidy. Diky detailnimu studiu téchto latek a jejich chovani v pidé¢ je mozné
ptedpovidat jejich chovani v ptidnim profilu a popft. tak omezit negativni dopady na zivotni

prostiedi.

13



3. Hypotézy a cile prace

Cilem této prace je posouzeni vlivu odlisSnych pidnich podminek (typ ptid, zastoupeni
pudnich mineralli, obsah ptidni organické hmoty, hodnota pH, pfitomnost Cu) na retenci
organického fungicidu tebuconazole v pidach. VSechny experimenty jsou provadény

pomoci rovnovaznych vsadkovych (,,batch®) experimentd.

Cile prace jsou formulovany na zakladé téchto hypotéz:

1) Hypotéza: Odlisné slozeni ptid (obsah a sloZeni organické hmoty, zastoupeni
pudnich minerali, popt. hodnota pH) mize vyrazné ovlivnit sorpci

tebuconazolu.

Cil: Studium retence tebuconazolu v kontrastnich typech plid (kambizem, regozem,

rendzina) — vsadkové (,,batch®) experimenty.

2) Hypotéza: Odlisné sloZeni a vlastnosti vybranych minerald a huminovych kyselin
(napt. specificky povrch) mohou vyznamné ovlivnit sorpci
tebuconazolu. Rozdilné pH hodnoty mohou také vyrazné ovlivnit sorpci

tebuconazolu.

Cil: Studium retence tebuconazolu na vybranych synteticky pfipravenych pidnich
minerdlech (birnessit, ferrihydrit, goethit, kalcit), illitu a huminovych

kyselinach v zavislosti na pH.

3) Hypotéza: Piitomnost Cu ¢i tvorba Cu-azol komplexli, mohou ovliviiovat
adsorpci tebuconazolu na pudni ¢astice ¢i mineraly, popi. kompletné

zmenit adsorpcni mechanismy.

Cil: Studium vlivu ptitomnosti Cu (popt. tvorby Cu-tebuconazole komplexit)

na adsorpci tebuconazolu — vsadkové (,,batch) experimenty.
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4. Material a metody

4.1 Sorpce tebuconazolu na synteticky pripravené mineraly a huminové kyseliny

Ferrihydrit a goethit byly pfipraveny podle metody popsané v publikaci
Schwertmann a Cornell (2000), birnessit dle McKenzie (1971) a kalcit dle Vanék et al.
(2010). Illit (standard IMt-1) byl zakoupen z The Source Clays Repository (Purdue
University, Indiana, USA). Huminové kyseliny stejné¢ jako ostatni chemikalie byly
zakoupeny od Sigma-Aldrich (USA). Syntetické mineralni faze byly ovéfeny pomoci XRD
a voltametrie mikroc¢astic. Veskeré chemikalie byly cistoty p.a. Hlavni charakteristiky

vybranych minerall jsou uvedeny v tabulce 3.

Tabulka 3. Hlavni charakteristiky vybranych minerald.

Specificky
Mineral Vzorec povrch

(m’.g™)
Birnessit K4Mn,40,7.9H,0 35,4-36,2 [*"]
Kalcit CaCOs 4,8-5,8 [ed]
Ferrihydrit FesHOg-4H,0 200-320 [
Goethit 0-FeOOH 20 !
Tlit (K,H30)Al,(Si,Al);0,0(OH), 111

% Cheney et al. (2008); ° O’Reilly a Hochella (2003); € Mihajlovié et al. (2009); ¢ Clausen
et al. (2001); © Schwertmann a Cornell (2000); f Wei et al. (2006)

Tebuconazole byl pouzit ve form¢ standardu zakoupeného v Institute of Industrial
Organic Chemistry, VarSava (Polsko) a ve formé komercné dostupného vyrobku Horizon
250 EW vyrobeného v Bayer CropScience (Némecko). VSechny ostatni chemikalie
(methanol, ethylacetat) byly cistoty Chromapur G a byly zakoupeny v Chromservisu
(Ceské Republika).

Tebuconazole ve formé standardu byl rozpustén v methanolu (1g.1") a uchovéavan
vchladu a tmé. Z tohoto roztoku byly dale pfipraveny roztoky tebuconazolu o
koncentracich (50-175 mg.1™") v 0,01 M CaCl,. 0,01 M CaCl, byl zvolen jako pozadovy
elektrolyt vzhledem k jeho Sirokému pouziti v jinych studiich (Clausen et al., 2001; Jia et
al., 2007; Baglieri et al., 2009) a déle byl tento elektrolyt doporucen pii vsaddkovych
(,,batch®) experimentech smérnici OECD 106 (2000). Methanol byl poté odstranén pomoci
rotatni vakuové odparky (Rotavapor R-215, Biichi, Svycarsko).

Roztoky tebuconazolu zkomeréné dostupného prosttedku Horizon 250 EW o
koncentracich (50-175 mg.I"") byly pfipraveny rozpusténim daného mnozstvi p¥ipravku v

0,01 M CaCl,.
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Pidni mineraly a huminové kyseliny byly ponechdny 24 hodin k ekvilibraci v 0,01
M CaCl,. Déle nasledovala uprava hodnot pH suspenzi minerali piidavkem HCI ¢i
Ca(OH); na hodnoty pH 4, 5,5 a 7. Hodnoty pH suspenzi kalcitu (pH 7,3) a huminovych
kyselin (pH 3,3) nebyly upravovany vzhledem k jejich vysoké pufracni kapacité.

K 40 ml suspenze mineralid/huminovych kyselin bylo pfidano 10 ml roztoku
tebuconazolu o pozadovanych koncentracich, vzorky byly ponechéany 24 hodin na tfepacce
(GFL 3017 orbital shaker, Némecko) a poté centrifugovany 10 min pii 7000 ot/min
(Hettich Universal 30 RF centrifuge, Némecko). Odebrany supernatant (45 ml) byl
extrahovan 1 hod na tfepacce organickym rozpoustédlem ethylacetat (20 ml), ktery byl
nasledn¢ odebran a analyzovan pomoci GC/MS (Agilent Technologies 6890N/5975,
USA). Vsechny vzorky byly provedeny ve tfech opakovanich a ve tmé.

Chromatograficka separace byla provedena na koloné¢ RTX-50 (délka 30 m, pramér
250 um, tloustka filmu 0,25 pm). Jako nosny plyn bylo pouzito helium cistoty 5,0 s
pritokem 2,5 ml.min™. Nastiik (1pl) byl proveden v metodé& splitless pfi teplots 280 °C.
Hmotnostni spektrometrickd detekce byla provedena ve SCAN rezimu. Pro kalibraci byly

pouzity roztoky tebuconazolu ptipravené ze standardniho materidlu.

4.2 Sorpce tebuconazolu na kontrastni typy pud

Byly vybrany a odebrany tii kontrastni typy ptid (kambizem, regozem a rendzina).
Hlavni piidni charakteristiky danych pud jsou uvedeny v tabulce 4.

Roztoky tebuconazolu byly piipraveny stejné jako v predeslém experimentu.

K5 g zeminy bylo pfidano 50 ml roztoku tebuconazolu o pozadovanych
koncentracich. Vzorky byly ponechany 48 hodin na tfepacce a poté centrifugovany 10 min
pii 7000 ot/min. Odebrany supernatant (45 ml) byl extrahovan 1 hod na tfepacce
organickym rozpoustédlem ethylacetat (20 ml), ktery byl nasledné¢ odebran a analyzovan
pomoci GC/MS (Agilent Technologies 6890N/5975, USA). VSechny vzorky byly

provedeny ve tiech opakovanich a ve tmé.
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Tabulka 4. Hlavni charakteristiky kontrastnich typu pid.

Rendzina Regozem Kambizem

Zastoupeni pudnich ¢astic (%)
Jil 0,4 1,3 3,2
Prach 30,6 6.4 32,6
Pisek 69,0 92,3 64,2
pH H20 7,4 6,7 5 ,6
pH KCl 7,0 6,4 4,7
pH ZPC 7,7 6,5 5,1
KVK * (cmol.kg™") 28,3 10,1 31,5
TOC " (%) 3,36 1,16 3,78
TIC € (g.kg ") 3,10 - -
Obsah amorfnich a slabé krystalickych oxidi a hydroxidi Fe, Mn a Al (g.kg ")
Fe 2,23 1,91 1,63
Al 1,55 1,14 2,55
Mn 0,30 0,10 0,69
Identifikované mineraly

kiemen kiemen kiemen

kalcit muskovit muskovit
albit albite albite
ortoklas ortoklas ortoklas
illit amfibol illit
kaolinit klinopyroxen  klinochlor
illit
klinochlor

Huminové latky (%)
Huminové kyseliny 74,1 59,2 55.0
Fulvokyseliny 3,7 8,5 8,3
Hydrofilni kyseliny 15,4 15,9 26,3
Hydrofobni neutralni organicka hmota 6,8 16,4 10,4

- pod mezi detekce

* kationtova vymeénna kapacita

® celkovy obsah organického uhliku

¢ celkovy obsah anorganického uhliku

4.3 Sorpce tebuconazolu a Cu na kontrastni typy pud, huminové Kkyseliny a

synteticky pripraveny mineral ferrihydrit

Roztoky tebuconazolu o riznych koncentracich byly pfipraveny stejn¢ jako v

predeslych experimentech. Zasobni roztoky Cu (v 0,01 M CaCl,) byly pfipraveny tak, aby

latkové mnozstvi Cu a tebuconazolu bylo stejné, tedy byl zachovan pomér tebuconazole :

Cu (Teb : Cu) 1 : 1. Déle byly ptipraveny zasobni roztoky s pomérem Teb : Cul :4 a4 :

l.

Sorpéni experiment byl provadén stejné jako v predchozich ptfipadech a za identickych

podminek. Jedinym rozdilem je ptidavek zasobniho roztoku médi do suspenze ferrihydritu,

huminovych kyselin ¢i pid. Obsah médi byl analyzovan za vyuziti optické emisni
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spektrometrie s indukéné vdzanym plazmatem (ICP-OES) na pfistroji Varian VistaPro
(Varian, Australie).

Mnozstvi sorbovaného tebuconazolu na mineraly, huminové kyseliny ¢i pudy bylo
vypocitdno zrozdilu pocateéni koncentrace tebuconazolu a rovnovdzné koncentrace

tebuconazolu po jeho sorpci (vztazené na objem kapalné fdze a mnozstvi dané matrice).

4.4 Sestrojeni adsorp¢nich izoterem
Adsorpcni izotermy byly sestrojeny pomoci nasledujicich rovnic:
(1) Langmuirova izoterma sestrojend pomoci nasledujici rovnice:

KC

S:SII]aX X—
1+ KC (1)

(i1) Sigmoidalni Langmuirova izoterma sestrojena pomoci nasledujici rovnice:

KC
S = Smax X
s
1+ KC+ —
¢ 2)
(i11) Freundlichova izoterma sestrojena pomoci nasledujici rovnice:
S=K,xC"
! 3)

kde Sje koncentrace sorbovaného tebuconazolu (pumol.g™), Sy je maximalni
koncentrace sorbovaného tebuconazolu (umol.g"), C je rovnovazna koncentrace
tebuconazolu (umol.I"), K je LangmuirGv adsorpéni koeficient (L.umol™), s je konstanta
vztahujici se k omezeni adsorpce (gl'), konstanty K/ (l.g') a n (bezrozmérna)

charakterizuji kapacitu a intenzitu adsorpce.

Langmuirovy a Freundlichovy izotermy byly sestrojeny podle programu vyvinutého k
ziskani parametri izoterem (pomoci souctu nejmensSich C¢tverci) a modelu ucinnosti
(Bolster a Hornberger, 2007). Sigmoidalni Langmuirovy izotermy byly sestrojeny pomoci
metody souctu nejmensich ¢tvercii v programu Mathematica 7 (Wolfram Research, Inc.,

2008).
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5. Vysledky a diskuze

Organické a anorganické prostredky k ochrané¢ zemédélskych plodin patii mezi latky,
které budou stale hojné¢ vyuzivany. Jak jiz bylo zminéno diive, mezi ¢asto pouzivané latky
k ochran& rostlin, osiv, ale i materidld patfi fungicidy ze skupiny triazold. V Ceské
Republice, ale i celosvétové vyrazné vstoupa spotieba fungicidii obsahujici G¢innou latku
tebuconazole (CR: 28,6 t/2003; 105,7 t/2010) (SRS; Statni rostlinolékarska sprava). I
pfesto, ze je tebuconazole ptevazné aplikovan na rostliny, dostava se do pludy pravé pii
aplikacich nebo smyvem z rostlin. Jedna se o latku, kterd se velmi dobfe sorbuje na ptdni
organickou hmotu, ale i ostatni piidni komponenty a mize se tak akumulovat v prostiedi a
negativné pusobit na pudni ekosystém. Dosavadni vyzkum byl pfedevSim zaméien na
sledovani degradace tebuconazolu ¢i jeho vliv na rostliny a pidni mikroorganismy.
V predlozené disertani praci je sledovdna sorpce tebuconazolu na odlisné typy ptd,
jednotlivé ptidni komponenty a interakce této ucinné latky s Cu, kterd byla jak v minulosti,
tak 1 dnes, béznou soucasti fungicidnich ptipravki. Nasledkem dlouhodobého pouzivani
fungicidid na bazi Cu, dochdzi k akumulaci Cu ve svrchnich ptidnich horizontech, coz
nadale ovliviiuje adsorpci organickych fungicidl (Arias et al., 2006; Komarek et al., 2010).
V ptipadé¢ azolovych fungicidii dochéazi k tvorbé Cu-azol komplext, které ovliviiuji sorpéni
schopnosti obou latek. Z obdrzenych vysledkli je mozné predikovat chovani tebuconazolu
v pudnim prostfedi a jeho schopnost interakce s anorganickymi fungicidy obsahujici Cu,
popft. tak omezit negativni vliv na zivotni prostiedi.

Pro sledovani sorpce tebuconazolu byly pouzity pidy s odliSnymi vlastnostmi a
sloZzenim (kambizem, regozem a rendzina). Mezi nejdtlezitéjsi faktory ovliviiujici sorpci
tebuconazolu patii rozdilny obsah piidni organické hmoty, jeji kvalita, slozeni a obsah
pudnich minerali a dalsi. Pro podrobnéjsi studii sorpce tebuconazolu na jednotlivé padni
komponenty byly pouzity synteticky pfipravené piidni minerdly (birnessit, ferrihydrit,
goethit a kalcit), illit a huminové kyseliny (pfedstavujici pidni organickou hmotu).
Mineraly byly vybrany na zakladé jejich odlisSnych vlastnosti, a také proto, ze jsou
béznymi slozkami pud a tvoii vyznamnou slozku pudniho sorpéniho komplexu.

Tebuconazole byl pouzit ve formé standardni latky, ale také ve formé komercné
dostupného ptipravku Horizon 250EW. VétSina studii zabyvajici se chovanim fungicidi
v Zivotnim prostfedi, provadi experimenty s ¢istymi chemikaliemi 1 pfesto, Ze
v zemédélské praxi nejsou vtéto form€ pouzivany. Aditiva pfitomna v komercné
dostupnych prostfedcich mohou vyznamné ovlivnit chovani fungicidd v prostredi. Jejich
funkci je pfedevSim usnadnéni aplikace, zvySeni efektivnosti ¢i zabranéni rekrystalizace

ucinné latky. Horizon 250EW obsahuje az 75% organickych aditiv (pfevazné N,N-
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dimethyldekanamid). Jak jiz bylo zminéno diive, tebuconazole vykazuje vysokou afinitu
k organickym latkam, a proto lze predpokladat, Zze pravé organicka aditiva mohou ovlivnit

jeho sorpci a chovani v pidnim profilu v porovnani s ¢istou chemikalii.

5.1 Sorp¢ni experimenty s tebuconazolem ve formé standardni latky

5.1.1 Sorpce tebuconazolu ve formé standardni latky na synteticky
pripravené mineraly a huminové kyseliny

Jednim z naSich cilt bylo objasnit, zda odlisné slozeni a vlastnosti vybranych mineralt
a huminovych kyselin mohou vyznamné ovlivnit sorpci tebuconazolu (viz Cadkova et al.,
2012). Adsorpcni izotermy byly nejlépe popsany sigmoiddlnimi Langmuirovymi
izotermami (ferrihydrit, goethit a birnessit) ¢i Langmuirovymi izotermami (illit, huminové
kyseliny). Jak jiz bylo uvedeno dfive, suspense minerala (kromé kalcitu) byly upravovany
na hodnoty pH 4, 5,5 a 7, aby byl nasledn¢ porovnan vliv rozdilnych hodnot pH na sorpci
tebuconazolu. Z vysledkll vyplyva, Ze odlisné hodnoty pH nemély vliv na sorpci
tebuconazolu ve formé Cisté chemikalie. Nejvyssi sorpéni schopnost vykazoval ferrihydrit
(28 pumol.g™), dale illit (9 pmol.g™) a sorpce tebuconazolu byla téméf zanedbatelna pro
goethit a birnessit. Tyto vysledky jsou v souladu s jinymi studiemi, které potvrzuji nizkou
adsorpci neiontovych pesticidl na ferrihydrit a goethit (Clausen a Fabricius, 2001). Kalcit
mé maly specificky povrch a pfi hodnotach pH pohybujicich se okolo hodnoty 7, na jeho
povrchu prevladaji mista bez naboje napt. —CaOH (Geffroy et al., 1999). Tyto skute&nosti
pravdépodobné prispély k tomu, ze sorpce tebuconazolu na kalcit nebyla zaznamenana. Na
rozdil od minerali byla sorpce tebuconazolu na huminové kyseliny vyrazné vyssi (89
umol.g™). Huminové kyseliny, které v tomto piipadé zastupuji piidni organickou hmotu,
jsou hlavnim faktorem ovliviiujicim sorpci tebuconazolu, coz potvrzuje obecné poznatky,
ze pudni organickd hmota sorbuje organické pesticidy daleko vice nez ostatni plidni
komponenty (mineraly véetné oxida) (Baglieri et al., 2009; Iglesias et al., 2009). Nicméné
Singh (2005) poukazuje na to, Ze obsah pudni organické hmoty neni nejdiilezitéjSim
faktorem a vyzdvihuje dulezitou roli jilovych minerdlii. NaSe data popisujici sorpci

tebuconazolu na illit s t€émito zaveéry ale piili§ nekoresponduji.
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5.1.2 Sorpce tebuconazolu ve formé standardni latky na kontrastni typy pud

DalSim cilem bylo zjistit, zda odli§né slozeni pid (obsah a sloZeni organické hmoty,
zastoupeni pidnich minerdld, popt. hodnota pH) mize vyrazné¢ ovlivnit sorpci
tebuconazolu (viz Cadkova et al., in press). Adsorpéni izotermy byly nejlépe popsany
Langmuirovymi izotermami. Z vysledki vyplyva, ze trend sorpce tebuconazolu na vybrané
pudy byl nésledujici: kambizem > regozem > rendzina. Kambizem obsahuje nejvyssi
obsah pidni organické hmoty, a na zaklad€ naSich vysledki byl potvrzen ptedpoklad, Ze se
na ni bude tebuconazole sorbovat v nejvyssi mife. Rozdilné tomu bylo ale u dalsich typi
pud. Ackoli rendzina obsahuje vice pudni organické hmoty nez regozem, byla u ni
pudni organické hmoty (ve smyslu obsahu hydrofobni neutralni organické hmoty a obsahu
huminovych, hydrofilnich a fulvokyselin) je dilezitym faktorem ovliviiujicim sorpci latek.
Regozem obsahuje vysoky podil hydrofobni neutralni organické hmoty, ktera podporuje
sorpci hydrofobnich organickych latek - mezi které tebuconazole patii (Kaiser et al., 2001),
coz mohlo pfispét k vyssi sorpéni schopnosti této piidy. Mnoho autorti uvadi také vysokou
schopnost sorpce huminovych kyselin v porovnani s fulvokyselinami (Sparks, 2003; Hiller
et al., 2009; Iglesias et al., 2009). Kambizem obsahuje nejvyssi mnozstvi huminovych
kyselin. Také ale obsahuje, stejn¢ jako regozem, vysoky podil fulvokyselin, které obecné
vykazuji niz$i afinitu k nepolarnim organickym latkam (Hiller et al., 2009). I pfesto, Ze je
tebuconazole nepolarni a kambizem a regozem obsahuji vysoky podil fulvokyselin, ob¢
pudy vykazuji vysokou schopnost sorbovat tebuconazole. Divodem je pravdépodobné
odliSny plvod a slozeni fulvokyselin. Sorpéni schopnost huminovych kyselin a
fulvokyselin zavisi hlavné na jejich ptivodu, stafi, ale i na okolnich vlastnostech prostiedi
napft. vegetaci, teploté. Sorpce dané latky se tak mtize az fadové lisit pravé v zavislosti na
ptivodu huminovych kyselin ¢i fulvokyselin (Niederer et al., 2007). Tyto poznatky
vysvétluji nizkou sorpéni schopnost rendziny, i pfestoZze obsahuje relativné vysoky podil
huminovych kyselin. Dal§im diivodem pro vyssi sorpci regozemé mize byt i vysoky obsah
jilovych minerala a jejich slozeni. Regozem a stejné tak 1 kambizem obsahuji klinochlor,
ktery patii do skupiny chloridl, u nichz byla zjiSténa schopnost sorbovat organické latky
(Koutsopoulou et al., 2010), coz v konec¢ném diisledku ptispélo k vyssi sorpcni schopnosti
regozemé. Singh (2005) shodné ve své studii uvadi nizsi sorpcni schopnost piid, i pfestoze
obsahuji vyssi obsah plidni organické hmoty. Z toho lze usuzovat, Ze také mnozZstvi a

sloZeni jilovych mineralti miize hrat vyznamnou roli pfi sorpci tebuconazolu.
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5.1.3 Sorpce tebuconazolu ve formé standardni latky na kontrastni typy pud,
huminové kyseliny a synteticky pripraveny mineral ferrihydrit
v piitomnosti Cu

Poslednim cilem bylo objasnit, zda pfitomnost Cu ¢i tvorba Cu-azol komplexti, mohou
ovlivilovat sorpci tebuconazolu na pudni ¢astice ¢i minerdly. Po vyhodnoceni vysledka byl
zji$tén nasledujici trend sorpce tebuconazolu (v pfitomnosti Cu) na kambizem a huminové
kyseliny (matrice obsahujici nejvyssi mnozstvi organické hmoty): vzorky bez ptidavku Cu
> a dale poméry Teb: Cul:4>1:1>4:1. Vysoka sorpce tebuconazolu u vzorkd, které
neobsahovaly Cu je pravdépodobné zplisobena kompetici Cu a tebuconazolu o adsorpéni
mista (Xu et al., 2005). Je zndmo, Ze tebuconazole je schopen tvofit komplexy s Cu (Zhang
a Wu, 2005; Evans et al., 2007; Jaklovad Dytrtova et al., 2011), nasledkem ¢ehoz muze
dochazet k vyssi sorpci této latky. Tento fakt potvrzuji ziskané vysledky, kdy vyssi pomér
Cu : Teb pftispél k vyssi sorpci tebuconazolu. Tebuconazole ve formé standardni latky
neobsahuje aditiva, kterd by podporovala jeho sorpci, proto je tebuconazole
pravdépodobné prvotné sorbovan na pliidni organickou hmotu a teprve poté na dalsi pidni
komponenty. Tuto domnénku podporuji vysledky ziskané pifi experimentu sorpce
tebuconazolu na ferrihydrit, kde mnozstvi sorbovaného tebuconazolu ve vzorcich, které
neobsahovaly Cu, bylo zanedbatelné. Naopak, vyssi sorpce tebuconazolu na ferrihydrit
byla pozorovéna, pokud byla v roztoku ptitomna Cu, coz opét poukazuje na pozitivni vliv
komplexace na sorpcni schopnost tebuconazolu. Podobny trend byl zaznamendn i u
regozemé, ktera obsahuje nejnizsi mnozstvi pudni organické hmoty, ale relativné vysoky
obsah amorfnich a slabé krystalickych oxidi Fe. Jako v piipadé ferrihydritu, vyssi
koncentrace Cu pozitivné ovlivnily sorpci tebuconazolu na regozem diisledkem tvorby
Teb-Cu komplexi. Nizsi koncentrace Cu (Teb : Cu4 : 1 a1 : 1) pravdépodobné nejsou
dostatecné k vytvoreni téchto komplexti a sorpce tebuconazolu je pak nizs§i nez u vzorkd,
které neobsahovaly ptidavek Cu. Podobné vysledky byly pozorovany i v ptipadé rendziny,
ktera na rozdil od regozemé obsahuje relativné vysoké mnozstvi pidni organické hmoty.
K nejvyssi sorpci tebuconazolu dochéazelo pfi poméru Teb : Cu 1 : 4, a déale pak

nasledovaly vzorky bez ptidavku Cu=1:1~4:1.
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5.2 Sorp¢ni experimenty s tebuconazolem ve formé komeréné dostupného

pripravku

5.2.1 Sorpce tebuconazolu ve formé komeréné dostupného piipravku na
synteticky pripravené mineraly a huminové kyseliny

Jak jiz bylo uvedeno diive, jednim z cilt této prace bylo objasnit, jestli odlisné slozeni
a vlastnosti vybranych minerdld ¢i huminovych kyselin mohou ovlivnit sorpci
tebuconazolu ve form& komeréné dostupného prostiedku (viz Cadkové et al., 2012).
Sorpce tebuconazolu ve formé komercniho ptipravku na ferrihydrit, goethit, a birnessit
byla vyznamné vétSi nez pii pouziti standardni latky. Adsorpéni izotermy téchto tii
mineral byly nejlépe popsany sigmoidalni Langmuirovou izotermou. Tento tvar kiivky je
pravdépodobné vysledkem kooperativni sorpce organickych aditiv pfitomnych
v komerénim prostiedku a tebuconazolu. Organicka aditiva, napi. surfaktanty, jsou
nejdiive sorbovany na povrch minerdll a poté podporuji a zvySuji sorpci dalSich
organickych latek, napt. fungicidi (Zhang et al., 2007). Nepolarni organické latky (napf.
tebuconazole) vykazuji nizkou afinitu k jilovym mineraliim. Pokud je tedy povrch pokryty
organickymi aditivy, jiné organické molekuly mohou byt poté snaze adsorbovany
(Limousin et al., 2007; Pose-Juan et al., 2010). Nejvyssi sorpéni schopnost vykazoval
ferrihydrit pii hodnoté pH 4 (202 umol.g™), pficemz se zvysujici hodnotou pH sorpce
klesala (shodné tomu tak bylo i u goethitu a birnessitu). Stejny trend byl popsan i v dalsi
studii zabyvajici se organickymi pesticidy (Clausen a Fabricius, 2001). Nicmén¢ Jia et al.
(2007) uvadégji sorpci jinych triazolovych latek i pti hodnotach pH 7. Sorpce tebuconazolu
na goethit byla zaznamenana pouze pfi nizké hodnoté pH 4 (0,015 pmol.g™") a byla v
porovnani s ferrihydritem o jeden tad niz$i. Podobné vysledky byly publikovany i u
iontovych pesticidii (Clausen a Fabricius, 2001). Divodem je pravdépodobné rozdilna
hodnota specifického povrchu minerali (200-320 m”.g” ferrihydrit a 20 m®.g" goethit)
(Schwertmann a Cornell, 2000). Sorpce tebuconazolu na birnessit byla opét vyssi pfi
niz§ich hodnotach pH (38 pmol.g") a byla az 10krat vys§i v porovnani se sorpci
tebuconazolu ve form¢ standardni latky. Totéz platilo 1 pro illit, kdy sorpce tebuconazolu
byla az 2krét vy$si (24 umol.g™), pokud byl tebuconazole pouZit v komeréni formé. Arias
et al. (2006) shodn¢ poukazuji na to, ze sorpce azolového fungicidu penconazole na illit
byla po ptidavku organickych surfaktanti vyrazné vyssi. Jako v predeslém experimentu
nebyla zaznamenana sorpce tebuconazolu na kalcit. Sorpce tebuconazolu ve formé
komer¢niho piipravku na huminové kyseliny byla opét mnohem vyss$i v porovnani

s vybranymi mineraly (s vyjimkou ferrihydritu). Adsorpéni izotermy popisujici sorpci této
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latky na huminové kyseliny byly nejlépe popsany Freundlichovou izotermou. Zdanliva
nizsi afinita tebuconazolu (v komerénim piipravku) k huminovym kyselindm (ve srovnéani
se standardni latkou) pii nizs§ich koncentracich byla pravdépodobné zptisobena kompetici
tebuconazolu a organickych aditiv pfitomnych v komerénim piipravku. Nicméné organicka
aditiva v komer¢nim prostfedku nijak neovliviiovala miru sorpce tebuconazolu na
huminové kyseliny. Jak jiz bylo zminéno dfive, huminové kyseliny, které zastupuji ptidni
organickou hmotu, jsou v porovnani s pidnimi mineraly nejefektivnéj§im sorbentem pro
organické fungicidy (Pose-Juan et al., 2010). Vyssi sorpce tebuconazolu na ferrihydrit (v
porovnani s huminovymi kyselinami) byla pravdépodobné zplsobena jeho velkym
specifickym povrchem, na ktery se mohou navéazat organickd aditiva, ktera nasledné
podpofti sorpci tebuconazolu.

Rozdil v sorpci tebuconazolu ve formé standardni latky a komerc¢niho pfipravku je
zpiisobem ptitomnosti aditiv (napi. N,N-dimethyldekanamid). Tebuconazole vykazuje
vysokou afinitu k organické hmoté¢ a pravé aditiva jsou témeét vyhradné organického
ptvodu. Sanchez-Martin et al. (2006) uvadéji podobné vysledky. Porovnavali sorpcni
schopnost pfirodnich minerdlli a minerali upravenych organickymi surfaktanty. Sorp¢ni
schopnost ptirodnich minerdlti byla mnohonédsobné nizsi v porovnani s modifikovanymi
mineraly. Sorpce azolovych fungicidii na takto upravenych minerdlech mize byt az
133krat vyssi prave kvili vys§imu mnozstvi organického uhliku, ktery surfaktanty obsahuji
(Rodriguez-Cruz et al., 2008). Nicméné mnozstvi adsorbovanych aditiv a déale téz
sledované latky, se li§i v zavislosti na typu ¢i specifickém povrchu mineralti. Tento fakt
vysvétluje sorpcei tebuconazolu na nami vybrané mineraly v potadi: ferrihydrit > birnessit >

goethit > illit > kalcit.

5.2.2 Sorpce tebuconazolu ve formé komer¢éné dostupného pripravku na

kontrastni typy pud

V praci Cadkova et al. (in press) zabyvajici se sorpci tebuconazolu na kontrastni typy
pud byla nejvyssi sorpce pozorovana u kambizemé > rendziny > regozemé¢. Stejné jako
v predeslém experimentu s tebuconazolem ve form¢ standardni latky je sorpce tohoto
fungicidu pfevazné zavisla na obsahu pudni organické hmoty. Kambizem obsahuje jeji
nejvyssi mnozstvi v kombinaci s nejvysSim obsahem hydrofobni neutrdlni organické
hmoty, kterd podporuje sorpci organickych latek a nejvySsim obsahem jilovych ¢astic a
oxyhydroxidi Mn. Piestoze se obsah plidni organické hmoty u rendziny a regozemé

znacn¢ lisi, vykazuji obé pidy podobné sorp¢ni schopnosti, ackoli vyssi obsah pldni
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organické hmoty rendziny vedl k jeji vyssi sorpci tebuconazolu. Relativné vysoka sorpce
tebuconazolu na regozem byla pravdépodobné zplsobena vys$$im obsahem a jinym
slozenim jilovych ¢astic a vy$Sim obsahem hydrofobni neutrdlni organické hmoty. DalSim
vysvétlenim je podobny obsah oxyhydroxidi Fe a Mn v obou pidach, z ¢ehoz vyplyva, Ze
dilezitymi slozkami plid ovliviiyjici sorpci tebuconazolu, je také zastoupeni téchto ptidnich
komponent. Podobn¢ jako pfi experimentu s vybranymi mineraly i v piipad¢ kontrastnich
typt pud byla s vyjimkou kambizemé vyssi sorpce zaznamenana, pokud byl tebuconazole
pouzit ve formé komer¢né dostupného prostiedku. K podobnym zavértim ve svych studiich

dospéli 1 Pose-Juan et al. (2010) a Rodriguez-Cruz et al. (2006).

5.2.3 Sorpce tebuconazolu ve formé komer¢éné dostupného pripravku na
kontrastni typy pid, huminové kyseliny a synteticky piipraveny

mineral ferrihydrit v pritomnosti Cu

Poslednim cilem bylo objasnit, zda pfitomnost Cu ¢i tvorba Cu-azol komplexi, mohou
ovlivilovat sorpci tebuconazolu (ve formé komeréné dostupného piipravku) na pidni
castice ¢i mineraly. Sorpce tebuconazolu na kambizem, regozem a huminové kyseliny pii
piidavku jednotlivych koncentraci Cu byla nasledujici: pomér Teb : Cul:4>1:1>4:1
> vzorky bez ptidavku Cu. Nejvyssi ptidavek Cu opét vedl k nejvyssi sorpci tebuconazolu
na dané matrice v dusledku tvorby Teb-Cu komplexti, které maji vyssi afinitu
k jednotlivym pladnim slozkam (Arias et al., 2006). Dilezitou roli opét hrala aditiva
piitomnd v komerénim produktu, kterd podpofila sorpci tebuconazolu na matrice
obsahujici organickou hmotu, a proto pravdépodobné nedochdzelo ke kompetici
tebuconazolu s Cu jako v ptipad¢ standardni latky. Sorpce tebuconazolu na rendzinu a
ferrihydrit méla nésledujici trend: vzorky bez ptidavku Cu>1:4>1:1~=4: 1. Sorpce
tebuconazolu na ferrihydrit byla vyrazné vyssi u vzorkt, které neobsahovaly piidavek Cu.
U vzorkl, které obsahovaly ptidavek Cu pravdépodobné dochazelo ke kompetici
organickych aditiv s Cu o adsorpcéni mista. V pfitomnosti Cu byla aditiva na ferrihydrit
sorbovana méng¢, s ¢imz nasledn¢ souvisi i mensi sorpce tebuconazolu na tento mineral. Na
druhou stranu, u vzorka, které obsahovaly Cu v riznych koncentracich, byl trend sorpce
tebuconazolu na ferrihydrit: 1 : 4 > 1 : 1 > 4 : 1. Tento trend sorpce tebuconazolu na
ferrihydrit byl pozorovan i u rendziny. Dlivodem mitize byt pravé vysoky obsah amorfnich
a slab¢ krystalickych oxida Fe v rendzin¢.

Sorpce tebuconazolu ve formé komercné dostupného piipravku byla opét vyznamneé

vys§i nez v experimentech s tebuconazolem ve formé standardni latky. Jak jiz bylo
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zminéno diive, je to pfedevsim zpiisobeno piitomnosti organickych aditiv (napt. N,N-

dimethyldekanamid).
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6. Zavéry a doporuceni pro vyuziti poznatki v praxi

Z obdrzenych vysledkii mizeme potvrdit, Ze mezi hlavni komponenty, které ovliviuji
sorpci tebuconazolu patii obsah a kvalita organické hmoty. Nelze vSak opomenout také
obsah a zastoupeni minerali a jilovych ¢astic, které ovliviiuji sorpci tohoto fungicidu. Mezi
dalsi faktory, které ovliviiuji sorpci tebuconazolu patii i hodnota pH, popf. pfitomnost
jinych prvki (napt. Cu). Z diivodu schopnosti tebuconazolu tvotit komplexy s Cu, dochazi
pravdépodobné v pritomnosti Cu k jeho vyssi afinité k plidnim ¢asticim a nasledné k vyssi
sorpci tebuconazolu na pidu a popiipadé 1 k jeho ndsledné akumulaci. Je taktéZ nutno
zdiraznit, Ze forma latky, ve které se dany fungicid vyskytuje, ma zasadni vliv na sorp¢ni
mechanismus a nasledné chovani dané latky v padnim profilu. Aditiva pfitomna
v komeréné dostupnych prostiedcich mohou zvySovat afinitu u¢inné latky k pidnim
Casticim a podporovat tak sorpci a akumulaci tebuconazolu v prostiedi. Proto by s ohledem
na vSechny zmiflované faktory, mél byt v zeméd¢lské praxi bran zretel na optimalni vybér
a aplikaci této latky vzhledem k danym charakteristikdm ptd, pouzivani pesticidnich latek
v minulosti, ale 1 klimatickym a hydrogeologickym vlastnostem daného regionu.

V redlnych podminkach byva pida ¢asto kvili ¢astym oSetfenim zemédélskych plodin
zneciSténa smesi kontaminantd organického i anorganického piivodu. Proto by bylo
vhodné zaméfit se a monitorovat interakce tohoto fungicidu s dal§imi kontaminanty, které
se do pudy dostaly pii predeslych aplikacich.

Komer¢né dostupné ptipravky s ucinnou latkou tebuconazole Casto obsahuji dalsi
fungicidni organické latky. Pfi aplikaci téchto smési muze dochédzet ke kompetici
jednotlivych aktivnich latek o sorpéni mista v pidé a néasledné zcela jinému mechanismu
sorpce tebuconazolu. Bylo by tedy vhodné sledovat sorpci tebuconazolu a dalSich
fungicidd, které jsou obsazeny v jednotlivych smésich komeréné dostupnych ptipravk.

Na zékladé ptedeslych studii, je tebuconazole povazovan za fungicid, ktery je
pfevazné sorbovan ve svrchnich pidnich horizontech a nevykazuje tak rizika spojena
s kontaminaci spodnich vod. I pfesto ale byly naméteny jeho koncentrace v povrchovych
vodach, které ptekracovaly limity dané evropskou unii pro pitnou vodu. Tyto udaje lze
vyuzit pti dalsich studiich, které by sledovaly moznost vyuziti pidnich aditiv (organické
hmoty, jilovych slozek) ke zvySeni retence tebuconazolu v piidach, a tedy ke sniZzeni
moznosti negativnich vlivli na Zivotni prostfedi spojenych s aplikaci tohoto fungicidu.
Vhodna aditiva, ktera by bylo mozno v bézné zemédé€lské praxi pouzit, by neméla
predstavovat vysoké ekonomické ndklady pro uzivatele. Bylo by tedy zajimavé vyuzit
organicky odpad z dal§ich zemédélskych sektorti (napt. odpady z produkce a ze zpracovani

ovoce, zeleniny, obilovin, vinné révy), potravinaistvi (vyroba vina ¢i piva), popi.
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biologicky rozlozitelny komundlni odpad ¢i odpad z produkce bioplynu a sledovat vliv
pridavku téchto latek do ptidy na mechanismus sorpce tebuconazolu, popt. jeho interakce s

dal$imi organickymi ¢i anorganickymi latkami.
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1. Introduction

Viticulture represents an important agricultural practice in many
countries and the long-term use of organic and inorganic pesticides
in vineyards has resulted into increased concentrations of these
pollutants in soils and other environmental compartments (e.g.,
Flores-Vélez et al., 1996; Ribolzi et al., 2002; Hildebrandt et al., 2008).
Contamination with metals and organic pollutants, together with
erosion and tillage, reduces the quality of the soils and poses im-
portant environmental and toxicological threats. Vineyard soils are
usually highly degraded soils in terms of biochemical properties
(Miguéns et al., 2007) and are thus more susceptible to contamina-
tion. During the last few decades, some European vineyards have been
abandoned, mostly those situated on steep slopes, which has led
to intensive soil erosion and subsequent dispersion of the pollutants
into the environment (Novoa-Muifioz et al., 2007a; Fernandez-Calvifio
et al., 2008a). Although synthetic organic fungicides are banned in
European organic viticulture, Cu-based fungicides, such as Cu(OH),,
copper oxychloride 3Cu(OH),-CuCl,, CuSO4 and Cu,0, are allowed
and indispensable for organic vine cultivation, at limited doses,
however (8 kg Cuha~! which should be further decreased to 6 kg
Cu ha™! after four years of vine cultivation) (EC regulation 473/2002).
Generally, the intensive use of fungicides in vineyards is currently a
cause of public concern, because of the resulting presence of pesticide
residues in water and wine products used for human consumption
(Jacobson et al., 2005). The aim of this review is to summarize
scientific literature published on the contamination of vineyard soils
with inorganic and organic fungicides and to evaluate the associated
environmental and toxicological hazards.

2. Copper-based fungicides in viticulture

Copper-based fungicides (such as the Bordeaux mixture, CuSO4 +
Ca(OH);) have been intensively used in Europe since the end of the
19th century to control vine (Vitis vinifera L.) fungal diseases, such
as downy mildew caused by Plasmopara viticola. Additionally, other
Cu compounds have been introduced including Cu-oxychloride 3Cu
(OH)3- CuCly, CuSO4-3Cu(0OH),, Cuy0, Cu(OH),, etc., and their long-
term application and subsequent wash-off from the treated plants
have resulted into extensive Cu accumulation in vineyard soils.
Besides vineyards, Cu-based fungicides have also been extensively
used, e.g., in hop fields (Schramel et al., 2000; Komarek et al., 2009a),
coffee (Loland and Singh, 2004), apple (Li et al., 2005), avocado
orchards (Van Zwieten et al., 2004) and during the cultivation of
several vegetables (e.g., tomatoes, potatoes) (Adriano, 2001).

2.1. Behavior of Cu in vineyard soils

Background Cu concentrations in unpolluted soils are influenced
by the parent material from which the soils are formed and reach an
average of 30 mg kg~ ! (Adriano, 2001; Baize, 1997). Its solubility, as
of other metals, is greatly dependent on soil pH and will be most
readily available at pH values below 6 (Adriano, 2001; Celardin et al.,
2004; Boudesocque et al., 2007). In acidic vineyard soils (e.g.,
developed on granitic rocks), Cu can migrate throughout soil profiles
more easily and thus cause groundwater pollution (N6voa-Mufioz
et al.,, 2007a). On the other hand, Cu mobility in soils can increase at
pH values above ~7.5 due to the solubilization of soil organic matter
(SOM) and formation of Cu-SOM complexes (Arias et al., 2006;

Karlsson et al., 2006; Fernandez-Calvifio et al., 2008b, 2009a). Copper
in soils is mostly associated with SOM, Fe-, Mn-(hydr)oxides and to a
lesser extent with clay minerals through specific and non-specific
adsorption (Parat et al., 2002; Bradl, 2004; Fernandez-Calvifio et al.,
2009b). Such strong sorption/complexation properties make it one of
the least mobile metals in soils. However, metals of anthropogenic
origin present in general a greater mobility in soil comparatively to
a natural origin where the metals are strongly associated with soil
components (Baize, 1997). When Cu enters the soil, as a result of the
wash-off from vine leaves (Paradelo et al., 2008) and accidental spills
of the fungicides, its speciation rapidly changes and Cu is sorbed and
(co)precipitated in the soil. This redistribution of Cu into less available
chemical fractions of soils which decreases its mobility and bioavail-
ability is referred to as “aging” (Ma et al., 2006; Arias-Estévez et al.,
2007a; Sayen et al., 2009).

The affinity of Cu to separate soil fractions decreases in the following
order: Mn-(hydr)oxides>SOM > Fe-(hydr)oxides> clay minerals
(Bradl, 2004). Similar sequences, SOM > Fe-, Al-oxyhydroxides > clays
and SOM > silicate clays > ferrihydrite, were observed by McLaren and
Crawford (1973) and Martinez-Villegas and Martinez (2008), respec-
tively. However, in soils with a significantly higher content of Fe-(hydr)
oxides (especially ferrihydrite), these can present the most important
sink for Cu (Bradl, 2004). Sorption on SOM by means of complexation
especially with humic and fulvic acids presents possibly the most
important retention mechanism for Cu in soils (if not the most im-
portant one) (Strawn and Baker, 2008, 2009). Its association with SOM
through inner-sphere complexation (e.g., bidentate inner-sphere
coordination with carboxyl or amine ligands; Strawn and Baker, 2008)
results in its lower toxicity compared to free Cu?™ (Karlsson et al., 2006).
Additionally, Cu-rich SOM is less vulnerable to biodegradation (Parat
et al., 2002). In most cases, the sorption of Cu in soils follows well either
the Langmuir or the Freundlich isotherm (Arias et al., 2004; Bradl, 2004;
Komarek et al., 2009b).

However, SOM can influence the mobility of Cu by two different
means: while particulate SOM will act as a sorbent for Cu, soluble SOM
will actually complex Cu, increasing thus its solubility, especially at
alkaline pH (above ~7.5) (Arias et al., 2006; Fernandez-Calvifio et al.,
2008a; Martinez-Villegas and Martinez, 2008). Besnard et al. (2001)
found that clay minerals and organo-clay associations present in the
<2 mm fractions, as well as particulate organic matter (POM) were the
main carrier phases of Cu in soils. Flores-Vélez et al. (1996) found that Cu
was mainly associated with the coarse light organic fraction and fine clay
fraction in an acid sandy vineyard soil. The finer fractions, and
particularly organic or inorganic colloids, play a major role in the
accumulation and the mobilization of potential toxic elements such as
metals in soils and waters (Ajmone-Marsan et al., 2008; Pédrot et al.,
2008). For example, the formation of soluble organic complexes reduces
the lability of Cu but under field conditions, it could enhance its mobility
through the soil (Martinez and McBride, 1999; Martinez et al., 2003).

Soil carbonates proved to be another important factor controlling
Cu mobility (and thus bioavailability) in soils. Ponizovsky et al. (2007)
found that the activity of Cu in calcareous soils is to a great extent
controlled by the surface precipitation of CuCOs. This is especially
important in alkaline soils containing high concentrations of carbo-
nates, which is the case for many vineyards. The retention of Cu in
calcareous soils through co-precipitation with carbonates is associat-
ed with the release of Ca>*, Mg?", Na™ and H™ into the soil solution at
equimolar ratios (Ponizovsky et al., 2007). The precipitation of newly-
formed Cu phases in the soil presents thus an important retention
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mechanism of Cu retention in soils. These phases include Cu(OH),,
CuC03/Cuy(0OH),CO3, CuO and in the presence of sulfates (e.g., from
the Bordeaux mixture), precipitation of various Cu-hydroxysulfates
(Ma et al.,, 2006; Ponizovsky et al., 2007; Komérek et al., 2009b;
Strawn and Baker, 2009). The solubility of Cu minerals in soils
decreases in the following order CuCOs> Cus(OH),(COs), (azurite)
> Cu(OH); > Cuy(0OH),CO5 (malachite)>CuO (tenorite)> CuFe,04
(cupric ferrite). Copper sulfates, such as CuSO4 (chalcocyanite) and
CuS0O4-5H,0 (chalcanthite), are highly soluble and require very
high Cu concentrations to form in soils (Lindsay, 1979). Phosphate
application to soils (e.g., as fertilizers) can reduce the mobility of risk
metals through sorption mechanisms on newly formed phases, but
probably not through precipitation of Cu-phosphates as observed, for
example, for Pb-phosphates (Cao et al., 2003; Pérez-Novo et al., 2009).

Methodologies involving the use of different chemical reagents
(e.g., one-step extractions, sequential extractions) do not provide
information about the actual binding form, but rather differentiate
metals into separate operationally-defined fractions (e.g., exchange-
able, reducible, oxidizable, residual etc.) (Gleyzes et al., 2002). In
other words, these protocols allow defining pools of extractable
metals in particular chemical conditions. Sequential extractions are
only a tool for predicting the chemical fractionation of Cu in soils
and the results obtained are not sufficient for determining its actual
geochemical position in soils, due to the lack of selectivity of the
extractions and because several reactions are taking place during the
procedure (complex formation, redistribution and precipitation
reactions) (Nirel and Morel, 1990; Flores-Vélez et al., 1996).
Nevertheless, it is needed to point out that sequential and one-step
extractions are time-efficient methods that allow, when carefully
interpreted, comparison of results from different works.

As in other contaminated soils, Cu in vineyard soils is mainly
associated with the oxidizable and, to a lesser extent, with the reduc-
ible soil fraction, according to the SOM and oxide contents in the soils
(e.g., Arias et al., 2004; N6évoa-Mufioz et al., 2007a; Fernandez-Calvifio
et al., 2008b; Komarek et al., 2008). The results of the sequential
extraction could be completed by additional data about the binding
forms, speciation and mineralogy, obtained through advanced
spectroscopic and microscopic methods: X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), X-ray absorption near edge
structure (XANES), extended X-ray absorption fine structure (EXAFS),
X-ray fluorescence (XRF) and scanning microscope (SEM) analyses
(Flores-Vélez et al., 1996; Boudesocque et al., 2007; Sipos et al., 2008;
Strawn and Baker, 2008; Sayen et al., 2009).

2.2. (Bio)availability and toxicity of Cu in vineyard soils

The phytotoxicity of Cu is the highest in acidic soils with a low
cation exchange capacity. Chaignon et al. (2003) observed significant-
ly higher Cu concentrations in tomato (Lycopersicon esculentum Mill.)
roots grown on strongly acidic soils compared to calcareous or mildly
acidic soils with the same Cu concentration. Nevertheless, Cu
phytotoxicity to agricultural plants grown on calcareous soils from
former vineyards has been observed as well (Michaud et al., 2007).
Although Cu concentrations in roots are a good indicator of Cu bio-
availability in soils (Brun et al., 2001; Chopin et al., 2008), this time-
consuming approach is not suitable for routine analyses. Furthermore,
it is needed to point out that Cu uptake by roots is species-dependent
and influenced by root type and size (i.e., fine vs. coarse roots) (Brun
et al,, 1998; Chopin et al., 2008). Total Cu concentrations alone do not
provide adequate information about the bioavailability of the metal in
soils as well (Wightwick et al., 2008). Water-soluble Cu concentrations
alone do not give sufficient information either, because a portion
of exchangeable Cu (not extractable by water) in soils can be easily
taken up by roots. Plants can influence the (bio)availability of metals
in their rhizosphere, for example Dessureault-Rompré et al. (2008)
showed that root exudation could lead to the mobilization of SOM

which complexes and solubilizes Cu. In other cases, plants are able to
transform Cu into metallic nanoparticles in and near roots to prevent
Cu toxicity (Manceau et al., 2008).

For a fast and simple prediction of Cu (bio)availability, common
soil testing procedures, such as extractions using 0.1 M CaCl,, 0.05 M
EDTA (ethylenediaminetetraacetate) and 0.005 M DTPA (diethylene-
triaminepentaacetate), are usually sufficient (Brun et al., 1998; 2001;
Chaignon et al., 2003; Michaud et al., 2007; Komarek et al., 2008),
despite the fact that the EDTA extraction often overestimates
bioavailable Cu due to the dissolution of various soil phases (Arias
et al., 2004; Névoa-Mufioz et al., 2007a; Komarek et al., 2008). It
remains, however, a fast and sufficiently accurate method for
determining potentially available risk metals in soils (Chrastny
et al., 2008).

The extracting solution used for predicting the potential (bio)
availability of Cu in soils should thus be chosen carefully according to
specific soil characteristics and the results must be interpreted in
accordance with the extractant used. For example, Brun et al. (1998)
recommended the 0.1 M CaCl, extraction as the best suitable for the
determination of Cu (bio)availability in acid-neutral vineyard soils
due to a good correlation with Cu contents in wild growing plants. On
the other hand, this extraction is not suitable for alkaline soils and
total soil Cu combined with other extraction procedures, such as
0.05 M EDTA or 0.005 M DTPA are preferable as indicators of Cu (bio)
availability (Brun et al., 2001; Chaignon et al., 2003; Komarek et al.,
2008). The use of Diffusion Gradient in Thin-films (DGT) could be a
supplementary tool to assess metal (bio)availability in soils and
quantify the labile pool (Zhang et al., 1998; Nowack et al., 2004; Ruello
et al,, 2008). However, differences could appear between the result of
the DGT and the concentrations in the soil solution because of the
presence of colloidal fractions (Ruello et al., 2008).

The toxicity of Cu is influenced by its chemical species, while Cu?™
is the most toxic species, Cu(OH)™/Cu(OH), is significantly less toxic,
Cu-carbonates (CuCO5;, CuHCOZ, Cu(C05)37) and chloro-complexes
are almost non-toxic at all (Devez et al., 2005). As mentioned before,
the complexation of Cu with SOM reduces significantly its toxicity as
well (Karlsson et al., 2006). Karlsson et al. (2006) showed that in an
organic soil, less than 0.2% of total Cu was in the free form (Cu?™") at
pH 4.8-6.3. On the other hand, there has been evidence of labile
lipophilic organic Cu complexes which were able to pass through the
cell membrane resulting thus into toxic effects. Such complexes can be
formed with organic compounds (e.g., pesticides) that can be present
in vineyard soils (Florence et al., 1992; Devez et al., 2005).

Increased metal concentrations in soils negatively influence the
sustainability of agroecosystems. Earthworm populations are sensi-
tive to tillage and Cu/Zn pesticides residues (Paoletti et al., 1998;
Eijsackers et al.,, 2005); therefore, they present useful reliable
bioindicators of the stability of vineyard agroecosystems. Belotti
(1998) set the critical Cu concentration in soils (above which
populations of several earthworm species are negatively affected) to
33 mg kg™, a value easily met in most studied vineyards (Table 1).
Helling et al. (2000) published even a lower concentration of Cu
originating from Cu-oxychloride (16 mgkg~!) which had a detri-
mental impact on populations of the earthworm Eisenia fetida. In
another study, Snyman et al. (2009) observed measurable toxicolog-
ical responses of the snail Helix aspersa to Cu-oxychloride treatments.
However, the chemical form of the Cu compound used influences its
toxicity. EI-Gendy et al. (2009) showed that the oxidative stress
caused by different Cu compounds in the snail Theba pisana decreased
in the following order: Cu-sulfate > Cu-hydroxide > Cu-oxychloride.
Furthermore, it seems that soil microorganisms (including fungi) are
able to transform Cu-oxychloride into insoluble Cu-oxalate which
significantly reduces the toxicity of Cu in soils (Gharieb et al., 2004).
Different toxicological tests (on Vibrio fischeri, Pseudokirchneriella
subcapitata and Daphnia magna) showed that common environmental
concentrations of Cu-based fungicides can pose a risk for other non-
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Table 1
Copper concentration in upper layers of vineyard soils as published in literature.
Country Depth mg Cukg~! Method used Reference
(cm)
Australia 0-1 9-249 15.5 M HNO3 Pietrzak and
McPhail (2004)
Australia 0-10 6-223 HNOs + HCI Wightwick et al.
(2008)
Brazil 0-20 51-665 H,0, +HCIO, +HF Casali et al. (2008)
Brazil 0-5 37-3216 HNOs + HCIO4 + Mirlean et al.
HF (2007)
Brazil 0-5 433-517 HNOs + HCIO4 + Mirlean et al.
HF (2009)
Bulgaria 0-10 72 HNO3 + HCl Angelova et al.
(1999)
Canada 0-15 10-77 HNO3 Frank et al. (1976)
Croatia 0-20 105-553 HCIO4 + HNOs5 + Miko et al. (2007)
HCl + HF
Croatia 0-10 30-700 HNO3 + HCl Romic et al. (2004)
Czech 0-20 20-168 0, + 03 + NOy Komarek et al.
Republic at 400 °C+ (2008)
HNO; +HF
France 0-10 248-378 HClO4 + HF Besnard et al.
(2001)
France 0-15 14-251 HNO3 + HCl Brun et al.
(1998, 2001)
France 0-15 158 HNO3 + HCl Brun et al. (2003)
France 2-15 144 HClO4 + HF Chaignon et al.
(2002)
France 0-30 22-398 HCIO4 + HF Chaignon et al.
(2003)
France 5-10 232 HNOs + HCl + HF Chopin et al.
(2008)
France 0-10 17-34° HClO4 + HF Dousset et al.
(2007)
France 0-2 323 HF Flores-Vélez et al.
(1996)
France 0-10 15-430 HClO4 + HF Jacobson et al.
(2005)
France n.a 32-184 HClO,4 + HF Michaud et al.
(1030)° (2007)
France 0-20 57-332 LiBO; at Parat et al. (2002)
550 °C + HNO;
France 0-10 89-243 HNOs Probst et al. (2008)
France 0-25 55-115 HClO4 + HCl + HF Ribolzi et al.
(2002)
Georgia AB 137-398 HNO; +HCl Narimanidze and
horizons Briickner (1999)
Greece 0-30 <157 HNO; + HCl Vavroulidou et al.
(2005)
Italy 0-15 50-300° HNOs + HCIO,4 Bretzel and
Calderisi (2006)
Italy 0-30 183 n.a. Cattani et al. (2006)
Italy n.a. 215-372 HNOs + HCl Dell'Amico et al.
(2008)
Italy 0-10 <945 HNO3 + HCl Deluisa et al. (1996)
Italy n.a. 125-155¢ HNOs + HCIO,4 Paoletti et al. (1998)
Moldova Surface <250 n.a. Perel'man et al.
(1980)
New Zealand 0-10 4-259 HNO3 + HCl Morgan and
(304)¢ Taylor (2004)
Portugal 0-30 58-130 n.a. Magalhdes et al.
(1985)
Slovenia 0-20 163 n.a. Kos and LeStan
(2004)
Slovenia 0-45 364 n.a. Pociecha and
Lestan (2009)
Slovenia 0-20 65-99 HNO; + HCl Rusjan et al. (2006)
Slovenia 0-20 87-120 HNO3 + HCl Rusjan et al. (2007)
Spain 0-20 40-301 HNO3; +HCI+HF  Arias et al. (2004)
Spain 0-20 179-549 HNO; +HCI+HF  Arias et al. (2005a)
Spain 0-20 60-560 HNO; +HCl + HF Arias et al. (2006)
Spain 0-20 35-550 HNOs + HCl + HF Diaz-Raviia et al.
(2007)
Spain 0-5 42-583 HNO; +HCl + HF Fernandez-Calvifio
et al. (2008a)
Spain 0-20 79-130 HNOs; + HCl + HF Fernandez-Calvifio

et al. (2008b)

Table 1 (continued)

Country Depth mg Cukg~! Method used Reference
(cm)

Spain 0-20 25-272 HNOs; + HCl + HF Fernandez-Calvifio
et al. (2008c)

Spain 0-20 61-434 HNO; +HCl + HF Fernandez-Calvifio
et al. (2008d)

Spain 0-20 55-112 HNO; +HCl + HF Fernandez-Calvifio
et al. (2009a,b)

Spain 0-10 125-603 HNOs; + HCl + HF Névoa-Muiioz
et al. (2007)

Spain 0-5 42-583 HNOs + HCl + HF Pateiro-Moure
et al. (2007)

Spain 0-20 38-63 HNO; + HCl Ramos (2006)

Switzerland n.a. 58-489 2 M HNO3 Celardin et al.
(2004)

Thailand 0-10 115-238 X-ray fluorescence Joannon et al.
(2001)

2 Newly-planted vineyards.

b Localized contamination with occasional spills of fungicides.
¢ Approximate values estimated from figures.

4 Vineyard in former orchard.

target organisms; however, when combinations of pesticides were
tested, Cu showed antagonistic action towards synthetic organic
pesticides (including metalaxyl), which resulted into lower toxicities
than expected (Kungolos et al., 2009).

Increased Cu concentrations affect adversely, in terms of numbers
and variability, the microbial communities present in vineyard soils
(Dumestre et al., 1999; Diaz-Ravifia et al., 2007; Dell'Amico et al.,
2008; Lejon et al., 2008). Not only natural processes taking place in
soils are negatively influenced, but the reduction of microorganism
activity and/or changes in microbial populations can lead to lower
mineralization rates of organic xenobiotics, such as organic pesticides.
It is needed to point out that the contamination of vineyard soils with
Cu is rather heterogeneous, creating thus “hotspots” of increased Cu
concentrations within the soil (e.g., at places with increased SOM
contents). There has been evidence that microorganisms are able to
avoid these “hotspots” or that metal-tolerant species colonize them
preferably (Yamamoto et al., 1985; Jacobson et al., 2007).

Significantly higher Cu concentrations have been observed in roots
compared to shoots of several plants grown on Cu-enriched soils
(Chaignon et al.,, 2003; Cattani et al., 2006). This can be explained by
the fact that plants can, to some extent, actively control the uptake
(e.g., lower pH of the rhizosphere compared to bulk soil, root exudates
etc.) and translocation of Cu as a micronutrient. Furthermore, Cu is
mainly fixed in the apoplasm due to its affinity for the negatively
charged components of root cell walls and is not taken up into the root
cells (Crawley, 1997). Copper uptake by plants is also dependent on
phytosiderophores released by plant roots. Chaignon et al. (2002)
observed that under Fe and Zn deficiency, wheat plants (Triticum
aestivum L.) acquired elevated concentrations of Cu probably due to
the increased release of phytosiderophores. Increased concentrations
of available Cu in soils has been shown to cause rhizotoxic effects to
durum wheat (Triticum turgidum durum L.) associated with reduction
of root length and a significant decrease of Fe uptake which led to
chlorosis symptoms (Michaud et al., 2008).

Only in rare cases, vines suffer from high Cu concentrations in
vineyard soils mainly due to the fact that vine plants are deeply
rooting and the highest concentrations of Cu are present in the
superficial soil horizons. Elevated concentrations of potentially toxic
metals in vines have been thus mostly attributed to atmospheric
deposition (Angelova et al., 1999; Mihaljevic et al., 2006). Low Cu
accumulation ratios by vine roots have been also documented by
Chopin et al. (2008), with finer roots exhibiting higher Cu accumu-
lation compared to coarse ones. Nevertheless, Brun et al. (1998; 2003)
found that increased Cu concentrations affected the phenology,
growth and reproduction of some ruderal plant species grown at
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vineyards, so it is possible to assume that plants with shallow roots
and young vines are more susceptible to increased Cu concentrations.
Therefore, changing the agricultural practices, such as replacing the
vines with young ones, with other shallow rooting crops or pasture
plants, could lead to phytotoxic effects and contamination of the
newly grown plants.

2.3. Contamination of vineyard soils with Cu

Due to the fact that Cu is strongly immobilized by SOM and Fe-,
Mn-(hydr)oxides, Cu concentrations in superficial horizons of
vineyard soils often exceed 200 mg Cukg™ ! (e.g., Flores-Vélez et al.,
1996; Brun et al., 1998, 2001; Narimanidze and Briickner, 1999;
Pietrzak and McPhail, 2004; Table 1). The highest Cu concentrations
are present in the upper layers of soil profiles and the closest to the
vine plants (Magalhdes et al., 1985; Pietrzak and McPhail, 2004;
Fernandez-Calvifio et al., 2008c; Wightwick et al., 2006; Komarek
et al., 2008). For example, Arias et al. (2004) found that in Galicia,
NW Spain, Cu concentrations exceeded 100 mg kg~ ' in 60% of sub-
surface soil samples due to the application of Cu-based fungicides at
vineyards. Higher Cu concentrations have been observed, as expected,
in soils from older and especially abandoned vineyards compared to
younger ones (Rusjan et al., 2006; Wightwick et al., 2006; Fernandez-
Calvifio et al., 2008d; Komarek et al., 2008). Rusjan et al. (2007)
further found that the highest Cu concentrations in Slovenian
vineyard soils were present in vineyards located on terraces, followed
by plateaus and planes. On the other hand, Magalhdes et al. (1985)
observed higher Cu concentrations in vineyard soils located on planes
compared to terraces. Table 1 and Fig. 1 summarize data obtained
from the literature on Cu concentrations in upper layers of vineyard
soils throughout the world. Most of the values published exceed the
warning and critical legislative limits valid in the EU which set Cu
concentrations in agricultural soils at 50 and 140 mg kg™ !, respec-
tively (values above which the application of sewage sludge is not
suitable; Council Directive 86/278/EEC, 1986).

The low mobility of Cu in soils has been generally accepted (except
extreme acidic conditions such as in podzols, Baize, 1997). However,
Pietrzak and McPhail (2004) found >50% of fungicide-derived Cu
present in the potentially available fraction (water extractable +
exchangeable + adsorbed fraction) of subsurface vineyard soil hor-
izons. The conversion to less mobile phases (“aging”) can be slow
which can present environmental concerns. In France, the intensive
use of the Bordeaux mixture led in some cases to the accumulation of
Cu concentrations above 1000 mg kg~ ! (Flores-Vélez et al., 1996).
Extremely high concentrations (>3000mg Cukg™!) in Brazilian
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Fig. 1. Maximum Cu concentrations in vineyard soils originating from different regions
related to average rainfall in March-September (vine-growing period) as obtained from
literature and WMO (World Meteorological Organization; http://www.worldweather.
org). Outlying data were excluded.

vineyard soils (100-year old vineyard) have been documented by
Mirlean et al. (2007). These values are, so far, the highest published
and indicate that the intensive use of pesticides in areas of wet
subtropical climate results into significantly higher Cu concentrations
in soils compared to drier areas. Statistical treatment of data (one-way
ANOVA, Duncan test) concerning maximum Cu concentrations in
different countries showed that there is a significant difference
(p<0.05) between Brazilian and European vineyards, with the only
exception of Spain where Cu concentrations were statistically similar
to both regions. Such increased Cu concentrations pose a significant
risk for groundwater (Mirlean et al., 2009). The influence of climate is
evident as higher pesticide doses have to be applied in more humid
regions due to the more intense development of downy mildew. For
example, vineyard soils in the drier Mediterranean region of France
contained significantly lower concentrations than those in the more
humid region of Champagne (France) (Brun et al., 1998; Besnard et al.,
2001). The same evolution was observed in Italy, where significantly
higher Cu concentrations were observed in the humid mountainous
regions compared to dry areas in Southern Italy (Deluisa et al., 1996).
Maximum Cu concentrations in vineyard soils from different regions
related to rainfall are presented in Fig. 1.

It has been estimated that a single application of the Bordeaux
mixture in the region of Champagne (France) introduced 3-5 kg
Cuha™"! with 3-10 applications per year, which resulted into average
Cu concentrations ranging from 100 to 1500 mg kg~ . However, only
~60% of Cu was retained in the soils, suggesting that losses must
have occurred (Brun et al., 1998; Besnard et al., 2001). Because many
vineyards are located on steep slopes, intensive erosion further
influences Cu mobility in these soils and thus increases the risks
associated with groundwater contamination (Ribolzi et al., 2002; Xue
et al., 2003; Fernandez-Calvifio et al., 2008a). Copper applied to
eroded vineyard soils can easily reach ground and surface waters
either as water-soluble species or associated to colloidal soil particles
and concentrate in surface water sediments (Fernandez-Calvifio et al.,
2008b). Furthermore, when Cu enters surface waters, it can be toxic
to aquatic organisms (Zyadah and Abdel-Baky, 2000).

Among many, planting vegetation between vine rows is suggested
as an effective anti-erosion precaution (Marques et al., in press).
Organic soil amendments are often applied to increase soil fertility
and decrease soil erosion by runoff. The most commonly used
amendments are bark, vine shoots and compost. These amendments
can, however, influence Cu retention in soils through the introduction
of POM to soils. Due to its chemical acid/base and complexing
properties, POM plays an important role in both soil buffering and Cu
sorption. Although a POM size effect was observed on the number of
reactive surface sites, nothing such can be evidenced for Cu affinities
toward POM fractions (Sébastia et al., 2008). Copper may be adsorbed
(immobilized) on the surfaces of POM or complexed (mobilized)
with its reactive functional groups (Flores-Vélez et al., 1996; Besnard
et al.,, 2001; Devez et al., 2005). Nevertheless, the addition of organic
matter to contaminated vineyard soils decreases the toxicity of Cu
to microorganisms (Lejon et al., 2008). The main factors influencing
the mobility of Cu in vineyard soils and the potential risk of ground
and surface water pollution thus include: (i) soil pH, (ii) erosion and
(iii) tillage (Arias et al., 2004; 2006; Besnard et al., 2001; Mirlean et al.,
2007; Névoa-Muiioz et al., 2007a; Fernandez-Calvifio et al., 2008a).

In addition to fungicides, Robinson et al. (2006) revealed that
vineyard posts treated with Cu-Cr-As can be another source of Cu in
vineyard soils. Nevertheless, the study by Ko et al. (2007) did not
confirm that this treatment would lead to a contamination of vine
plants. The application of wastes from wineries, such as bentonite and
waste perlite improves soil properties (e.g., soil retention capacity,
nutrient content, pH), but on the other hand can also increase
risk metal (especially Cu) concentrations in soils (Arias-Estévez et al.,
2007b; Névoa-Mufioz et al., 2008). Apart that, there has been
evidence that the addition of compost can increase Cu (together
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with other metals) concentrations in vineyard soils as well (Ramos,
2006). Besides Cu, increased concentrations of other risk elements
were found in vineyard soils. These include Zn (e.g., from fungicides,
manure and compost applications; Weingerl and Kerin, 2000; Ramos,
2006), As (e.g., from herbicides, insecticides or geological background,
Villaescusa and Bollinger, 2008; Névoa-Mufioz et al., 2007b), Pb (from
atmospheric depositions, Mihaljevic et al., 2006; Komarek et al., 2008;
but also from the use of lead arsenate as insecticide; Frank et al., 1976)
and Cd (from phosphate fertilizers; Komarek et al., 2008).

2.4. Impact of Cu on health

Copper is mainly absorbed through the gastrointestinal tract and
partially excreted within faeces. Another part is transported to the
liver. An assessment of health effects to humans indicates that Cu is
both an essential and a toxic element (WHO, 1998; Pichard et al.,
2005). Copper in drinking water comes mainly from private Cu pipes
connected to public water supplies, but water from wells located near
vineyards can possibly contain increased Cu concentrations. The
European directive 98/83/CE (EC, 1998a), relative to drinking water,
sets Cu concentrations below 2.0 mg L™ . Although epidemiological
studies indicate the absence of negative health effects to children from
chronic exposure at 0.8 mg CuL™! or more (maximum value: 4.2 mg
CuL™) (Zietz et al., 2003), acute exposure of adult volunteers (more
than 10 mg CuL™ ') led to rapid gastric diseases (Araya et al., 2003).
Copper homeostasis by liver and its binding to some dedicated
peptides and proteins are the key mechanisms to its bio-inorganic
chemistry (Brown and Kozlowski, 2004). It is currently well admitted
that these mechanisms play a critical role for the development of a
series of neurodegenerative diseases like Alzheimer's, Parkinson's,
Creutzfeldt-Jakob's (“Mad cow”) diseases or Amyotrophic Lateral
Sclerosis (Gaggelli et al., 2006).

The exposition to different fungicides presents a toxicological risk
for workers in agriculture (Remor et al., 2009). There have been
evidences that vineyard workers may develop serious acute and
chronic respiratory problems, including lung carcinoma, due to the
inhalation of Cu-containing fungicides (especially the Bordeaux
mixture) (Pimentel and Marques, 1969; Zuskin et al., 1997; Santi¢
et al,, 2005). Besides Cu, other compounds containing risk elements
used in viticulture can create toxicological risks. The high exposure of
vineyard workers to As (present in carcinogenic fungicides) led to the
banning of As-containing chemicals at vineyards in several countries
(e.g., France) (Grillet et al., 2004).

3. Synthetic organic fungicides in viticulture

Synthetic organic fungicides used worldwide for vine protection
come from different chemical classes and hence their adsorption and
transport in the environment vary depending upon their physico-
chemical properties (Wheeler, 2002). Their extensive use in viticul-
ture has resulted into the contamination of surrounding environ-
mental compartments, including surface and groundwaters. For
example, Hildebrandt et al. (2008) reported the presence of
fungicides in surface and groundwaters at the Ebro, Duero and Mifio
river basins devoted to vineyards and other agricultural practices at
concentrations higher than the EU regulatory limit of 0.1 ug L™! set
for drinking water (EC, 1998a).

3.1. Behavior of synthetic organic fungicides in soils

The behavior, persistence and mobility of pesticides are closely
associated with different processes occurring in soils: sorption-
desorption, volatilization, chemical and biological degradation, up-
take by plants and leaching (Arias-Estévez et al., 2008). Adsorption is
one of the key processes that influence the concentrations of these
pesticides in soil and soil solution and their movement through the

Table 2
Categories of fungicide solubility, persistence and mobility in soils (adapted from
Kamrin, 1997; IUPAC, Pesticide Properties Database).

Example

Solubility at 20-30 °C (mgL~")

Insoluble <1 Quinoxyfen

Slightly soluble 1-100 Azoxystrobin, cyprodinil, fludioxonil,
mancozeb, penconazole, procymidone,
tebuconazole, vinclozolin

Soluble 100-10,000 Metalaxyl, propiconazole, pyrimethanil

Very soluble >10,000 mg

Pesticide half-life in soils (d)

Low persistence <30 Cyprodinil, mancozeb, metalaxyl,
procymidone, propiconazole,
pyrimethanil, quinoxyfen, vinclozolin

Moderate 30-100 Azoxystrobin, cyprodinil, fludioxonil,

persistence metalaxyl, procymidone, propiconazole,
pyrimethanil, quinoxyfen, tebuconazole
Fludioxonil, penconazole, pyrimethanil,

quinoxyfen, tebuconazole

High persistence >100

Pesticide mobility® (Ko.; mLg™")

Very mobile <15

Mobile 15-74 Metalaxyl

Moderately mobile 75-499 Metalaxyl, procymidone, pyrimethanil,
vinclozoline

Slightly mobile 500-4000 Azoxystrobin, cyprodinil, mancozeb,
penconazole, propiconazole, pyrimethanil,
tebuconazole, vinclozoline

Non-mobile >4000 Fludioxonil, quinoxyfen

¢ Mobility according to the SSLRC classification (Soil Survey and Land Research
Centre, Cranfield University, UK).

soil profile (Kamrin, 1997; Gevao et al., 2000; Wheeler, 2002; Huang
et al, 2003). In general, the sorption of pesticides correlates with
their solubility in water (Tables 2 and 3), octanol-water partition
coefficients (K, ), distribution coefficients (Ky) and organic carbon
partition coefficients (K,.) (Kamrin, 1997). The adsorption of organic
fungicides can be often described by the Freundlich and/or Langmuir
isotherm (e.g., Fernandes et al., 2003; Arias et al., 2006; Pateiro-Moure
et al., 2007). The K.,y coefficient basically indicates the distribution of
a pesticide between water and octanol and gives an estimate of the
partition between an aqueous and a lipophilic/organic phase. The
higher K,y is, the more likely a pesticide binds to organic matter in
soils and sediments, or can enter living tissues. Values of log Ko
higher than 7 or 8 indicate strong adsorption and that these chemicals
are almost immobile in the environment (Chamberlain et al., 1996;
Baird, 2003). The log K,y depends on pesticide ionisability and hence
of its pK, relative to the pH value of the soil solution (Chamberlain
et al., 1996). The distribution coefficient K4 (Lkg™!) describes the
distribution of the pesticide between the solid and the liquid phases,
with higher Ky values indicating stronger adsorption to the soil
matrix. While SOM is the main soil component involved in pesticide
sorption, the K, is defined as the distribution coefficient for a par-
ticular soil and pesticide relative to the organic C content of the soil
(Sukop and Cogger, 1992; Monkiedje and Spiteller, 2002a; Lopez-
Blanco et al., 2005). Generally, pesticides with higher K,. values
should present a lower risk for groundwater contamination; however,
there has been also evidence of such contamination with pesticides
with a Ky value greater than 1000 (Arias-Estévez et al., 2008).
Pesticides and their residues are adsorbed to soil particles,
including SOM, Fe-, Mn-(hydr)oxides and various clay minerals. A
lot of mechanisms are involved during the adsorption processes and
all of them may be involved simultaneously. These include ionic,
hydrogen and covalent bonding, charge-transfer or electron donor-
acceptor mechanisms, van der Waals forces, ligand exchange, and
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Table 3
Basic chemical characteristics of fungicides commonly used in viticulture (data from Tomlin, 2003; Kamrin, 1997; IUPAC, Pesticide Properties Database).
Fungicide Chemical name Chemical class Water solubility  log Kow Koc (Lkg™ 1) Soil half-life
(L") (d)
Azoxystrobin  methyl (E)-2-{2-[6-(2-cyanophenoxy)pyrimidin-4-yloxy|phenyl}- Strobilurins 0.006 (at20°C) 2.5 (at20°C) 500 56
3-methoxyacrylate
Cyprodinil 4-cyclopropyl-6-methyl-N-phenylpyrimidin-2-amine Anilinopyrimidines 0.013 (at 25°C) 4.0 (at 25°C) 1706 20-60
Fludioxonil 4-(2,2,-difluoro-1,3-benzodioxol-4-yl)-1h-pyrrole-3-carbonitrile Phenylpyrroles 0.0018 (at 25°C) 4.1 (at25°C) 75,000 140-350
Mancozeb zinc manganese ethylenebisdithiocarbamate Dithiocarbamates  0.0062 (at 25°C) 0.3 1000 1-7
Metalaxyl methyl N-(methoxyacetyl)-N-(2,6-xylyl)-DL-alaninate Phenylamides 8.4 (at 22 °C) 1.8 (at 25 °C) 30-300 10-40
Penconazole  (RS)-1-[2-(2,4-dichlorophenyl)pentyl]-1H-1,2,4-triazole Triazoles 0.073 (at25°C) 3.7 (at 25°C) 2205 133-343
Procymidone  N-(3,5-dichlorophenyl)-1,2-dimethylcyclopropane- 1,2-dicarboximide Dicarboximides 0.0045 (at25°C) 3.1 (at26°C) 378 28-84
Propiconazole (2RS,4RS;2RS,4SR)-1-[2-(2,4-dichlorophenyl)-4-propyl-1, Triazoles 0.1 (at 20 °C) 3.7 (at 25°C) 950 29-70
3-dioxolan-2-ylmethyl]-1H-1,2,4-triazole
Pyrimethanil ~ N-(4,6-dimethylpyrimidin-2-yl)aniline Anilinopyrimidines 0.121 (at 25°C) 2.8 (at 25°C) 265-751 7-4
Quinoxyfen 5,7-dichloro-4-quinolyl 4 fluorophenyl ether Quinolines 0.000116 47 (at 20°C) 15,415-75,900 11-454
(at 20°C)
Tebuconazole (RS)-1-p-chlorophenyl)-4,4-dimethyl-3- Triazoles 0.036 (at20°C) 3.7 (at20°C) 769 40-170
(1H-1,2,4-triazol-1-ylmethyl)pentan-3-ol
Vinclozolin (RS)-3-(3,5-dichlorophenyl)-5-methyl-5-vinyl-1, Dicarboximides 0.0026 (at 20°C) 3.0 100-735 3-21

3-oxazolidine-2,4-dione

hydrophobic bonding or partitioning (Gevao et al., 2000). Factors
influencing pesticide adsorption involve physico-chemical properties
of the compound (molecular size, molecular structure, ionisability,
water solubility, lipophilicity and volatility) and soil properties
(particle size, pH, SOM content and quality, oxyhydroxide content,
clay content etc.) (Iglesias-Jiménez et al., 1997; Gevao et al., 2000;
Clausen and Fabricius, 2001; Fernandes et al., 2006; Pateiro-Moure
et al., 2009). Detailed sorption mechanisms and factors influencing
pesticide sorption are summarized in the review by Gevao et al.
(2000). The aging of organic (as well as inorganic) fungicides in soils
may create stronger bonds between soil particles and the fungicides
with increasing contact time which decreases pesticides availability
for degradation and increases their half-life (Walker et al., 2005; Lerch
etal, 2009; Sayen et al., 2009). Fungicide persistence in soils has been
summarized by Kamrin (1997) (Table 2). More detailed information
about the sorption, degradation and mobility of pesticides in soils is
available in the review by Arias-Estévez et al. (2008). The following
sections summarize the literature that has been published on the
most intensively used synthetic organic fungicides in viticulture;
however, not all the synthetic organic fungicides are mentioned due
to the lack of literature sources.

3.1.1. Metalaxy!

Metalaxyl is an important fungicide with residual and systemic
activity (Cohen et al., 1979). Soil half-life is estimated to be 10-40 d
(Tomlin, 2003), although sunlight may increase metalaxyl degrada-
tion and decrease thus its half-life. Metalaxyl was found in soils (up to
1000 pg kg~ ') only shortly after its application which is probably
caused by its high mobility in soils and relatively short life time
(Bermudez-Couso et al.,, 2007). Fernandes et al. (2003) have
suggested that the adsorption of metalaxyl is affected mainly by
SOM and soil colloids. In cases where the soil contains high contents
of dissolved organic matter, adsorption may decrease or remain
unaffected because of the competition between dissolved organic
matter and the fungicide for adsorption sites (Fernandes et al., 2006).
Other studies have shown different trends in metalaxyl adsorption.
Sharma and Awasthi (1997) have reported that metalaxyl adsorption
depends more on the clay content then on the SOM content. Sukop
and Cogger (1992) state that SOM has little influence on metalaxyl
adsorption as it is preferentially adsorbed on soil mineral surfaces. It
was probably caused by the fact, that soils used in this study contained
mostly sand and silt and were moderate in SOM. On the other hand,
Andrades et al. (2001) have described the adsorption by both SOM
and clays (with a predominant role of SOM). This assumption is
supported by Monkiedje and Spiteller (2002a). More detailed
information about metalaxyl degradation, adsorption, mobility and

persistence are available in the review by Sukul and Spiteller (2000).
Lowering the pH of the fungicide solution increases metalaxyl
adsorption, the positively charged fungicide is then more attracted
to the negative charge of soil components (Arias et al., 2006). A similar
pattern was observed for penconazole and fludioxonil (Arias et al.,
2005b).

The values of Ky for metalaxyl at 20 uM equilibrium concentration
range from 0.64 to 1.76 Lkg~ ! with a maximum value of 9.17 Lkg~ .
Lower values were obtained in soils containing moderate amount of
SOM (1-1.3%) and clays (20-23%) and large amount of sand (54-71%)
(Fernandes et al., 2003). When organic amendments were added to
soils, Kq values increased in soils low in clays indicating the strong
influence of SOM on fungicide sorption in soils (Fernandes et al.,
2006). K, values in these soils ranged from 18 to 116 Lkg™ . The
maximum value of 1135 Lkg~! was obtained in a soil rich in clay
(68%), low in sand (0.3%) and with a low SOM content (0.8%)
(Fernandes et al., 2006). Bermudez-Couso et al. (2007) have shown a
Kye value of 50 Lkg~ . The changes in K, values depended on the
origin and content of dissolved organic matter of the organic
amendment (Fernandes et al., 2006). The values of K4 and K, indicate
that the amount of SOM can significantly influence metalaxyl
sorption, although it is needed to mention, that the origin, nature
and type of SOM are probably the most important factors. Clay
content also affects metalaxyl sorption. When soils contain large
amounts of clay minerals compared to other soil components, the Ky
and K, values increase (sorption increases). A similar pattern has
been observed for cyprodinil, penconazole and propiconazole. This
implies that soils used for viticulture rich in clay or SOM are
preferable. Soils low in SOM should be fertilized with amendments
rich in organic matter in order to avoid leaching of these fungicides
to groundwater.

3.1.2. Fludioxonil, cyprodinil

Fludioxonil is a contact fungicide which is used against Botrytis
cinerea. Cyprodinil (4-cyclopropyl-6-methyl-N-phenylpyrimidine)
is a systemic fungicide used against rots. These pesticides are
both considered as new generation fungicides and they are usually
applied together (Arias et al., 2005b). Bermtdez-Couso et al. (2007)
found concentrations of fludioxonil and cyprodinil in vineyard
soils reaching 349 and 462 ug kg™, respectively. Concentrations of
both fungicides in sediment samples from an adjacent river basin
were much lower than those found in soils even though sediments
rich in organic matter have a higher potential for fungicide
sorption. Due to its lower aqueous solubility and mobility, lower
fludioxonil concentrations were found in the sediments (compared
to cyprodinil). The authors have assumed that the lower
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concentrations of fungicides found in sediments were caused by
dilution, because sediments were collected in a basin that was
devoted to areas with different agricultural use and hence with
different fungicide use. Arias et al. (2005b) suggested that
fludioxonil is adsorbed more intensively on soil particles than
cyprodinil due to its higher Ky values (110-213 vs. 54-93 Lkg™1).
While the Ky value for fludioxonil did not depend on soil
characteristics (SOM, clay content and pH), the Ky value for
cyprodinil depended on the organic C content. K,. values were
also higher for fludioxonil (1671-5785Lkg™') then cyprodinil
(1679-2613 Lkg™ '), which is again in good agreement with the
fact that fludioxonil is adsorbed in soils more intensively.
Bermiidez-Couso et al. (2007) have stated that K,. values for
fludioxonil and cyprodinil varied from 991 to 2440 Lkg ™! and from
1550 to 2030 Lkg~ ! in a sandy loam soil, respectively. The positive
influence of SOM on the retention of these fungicides in soils
suggests that the addition of organic matter or surfactants to soils
could reduce the migration of hydrophobic pesticides (e.g.,
cyprodinil, penconazole) in soils and reduce thus the risks of
ground and surface water contamination (Rodriguez-Cruz et al.,
2006).

3.1.3. Penconazole

Penconazole is a systemic fungicide which is considered stable
and tends to accumulate in soils (Singh, 2005). Bermtdez-Couso et al.
(2007) found penconazole in soils (up to 411 pgkg™!) sampled
throughout the year, with higher concentrations observed in summer
and spring during the applications. Nevertheless, it is needed to point
out that penconazole was found in the soils at relatively low
concentrations which has been caused by its lower rate of application
compared to the other fungicides. Singh (2005) has found that
penconazole showed the highest adsorption intensity and the lowest
mobility compared to the other triazole fungicides in soils with a low
organic C content (0.4-0.5%). These results indicates that SOM
content is not the only parameter affecting adsorption and hence
other soil components (e.g., oxyhydroxides, clay minerals) can
influence the adsorption of these fungicides in soils. The nature of
the clays plays an important role as well (Singh, 2005). On the
contrary, Rodriguez-Cruz et al. (2006) found that penconazole
adsorbed to soils rich in SOM is more stable than penconazole
adsorbed to natural soils with a low SOM content. Therefore, it
possible to assume that SOM content is one of the most important
factors influencing penconazole adsorption. Penconazole is much
more intensely adsorbed to soils in the presence of Cu. This is
probably due to the formation of Cu?"-penconazole complexes with
a higher affinity for soil components (Arias et al., 2006).

3.1.4. Propiconazole

Propiconazole is a systemic fungicide used for protection against
rust, powdery mildew and blight diseases. Its low mobility and
relatively high adsorption in soils rich in organic matter result into its
accumulation in soils and pose a risk for the soil ecosystem
(Thorstensen et al., 2001). The majority of the applied propiconazole
is retained in the top layers of soils, suggesting thus its low mobility.
As in the case of penconazole, K4 values differ (0.96 and 2.84 Lkg™ ')
in soils with a similar clay and silt content, suggesting again the
influence of the clay minerals quality (Singh, 2005). Riise et al. (2001)
have found that organic C was the most important factor in
adsorption. The Ky values varied from 17.2 to 36.9 Lkg™'; higher
values were found for soil particles containing higher organic C
content (1.6 vs. 0.4%). Ko values ranged from 2244 to 5050 Lkg~'.
The highest value was observed in the finest fraction (<2 pm)
although it contained the lowest amount of organic C (0.4%);
therefore, the presence of other phases (e.g., Fe, Al oxides) and thus
a higher specific surface area influences the adsorption. A similar
pattern was found by Wu et al. (2003) where K, values in the

colloidal fraction reached 8100 Lkg™ . The Ky values found in their
study varied from 27 to 113 Lkg™ !, where the colloidal fraction
showed four time higher Ky values compared to the bulk sample.
Kim et al. (2003) also studied the ability of propiconazole to
accumulate in soils. The authors found that the half-life of propico-
nazole in a sandy loam soil with a low SOM content (0.8%) was 315 d,
lower compared to >1 yr in a silty clay loam soil rich in SOM (3.2%).
The formation of propiconazole bound residues contributes to the
persistence of this fungicide in soil and is higher in soils containing
higher SOM content (and further increases with time). On the
contrary, propiconazole degradation and mineralization is less
intensive in soils rich in SOM.

3.1.5. Vinclozolin, procymidone

Vinclozolin is strongly adsorbed on SOM even though its half-life
in soils is estimated to be only 3-21d (Kamrin, 1997). Successive
applications of vinclozolin enhance the rate of its degradation (Slade
et al., 1992). After the first application, the half-life was 22 d and the
half-life decreased (rate of degradation increased) with successive
applications to only 1 d after the third application. A similar pattern
was also found for iprodione (Walker et al., 1986; Walker, 1987) and
metalaxyl (Bailey and Coffey, 1985). The degradation intensity of
vinclozolin increases with increasing soil pH (Walker, 1987; Ueoka et
al., 1997). Therefore, the use of vinclozolin in alkaline soils, which is
the case for many vineyards, does not have to pose a significant risk of
leaching into the groundwater. According to the USEPA (2000),
vinclozolin and its metabolites are very mobile-slightly mobile in
sandy soils low in SOM. It is needed to mention that the use of
vinclozolin is banned in some European countries such as Finland,
Denmark and Norway (Milne, 2004).

Procymidone [N-(3,5-dichlorophenyl)-1,2-dimethylcyclopro-
pane-1,2-dicarboximide]| has a low mobility in soils rich in SOM
(Ko value 1500 Lkg™!). However, the mobility increases during
periods of increased precipitation. The concentration varies during
the year as well, higher concentrations of procymidone were present
in soils sampled in autumn and winter (up to 1124 pugkg™!)
(Bermtidez-Couso et al., 2007). Even though procymidone is consi-
dered to be practically immobile, Gonzalez-Pradas et al. (2002) have
found procymidone occurrence in soils below 20 cm of the soil pro-
file. The K4 values of procymidone ranges from 0.62 to 1.71 Lkg ™!
(Gonzalez-Pradas et al., 2002). As for other fungicides, a higher clay
content contributes to a higher Ky value and therefore to stronger
adsorption. Despite the fact that procymidone is in the
same chemical group as vinclozolin and iprodione, its successive
applications did not have any effect on the rate of its degradation.
This shows that procymidone is more stable in soils than the other
two fungicides.

3.1.6. Azoxystrobin

Azoxystrobin belongs to a new class of widely-sold systemic
fungicides called strobilurins, fungicides originating from natural
products (Gullino et al., 2000; Bartlett et al., 2002). Azoxystrobin is
stable in the pH range of 4-9 and is degraded only slowly by
photolysis (FAO, 2007). Ghosh and Singh (2009) have shown that
photodegradation plays an important role in its degradation. Azox-
ystrobin can persist in soils for several months and the degradation
rate significantly correlates with soil pH and microorganism biomass
(Bending et al., 2006, 2007). The K, values ranges from 207 Lkg = ' ina
sandy loam to 594 Lkg™ ! in asilty clay loam (EC, 1998b). According to
the PMRA (Pest Management Regulatory Agency, 2007), K. values
vary from 300 in loamy sand to 1690 in a silty clay loam. The average
Kq4 value one day after azoxystrobin application to sandy loam soils
containing 73% sand, 12% silt, 14% clay and 1.16-1.82% total organic C
was 13.9 Lkg™ ! (Bending et al., 2007). The application of compost may
decrease soil pH and increase organic C content, which leads to
stronger sorption of azoxystrobin in the soil. Even though azoxystrobin
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is then less available to microbial degradation, the addition of compost
together with anaerobic conditions enhances its degradation by
anaerobic organisms (Ghosh and Singh, 2009) and azoxystrobin
degradation products (e.g., (E)-2-(2-[6-cyanophenoxy)-pyrimidin-4-
yloxyl]-phenyl-3-methoxyacrylic acid) can thus leach through the soil
(FAO, 2007). Therefore, it was concluded that the use of azoxystrobin
in areas where soils are permeable is not desirable as it may result in
groundwater contamination (Bending et al.,, 2006). In such areas,
azoxystrobin concentrations in surface waters can reach 30 ug L™!
(Berenzen et al., 2005).

3.1.7. Quinoxyfen

Quinoxyfen is an effective fungicide used on powdery mildews
(Gullino et al., 2000). Quinoxyfen is believed to be persistent in the
environment at alkaline pH and low temperature. It is immobile or
only slightly mobile in soils depending on the soil type (EC, 2003a;
CDPR, 2004). Due to its high K value (15,415-75,900 Lkg™"), it is
believed to have a high affinity to soils containing higher con-
tents of organic C (Tomlin, 2003). While its degradation is rapid
in aquatic environments, it is more stable in terrestrial environ-
ments. Quinoxyfen is poorly soluble and is tightly adsorbed to the
soil sorption complex. Field studies have shown that quinoxyfen
(as well as its residues) can accumulate in soils and due to its
strong adsorption, it is not believed to pose a significant threat for
groundwaters (CDPR, 2004).

3.1.8. Tebuconazole

Tebuconazole is a systemic fungicide which is highly effective for
controlling soil-borne and foliar fungal pathogens. Its soil half-life
ranges from 40 to 170d depending on the amount of applied
fungicide per ha (FAO, 1994). Its degradation is also significantly
influenced by the organic C content because it exhibits a high affinity
for SOM (Berenzen et al., 2005). The Ky value varies from 7.7 to
164 Lkg™", and K, values range from 911 (silt) to 1251 Lkg™!
(sandy loam soil), which again indicates that soils with higher clay
content exhibit stronger sorption. Bending et al. (2007) have shown a
similar K4 value (the average in sandy loam soils was 12.4 Lkg™!).
The amount of tebuconazole adsorbed in the soil varies between 28
and 74% and is mainly concentrated in the top soil layer (0-15 cm)
(FAO, 1994). Strickland et al. (2004) have found that the soil half-life
of tebuconazole reaches 49d in loamy sand soils. The value was
probably influenced by a relatively high temperature and moisture
combined with a low organic C content in the soil. Low organic C
content contributes to decreased sorption and encouraging thus
microbial degradation of the fungicide. Tebuconazole has a tendency
to degrade more quickly in soils under vegetation cover. Vegetation
contributes to higher microorganism diversity in the soil and hence
supports fungicide degradation. As it was not detected in deeper soil
layers, groundwater contamination should not occur. The degradation
in water depends on humic acid or nitrate contents and the addition of
these compounds to soils can thus increase its degradation (FAO,
1994). Tebuconazole was detected in headwater streams situated in
an agricultural environment around Braunschweig, Lower Saxony,
Germany, at a concentration of 9.1 ug L~ ! (Berenzen et al., 2005) and
hence fungicide concentrations in water should be monitored in river
basins devoted to vineyards. Vineyards are usually placed at sloped
areas which poses a risk of fungicide washing-off to streams and
water supplies.

3.1.9. Mancozeb

Mancozeb is a contact fungicide used for treatment of a wide
variety of crops and seeds. It is practically insoluble in water and
most organic solvents (Kamrin, 1997). Mancozeb decomposes in
the pH range of 5-9, at increased temperature and upon exposure
to moisture and air. Furthermore, it degrades quickly by
hydrolysis (USEPA, 2005). Mancozeb has low persistence in soils

with a half-life of 1-7 d. It easily degrades to ethylenethiourea
(ETU) which can persist in soils for 5-10 weeks (Kamrin, 1997)
and due to its high solubility and mobility, ETU has the potential
to migrate from soils to groundwater (USEPA, 2005). According
to the report of the EC (2009), Ky values ranged from 7.3 to
11.7Lkg™ ' and K, values from 363 to 2334 Lkg™ !, depending
on the soil characteristics. K,- values indicate that mancozeb is
moderately to slightly mobile in soils (IUPAC, Pesticide Properties
Database).

3.1.10. Pyrimethanil

Pyrimethanil is a contact fungicide used to control grey mould
(Rose et al., 2009). It has a high affinity for the soil solid phase and
thus is not easily degraded. Up to 80% can be adsorbed in soils after
24 h (Vanni et al., 2003). The authors have also shown that the rate of
disappearance of pyrimethanil is much faster in the top layer of the
soil due to intensive photo- and microbial degradation. Pyrimethanil
is practically immobile in soil profiles; therefore, it has a low potential
for leaching into the groundwater. When it reaches surface water,
pyrimethanil degrades rapidly and/or is moderately adsorbed to
sediments (Tomlin, 2003).

3.2. Toxicity of synthetic organic fungicides

The toxicity of fungicides, classified according to the USEPA, is
summarized in Table 4. As mentioned above, the intensive use of
fungicides in vineyards may lead to the contamination of ground and
surface waters and pose a toxicological risk for organisms in the
surrounding ecosystems. Metalaxyl is nearly nontoxic to freshwater
fish and it is slightly toxic to aquatic organisms (Kamrin, 1997;
Shengwen and Weiping, 2008). Moderate toxicity to aquatic organ-
isms has been observed for propiconazole, procymidone and
vinclozolin (FAO, 2001; EC, 2003b; Martinovic et al., 2008), while
azoxystrobin, cyprodinil and quinoxyfen are classified as highly to
extremely toxic to aquatic invertebrates (USEPA, 1998; CDPR, 2004;
PMRA, 2007; Warming et al., 2009). However, toxic concentrations of
quinoxyfen are not expected to occur in aquatic environments due to
its chemical properties (poor water solubility, high K, values, which
indicate strong adsorption to soil) (CDPR, 2004). Dewez et al. (2005)
and Verdisson et al. (2001) have observed adverse effects on aquatic
plants in the presence of fludioxonil and pyrimethanil. Negative

Table 4
Toxicity of fungicides (adapted from Kamrin, 1997).

EPA toxicity Toxicity
class rating

Characteristic acute toxicity
in experimental animals

Example

I Highly Oral LDso: 0-50 mg kg~
toxic Dermal LDsy: 0-200 mg kg~ !
Inhalation LCso: 0-0.2 mg L~ !
Skin/eye irritation: severe
11 Moderately Oral LDsp: >50-500 mg kg~ !
toxic Dermal LDsq: >200-2000 mg kg~ !
Inhalation LCsg: >0.2-2.0 mg L~ !
Skin/eye irritation: moderate

Tebuconazole

111 Slightly Oral LDso: 500-5000 mg kg~ ! Metalaxyl,
toxic fludioxonil,
Dermal LDsg: >2000-20,000 mg kg~'  propiconazole,
vinclozolin,
Inhalation LCso: >2.0-20 mg L~ ! cyprodinil,
azoxystrobin,
Skin/eye irritation: slight tebuconazole
1\% Practically ~ Oral LDsg: >5000 mg kg~ ! Pyrimethanil,
nontoxic propiconazole,
Dermal LDso: >20,000 mg kg~ vinclozolin,
cyprodinil,
Inhalation LCsp: >20 mg L' azoxystrobin,
Skin/eye irritation: none mancozeb
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effect (temporary inhibition of photosynthesis of grapevine fruiting
cuttings) of fludioxonil and pyrimethanil applications has been also
observed by Saladin et al. (2003) and Petit et al. (2008).

Considering fungicides' ability to accumulate and adsorb to soil
particles, they can significantly influence soil organisms and ecosys-
tems. Sukul (2006) has shown that metalaxyl application leads to a
reduction of microbial biomass as well as of total N and organic C
contents in soils. Furthermore, a stimulation of ammonifying bacteria
growth, adverse effects on P mineralization and the decrease in soil
pH that was caused by fungicide primary acid metabolites has been
also observed (Monkiedje et al., 2007). A similar pattern has been
found for propiconazole by Ekelund et al. (2000a,b). The authors
showed that propiconazole at concentrations commonly used in
agriculture (~600mgL~ ') negatively affected flagellates and
changed the composition of their species. On the contrary, the
presence of tebuconazole (the same chemical class as propiconazole)
in soils did not have any significant effect on soil microbial biomass
and the bacterial community structure. However, it reduced dehy-
drogenase activity in soils low in SOM (Bending et al., 2007). Adverse
effects were also observed for numbers of nitrifying bacteria,
nitrogen-fixing bacteria, numbers of fungi and nitrogen concentra-
tions in tebuconazole-treated soils (Cycon et al., 2006). Toxicological
tests showed that commercially available fungicides containing
metalaxyl pose a risk to soil microorganisms (Monkiédjé et al.,
2000). On the other hand, Monkiedje and Spiteller (2002b) have
shown that metalaxyl application has also a positive effect on soil
properties. The activity of phosphatases and B-glucosidase, mineral-
ization and the availability of N (and of most plant nutrients) in soils
was stimulated. On the other hand, metalaxyl application inhibited
dehydrogenase activity and the availability of NO3".

Most of the fungicides mentioned above do not present a
toxicological risk to terrestrial wildlife (USEPA, 1998; Tomlin, 2003;
CDPR, 2004), only vinclozolin exhibits low levels of acute risk to
wildlife (USEPA, 2000). Also mancozeb and its degradation product
ETU have been shown to be toxic for several animals (e.g., frogs), even
at low concentrations (Harris et al., 1998; Shenoy et al., 2009) and can
also affect the reproduction of some animals (Kamrin, 1997).

3.3. Contamination of vineyard soils with synthetic organic fungicides

The intensive application of synthetic organic fungicides has led to
increased concentrations of these chemicals in vineyard soils, according
to the periods of treatments. It is needed to point out that the vast
majority of data about the contamination of vineyard soils with
synthetic organic fungicides originates from Spain. Bermidez-Couso
et al. (2007) have shown that the total fungicide concentration in
acid vineyard soils in the Ourense province reached 1124 pg kg™ .
Procymidone, metalaxyl, fludioxonil and cyprodinil appeared at higher
concentrations in soils (up to 1124, 1002, 349 and 462 pgkg™!,
respectively). While, procymidone, fludioxonil and cyprodinil residues
in soils were higher in autumn and winter, metalaxyl and penconazole
residues were higher in spring indicating that the application time of
the fungicides significantly influences their concentrations. A similar
pattern has been found in Rias Baixas (Spain) by Rial-Otero et al. (2004).
Tebuconazole, procymidone, cyprodinil, and fludioxonil were detected
in autumn (1 month after the last application) at concentrations 12, 20,
260 and 991 ug kg~ !, respectively. In spring, metalaxyl, procymidone,
tebuconazole and cyprodinil were also detected in soils at subquantita-
tion levels; and only fludioxonil was detected at a concentration higher
than its limit of quantification (52 ug kg~ '). Arias et al. (2005b) have
also reported cyprodinil and fludioxonil presence in vineyard soils of the
Galician province Pontevedra (northwestern Spain) at concentrations of
9 and 142 ug kg™, respectively. Arias et al. (2006) have also reported
metalaxyl and penconazole presence in vineyard soils of the same
region in spring at concentrations of 25 and 50 pg kg~ !, respectively.

3.4. Interactions between Cu and synthetic organic pesticides

Pateiro-Moure et al. (2007) studied the interactions between Cu
and organic herbicides (paraquat, diquat and difenzoquat) in vineyard
soils and observed that increased Cu concentrations can displace
difenzoquat from adsorption sites and that Cu adsorption is reduced in
the presence of the herbicides in soils. In another study, Arias et al.
(2006) found that while the addition of Cu does not influence the
sorption of metalaxyl onto soil, it increased the adsorption of
penconazole through the formation of Cu-penconazole complexes
with an increased affinity for soil colloids. The same effect has been
observed for the adsorption of the commonly used herbicide
glyphosate (Morillo et al., 2000). The application of glyphosate to
vineyard soils possibly leads to the formation of Cu-glyphosate
complexes (especially in acidic soils) which can leach through the
soil profiles (Dousset et al., 2007). As mentioned before, the
interactions of Cu with organic pesticides influence their behavior
and toxicity. Jacobson et al. (2005) found that increased Cu
concentrations in vineyard soils influence the fate and transport of
diuron in vineyard soils through an alteration of microbiological
populations or activities involved in their degradation. On the other
hand, diuron was found to prevent Cu-induced decreases of chloro-
phyll contents in some plants (Teisseire et al., 1999).

3.5. Impact of synthetic organic fungicides on health

Although not sufficiently in many cases, negative effects of some
pesticides on human health (neurologic dysfunctions and diseases,
hypospadias, endocrine disruption and increases in the incidence of
cancers) have been reported (Saracci et al.,, 1991; Blair et al., 1993;
Garry et al., 2002; Kamel and Hoppin, 2004). Mancozeb and other
ethylenebis(dithiocarbamate) fungicides (maneb, zineb, metiram
etc.) are absorbed primarily dermally and are metabolized to
ethylenethiourea (ETU) (USEPA, 1992). In general, these compounds
rapidly pass from the gastrointestinal tract into the bloodstream and
may accumulate in liver, thyroid and nervous system (Kamrin, 1997).
Ethylenebis(dithiocarbamate) fungicides affect the thyroid gland and
the lymphocyte genome (Steenland et al, 1997), enhance the
production of the thyroid-stimulating hormone and probably cause
higher prevalence of solitary nodules of workers working with
mancozeb (Panganiban et al, 2004). Mancozeb is also probably
hormonally active as an estrous cycle-disrupting fungicide (Farr et al.,
2004). On the other hand, Colosio et al. (2007) have suggested that
seasonal application of mancozeb may cause changes of some
immune parameters, but does not pose a significant immunotoxic
risk for vineyard workers (Colosio et al., 2007). Red itchy rash with
blistering was noticed after the exposure of workers exposed to
quinoxyfen (Chowdhury et al., 2001). To our best knowledge, studies
focused on the risk of human exposure to other fungicides mentioned
in this review are lacking; therefore, further investigations should be
performed to evaluate possible risks for workers working with these
chemicals. It is needed to point out that each fungicide commercially
used is sold with a safety data sheet summarizing the possible risks
and measures associated with its use.

4. Conclusions

Polluted agricultural soils present a serious agro-environmental
concern. The contamination with organic and inorganic pollutants
reduces the quality of the soil and the sustainability of the
agroecosystem. Copper originating from the intensive application of
Cu-based fungicides belongs to the most important contaminants
of vineyard soils as its concentrations exceed European legislative
limits in the majority of the studied vineyards. Despite the fact that Cu
in soils is strongly immobilized by the soil sorption complex (i.e.,
SOM, Fe-, Mn-oxyhydroxides etc.), there has been evidences of Cu
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migrating through soil profiles in vineyards which poses thus an
important risk for groundwater quality. This is especially true for
acidic soils, tilled soils and soils affected by intensive erosion.
Therefore, stabilization strategies that lower the intensity of erosion
(such as the application of organic amendments and vegetation
cover) are needed for decreasing Cu runoff from vineyard soils via
wind and water erosion. There have been only rare cases of Cu
phytotoxicity symptoms observed on vine plants, mostly due to their
deep rooting. However, precautions are needed when other crops
with shallow roots are subsequently grown on such contaminated
soils. Copper concentrations should be then lowered to acceptable
levels through various remediation procedures.

Synthetic organic fungicides belong to various chemical classes
and it is thus difficult to generalize their behavior in soils. Their
sorption, mobility, stability, degradability and toxicity differ due to
their different chemical properties and are significantly influenced by
soil properties. Some of these compounds have been detected in
surface waters at concentrations higher than the EU regulatory limit
and hence it can be assumed that their extensive use poses a risk
for the environment and human health. Therefore, the choice of
fungicides should be performed carefully in accordance with
agriculture practices, physico-chemical characteristics of the soils
and climatic and hydrogeological regimes in separate vine-growing
regions. Additionally, soil amendments, such as organic matter
application, can improve soil quality and reduce the risks associated
with leaching of the fungicides. Sensitive approaches to pest control,
such as the Integrated Pest Management, which is used to manage
pest damage by the most economical means with the least possible
hazard to humans and the environment, should be encouraged. New-
generation fungicides should be practically nontoxic, except for the
target organism, and upcoming research should evaluate the toxicity
of synthetic organic fungicides and their residues to humans.
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Complexation between the fungicide tebuconazole and copper(II)
probed by electrospray ionization mass spectrometry
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Electrospray ionization mass spectrometry (ESI-MS) is used to probe the complex formation between tebuconazole
(1) and copper(Il) salts, which both are commonly used fungicides in agriculture. Experiments with model solutions
containing 1 and CuCl, reveal the initial formation of the copper(Il) species [(1)CuCl]* and [(1),CuCl]* which
undergo reduction to the corresponding copper(I) ions [(1)Cul® and [(1),Cul* under more drastic ionization
conditions in the ESI source. In additional experiments, copper/tebuconazole complexes were also detected in
samples made from soil solutions of various origin and different amount of mineralization. The direct sampling of
such solutions via ESI-MS is thus potentially useful for understanding of the interactions between copper(Il) salts
and tebuconazole in environmental samples. Copyright © 2011 John Wiley & Sons, Ltd.

Recently, we initiated a research project aimed towards the
application of electrospray ionization (ESI) mass spectrom-
etry (MS) for the characterization of complexes of coinage
metals in the gas phase,!"? with particular attention being
paid to nitrogen ligands.*™ In the course of these studies,
we came across a possibly interesting cross-relation between
copper and nitrogen compounds in crop science, which we
considered being worth a more detailed investigation.

Specifically, the compound tebuconazole, i.e. racemic
1-p-chlorophenyl-4,4-dimethyl-3-(1 H-1,2,4-triazol-1-ylmethyl)
pentan-3-ol (1), is a systemic triazole fungicide, which
inhibits ergosterol biosynthesis. It is used for controlling
soil-borne and foliar fungal pathogens. According to a
classification by Kamrin,!"”! tebuconazole is ranked among
the pesticides slightly soluble in water (0.036 g-L™" at 20°C).
Frequent application of tebuconazole leads to its accumula-
tion in soils. The half-life of 1 in soils ranges from 40 to
170 days depending on soil characteristics (organic matter,
clay content, etc.). Major degradation products in soils include
triazolylacetic acid, hydroxytriazole, and triazolylalanine."!
Degradation intermediates in water are tert-butyl alcohol and
butyrate derivatives of 1. Enteropathic recirculation occurs in
intact animals."? The main metabolites include alcohols and
carboxylic acids that indicate the oxidation of methyl group(s)
of the tert-but?ll moiety, and tert-butyl alcohol is one of the
metabolites.!"®

Copper compounds are widely used inorganic fungicides.
They can interact with other agrochemicals present in soils

|
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Flemingovo nameésti 2, 166 10 Prague 6, Czech Republic.
E-mail: dytrtova@uochb.cas.cz

and thus influence their behavior in the environment, i.e.,
accumulation in soils, degradation, mobility, and stabil-
ity."*1°1 Although both fungicides are usually applied on
plants, they can be transported to the soil through washing-
off or falling of plant material,['®! and this can subsequently
cause risks for soil ecosystems, groundwater and surface
water. There has been evidence that triazole fungicides can
create complexes with various metals, including complexes
of tebuconazole with copper(Il).'”'¥! Likewise, Arias et al.!"*!
pointed out the different behavior of free and complexed
triazoles in soil environment in that the adsorption is
increased in the presence of Cu due to the formation of
binary complexes.

The aim of the present study is to investigate tebuconazole-
copper interactions and possible changes of the oxidation
state of Cu in its complexes with tebuconazole. The results
can contribute to a better understanding of the behavior of
agrochemicals in the environment and thereby assist in
preventing risks associated with their application.

EXPERIMENTAL

The experiments were performed with a Finnigan LCQ
Advantage ion-trap mass spectrometer (ThermoFinnigan,
San Jose, CA, USA) fitted with an electrospray ionization
source operated in positive and negative-ion mode.'”! Dilute
solutions of tebuconazole and appropriate copper(Il) salts in
methanol /water (1:1 v/v) were introduced into the ESI source
via a fused-silica capillary at a flow rate of 1.3mL-h™".
Nitrogen was used as the nebulizer gas. The operating
conditions were set as follows: spray voltage 5.0kV, capillary
voltage 105V, heated capillary temperature 250°C, sheath gas
flow rate and auxiliary gas flow rate 20-30 arbitrary units.
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The ionization conditions in ESI are critically influenced by
the settings of the capillary voltage and the tube lens offset.
When large voltages are applied, multicollisional activation
in the medium-pressure regions of the ion source leads first
to desolvation and then to collision-induced dissociation
(CID),2%21 which in the case of copper(Il) co [pounds also
includes redox reactions to copper(l) species.”>*! Unless
noted otherwise, we have used medium conditions which
afford Cu' and Cu" species in comparable abundances.
Mass spectra were recorded from m/z 50 to 2000. CID of
mass-selected precursor ions was achieved by radio-frequency
(RF)-excitation of the ions within the helium buffer gas
present in the ion trap as the collision partner. The collision
energy was optimized for each experiment and is expressed
in terms of the manufacturer’s normalized collision energy
(%), where the range from 0 to 100% corresponds to a
resonance excitation alternating current (a.c.) signal of 0-2.5V
(zero-to-peak) at the secular frequency of the ion of interest.
The actual collision energies depend on the m/z values of
the precursor ions, but conversion to an absolute energy
scale is feasible via an empirical calibration,®*! for which we
have applied the loss of pyridine from mass-selected (2,5-
dimethylylbenzyl)pyridinium ion which leads to the phenom-
enological conversion Econ(k]'mol™) =(7.3£0.3) o E.u(%)
for the ion-trap mass spectrometer used in the present
experiments. 2}

The model solutions were prepared from CuCl, salt
(purum), tebuconazole, HPLC-grade methanol (all from
Sigma-Aldrich, Prague, Czech Republic), and deionized
water (>18M()). The stock solutions were equimolar in
CuCl, and tebuconazole (both 5:10*mol‘L™!) and diluted
to the desired concentrations.

RESULTS AND DISCUSSION

Figure 1 shows a positive mode ESI mass spectrum of a dilute
mixture of tebuconazole and CuCl, in methanol/water. The
major ions observed can be divided into four groups; note
that all listed m/z values refer to the light isotopes (1H, 2c,
14N, 3°Cl, and ®3Cu). (i) In several Cu'! complexes originated
from the precursor metal salt, e.g., [(1)CuCl]" (m/z 405) and
[(1),CuCl]* (m/z 712), the valence of the metal is maintained
upon ESL. (ii) In contrast, the signals due to [(1)Cu]" (m/z 370)

[(1)Cul*

and [(1),Cu]* (m/z 677) demonstrate a reduction to Cu'. In
the case of [(1),Cu]’, some fragmentation via loss of
(presumably) isobutane is also observed, which leads to
[(1)2Cu-CsHypl" (m/z 619). (iii) To a smaller, but yet non-
negligible extent, the formation of dinuclear cluster ions, such
s [(1)CuCls]" (m/z 538) and [(1),Cu,Cls]" (m/z 845), is
observed. In the higher mass range (not shown), some
oligonuclear clusters are also observed in correspondingly
low abundances, e.g., [(1).CusCls]" (m/z 978), [(1)sCusCls]"
(m/z 1285), and [(1)sCusCl;]" (m/z 1418). In the vast majority
of these cluster ions, copper is in the Cu" state, which is
consistent with a generation of these larger aggregates in
the absence of energizing collisions. (iv) Last, but not least,
a signal due to protonated tebuconazole, 1H" (m/z 308), is
observed, whose formation can be explained by the slightly
acidic properties of the aqueous CuCl, solutions. We note
that under the conditions chosen, dicationic copper
complexes are observed only in traces, e.g., a small signal
due to [(1),Cul** (mn/z 645.5).

The formation of copper(I) ions might appear surprising,
because it is commonly assumed that the oxidation state of
metal compounds is maintained in ESLP7281 In fact, redox
reactions between copper(Il) and 1,2,4-triazoles have been
reported in which copper serves as an electron acceptor,®’!
and triazoles seem to generally stabilize low oxidation states
of copper because they are also used for the protectlon of
metallic copper surfaces against corrosion.*”! However, it
appears much more likely that the reduction occurs in the
electrospray process itself.?>?*°! In order to address the
generation of the copper(I) species in more detail, several ions
were mass-selected and submitted to CID. Thus, mass-
selected [(1)Cul™ (m/z 370) shows loss of water as predominant
fragmentation channel, not unexpected for a tertiary alcohol
such as 1. Mass-selected [(1)CuCl]" (m/z 405) undergoes loss of
HCl to afford [(1-H)Cul* (m/z 369), in which the formal
oxidation state Cu" is maintained. The biscoordinated Cu'
species [(1),Cu]” (m/z 677) shows preferential losses of the
neutral ligand to afford [(1)Cu]". In contrast, the [(1),CuCl]"
ion (m/z 712) expels a chlorine radical upon CID thereby
affording [(1),Cu]* along with a minor loss of neutral 1 to
produce [(1)CuCl]*. Observation of chlorine-atom loss pro-
vides a straightforward rationale for the occurrence of the
redox process and has precedence in the gas-phase chem-
istry of CuCl* complexes.**?! Figure 2 summarizes the

1 - [(1),CuCI*
0.2
(0]
g
g 0.0 +
3 705 710 715 720 725
© 1H*
¢
5 [(1),Cu-C4Hyol"  [(12CuCH’
[+4
] [(1)cuch* [(1),Cul* [(1)2Cu,Cla]*
l [(1)Cu;Clal* Jk IWL
oM Ly ) A D . W L N UUNI ..
300 400 500 600 700 800 900
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Figure 1. Positive mode ESI mass spectrum in the range from m/z 300 to 900 of an equimolar mixture of tebuconazole
(1) and CuCl, (both 5:10"* mol-L™!) methanol/water (1:1). As an example, the inset on the top shows the isotope pattern of the

[(1)>2CuCl]* complex on an expanded mass scale.

wileyonlinelibrary.com/journal /rcm

Copyright © 2011 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2011, 25, 1037-1042



Formation of complexes between tebuconazole and Cu(Il) salts

Rapid
¥ Communications in
: “ Mass Spectrometry

N
. [()cul* [(1-H,0)Cul* [(Hcuci]

100 - . \

2 K

2 @ \. { (b)

[l /

E 7

° AE = 224 kJ mol™ AE =138 kJ mol”

N /

s H

£ AN

5 AN

Z /. \l\ -

0 . . e R S - : .

0 10 20 30 40 0 10 20 30 40
1 [(1),Cul* [(1),CuCI*

100 \\ " 04 Ja—

z [(1)Cu ' A 1(),Cul*

z (© Nooe (d) /o e

5} « /

E \ d.

2 AE =212 kJ mol™! X AE =137 kJ mol!

X AN /

© N .

g ./. . /‘

S ) * o . [(mcuc?

0 . i . . Mim : i . Q=== g=-=o n- — 8- -~ . ) }g-u-.-.'f . .
0 10 20 30 40 0 10 20 30 40
Ecnll (%) EcoH (%)

Figure 2. Energy-dependences of the product ion abundances for (a) [(1)Cul®, (b) [(1)CuCl]*, (c) [(1)2Cul*, and (d) [(1),CuCl]"
derived from independent CID experiments with the mass-selected ions.

energy-dependences of the fragmentation channels for these
four representative ions. Consistent with the fragmentation
behavior described above and the general gas-phase chem-
istry of ligated copper ions,!"?! the appearance energies for the
fragmentation of the Cu' species [(1)Cu]* and [(1),Cu]* are
significantly larger than those for the loss of atomic chlorine
from the Cu" compounds [(1)CuCl]* and [(1),CuCl]*.

With this information, we can propose a simple scheme
for the generation of the various ions upon ESI of the
tebuconazole/CuCl, solution in methanol/water (Scheme 1).
Initially upon sampling, intact copper(ll) complexes with
tebuconazole evolve from solution with [(1),CuCl]* as the
major species. Because the concentration of the non-volatiles is
increased in the spray process,*'?! some of these species
undergo clustering to binuclear species. Under harsher
conditions of ionization, the metal is reduced from Cu" to
Cu' at the stage of [(1)2CuCl]" and all other major ions
observed can be accounted for by subsequent losses of closed-
shell fragments.

The ratio between the ions from the copper(I) and copper
(IT) manifolds can be varied by appropriate adjustment of the
relevant potentials in the ESI source. Figure 3 shows the

[(1)2Cu,Cly]*

[(1).Cu]*

influences of the capillary voltage and the tube lens offset for
the two most abundant representatives in the spectra, i.e.,
[(1)Cu]* for the Cu' species and [(1),CuCl]* for the Cu"
manifold. In these experiments, one of the values was kept
fixed while the other was changed in steps of 5V. Both
diagrams show the preference for Cu" species at low voltage
settings (= soft ionization conditions) with a switch to the
reduced Cu' ions under harder conditions.

Having understood the chemistry occurring in the ESI
process and having achieved means to modify the ratio
between Cu' and Cu"" species, we can now exploit these results
in the detection of possible tebuconazole/copper complexes
in real samples in a direct mass spectrometric assay, i.e.,
without a prior workup of the samples. The latter aspect is of
particular importance for an evaluation of the role of possible
association between tebuconazole and copper species in
environmental samples, because conventional workup for
the detection of organic fungicides via extraction and
subsequent chromatographic separation is likely to destroy
the copper complexes eventually present in the crude samples.

At first, the concentration of the analytes was reduced by
dilution in order to probe the sensitivity of direct sampling

I+CuC|2 (agaregation)

[(1;CuCH" = (NCUCI' = [(1-H)Cu*
B =

= [(1)Cu]* | Cu' |

Scheme 1. Degradation pathways of copper/tebuconazole complexes formed upon ESI and transition from the copper(Il) to the

copper(I) manifold.
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Figure 3. Dependences of the abundances (in logarithmic scale) of the most abundant Cu' and Cu species from (a) the capillary

voltage and (b) the tube lens offset.

via ESI-MS. As shown in Fig. 4, even concentrations
below 10 ®mol-L™" give clearly detectable signals of the
tebuconazole/copper complexes. The measurements were
then repeated in a 1:1v/v mixture of methanol and tap
water as a solvent in order to probe the effect of modest
mineralization. Likewise, a representative soil solution
was used in order to probe possible matrix effects. A
sample of soil solution was collected from pot cultivation
experiments with willow planted on Cambisol (soil classi-
fication according to the FAO World Reference Base
for Soil Resources) with a low concentration of metals (Cu
6.5:10"8mol-L™!, Cd 1.3:10 ® mol-L™" and Pb 5:10~" mol-L™")
via suction cups.®®! A typical soil solution is rich in organic
matter, which is able to fix relatively high amounts of metal
cations.® In both cases, the sensitivity is significantly
lowered as can be seen by the elevated noise level in Fig. 5.

Finally, we have studied a soil solution sampled from a
forest Spodosol with alder plantation (with content of
organic matter lower than in the soil solution from given
Cambisol) contaminated with copper in the long term
(1.8°10°°mol-L 7,5 added 1, but omitted the addition
of copper(Il). As demonstrated in Fig. 6, under these
conditions distinct signals due to the expected copper
complexes of tebuconazole can also be identified. The major
additional signals are due to alkali complexes of 1, which
simply can be ascribed to the mineral contained in the
soil solution. The organic matrix in the sample obviously
does not prevent the detection of the complexes between
copper and tebuconazole.

CONCLUSIONS

Electrospray ionization mass spectrometry confirmed the
high tendency of copper(Il) ions to form complexes with the
fungicide tebuconazole 1, where the [(1)Cu]” and [(1)>Cu]"
ions are particularly well suited for the detection of mixed
copper/tebuconazole species. Additional collision-induced
dissociation experiments reveal that the reduction from
copper(Il) to copper(I) in these two complexes happens in
the course of the electrospray process and does not take
place in solution. Interestingly, the copper/tebuconazole
complexes can be detected not only in idealized laboratory
solutions using pure ingredients, but also in samples made

N
|
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Figure 4. Positive mode ESI mass spectrum in the range from
m/z 300 to 900 of an equimolar mixture of tebuconazole (1)
and CuCl, (both 5:107 mol-L™) in methanol/water (1:1).
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Figure 5. Positive mode ESI mass spectra in the m/z range
from 300 to 420 of an equimolar mixture of tebuconazole (1)
and CuCl, (both 5:107° mol-L™) tap water and soil solution.

from soil solutions of various origins and of different
compositions. These findings are important from an agro-
environmental perspective. The formation of tebuconazole-
Cu complexes, e.g., in vineyard soils, where these fungicides
are commonly applied, is an important factor influencing

wileyonlinelibrary.com/journal /rcm
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Figure 6. Positive mode ESI mass spectrum in the m/z range
from 300 to 750 of a soil solution (from forest soil) naturally
contaminated with Cu (ca. 0.9°10"°mol-L™! after dilution
with methanol) before (bottom, grey) and after addition of
tebuconazole (1) to final concentration 5:10~° mol-L ™%

the behavior of both these chemicals. The complexes are
likely to have sorption properties different from those of
tebuconazole or Cu alone which will affect the (bio)degrad-
ability and toxicity. By parallel analytical methods we will try
to determine to what extent the direct mass spectrometric
sampling can also be used for quantitative studies of the
interaction between copper(Il) salts and tebuconazole, which
are among the most commonly used fungicides in modern
agriculture.
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The aim of the present study was to investigate tebuconazole sorption on common soil minerals (birnessite, ferrihydrite, goethite,
calcite and illite) and humic acids (representing soil organic matter). Tebuconazole was used (i) in the commercial form Horizon
250 EW and (ii) as an analytical grade pure chemical. In the experiment with the commercially available tebuconazole, a significant
pH-dependent sorption onto the oxides was observed (decreasing sorption with increasing pH). The highest sorption was found
for ferrihydrite due to its high specific surface area, followed by humic acids, birnessite, goethite and illite. No detectable sorption
was found for calcite. The sorption of analytical grade tebuconazole on all selected minerals was significantly lower compared to
the commercial product. The sorption was the highest for humic acids, followed by ferrihydrite and illite and almost negligible for
goethite and birnessite without any pH dependence. Again, no sorption was observed for calcite. The differences in sorption of the
commercially available and analytical grade tebuconazole can be attributed to the additives (e.g., solvents) present in the commercial
product. This work proved the importance of soil mineralogy and composition of the commercially available pesticides on the behavior
of tebuconazole in soils.

Keywords: Adsorption, fungicide, humic acids, soil minerals, tebuconazole.

Introduction

Tebuconazole [(RS)-1-p-chlorophenyl-4,4-dimethyl-3-
(1H-1,2,4-triazol-1-ylmethyl)-pentan-3-ol] is a systemic
triazole fungicide which is used for controlling soil-borne
and foliar fungal pathogens of many crop plants. Even
though the fungicide is applied on plants, it can reach the
soil through washing-off or falling of plant materialll and
thus can pose a risk for soil ecosystems, groundwater and
water supplies.””

Adsorption is one of the key processes that influence the
concentrations of pesticides in soil and soil solution and
their movement through the soil profile and thus their po-
tential for leaching into the groundwater.* ¢ Adsorption
is mainly influenced by physico-chemical characteristics of
the pesticide and soil properties.! In general, soil organic

Address correspondence to Michael Komarek, Faculty of Envi-
ronmental Sciences, Czech University of Life Sciences Prague,
Kamycka 129, 165 21 Praha 6, Czech Republic; E-mail:
komarek@af.czu.cz; cadkovae@af.czu.cz

Received April 15, 2011.

matter (SOM) is considered to be one of the most impor-
tant factors influencing fungicide sorption.”! Andrades
et al.'% have described the adsorption by both SOM and
clays (with a predominant role of SOM). This assumption
is supported by Monkiedje and Spiteller.!!'! However, other
authors have shown a more significant role of clay minerals
and other soil components (e.g., Fe-, Mn-oxyhydroxides)
in fungicide sorption.[>~14

Tebuconazole is mainly adsorbed in the top soil layer
(0—15 cm);[" I nevertheless, it has been also detected in head-
water streams situated in an agricultural environment at
concentrations reaching 9 g L~!.1'% Additionally, sorption
processes decrease tebuconazole availability to microorgan-
isms, degradability and thus enhance its accumulation in
soils.l'” This highlights the importance of a detailed knowl-
edge about the behavior of tebuconazole in soils.

Although some studies on tebuconazole sorption in soils
have been published, to our best knowledge there is no
study describing tebuconazole sorption onto separate soil
minerals and SOM. These phases are the most abun-
dant components in soils and represent important con-
stituents of the soil sorption complex. Therefore, they can
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significantly influence fungicide sorption and possible ac-
cumulation.

Most of the studies focused on tebuconazole sorption
were performed using analytical grade tebuconazole de-
spite the fact that the pure form is not used in agricul-
ture. Commercially available products contain additives
that support fungicide effectiveness and simplify its ap-
plication. It must be pointed out that these additives in
pesticide formulations can significantly influence the sorp-
tion mechanisms and subsequent behavior in soils.!!%1%

The aim of this study is thus to describe tebuconazole
sorption onto various common soil minerals (birnessite,
calcite, goethite, ferrihydrite, illite) at pH values 4.0, 5.5,
7 and to humic acids (representing SOM). Furthermore,
the sorption of the commercial tebuconazole-containing
fungicide Horizon 250 EW will be compared with analyti-
cal grade tebuconazole.

Materials and methods

Minerals and chemicals

Two-line ferrihydrite and goethite were synthesized accord-
ing to the procedure described by Schwertmann and Cor-
nell,?" birnessite by McKenziel?!! and calcite by Vanék
et al.l?? The prepared minerals were confirmed by XRD
and VMP (voltammetry of particles) analyses. Pure illite
was prepared from the clay standard IMt-1 (Cambrian
shale, Silver Hill, Montana, USA) supplied by The Source
Clays Repository (Purdue University, Indiana, USA). II-
lite preparation included grounding and separation using
gravity sedimentation followed by centrifugation. Humic
acids were purchased from Sigma-Aldrich (United States).
The main characteristics of the selected soil minerals are
summarized in Table 1.

Analytical grade tebuconazole was supplied by the In-
stitute of Industrial Organic Chemistry, Warsaw (Poland)
with a purity 99.9 £ 0.1 %. The main physico-chemical
properties of tebuconazole are shown in Table 2. The
commercially available tebuconazole-containing fungicide
Horizon 250 EW was supplied by Bayer CropScience (Ger-
many). All other chemicals were of analytical grade and
supplied by Chromservis (Czech Republic).

Sorption experiment

Sorption experiments were performed using the batch
equilibrium approach. Analytical grade tebuconazole
stock solutions at concentration of 1g L~! were prepared
using methanol and kept in dark at 5°C. Aqueous solutions
of tebuconazole (50-175 mg L~!) were prepared by adding
the appropriate volume of stock tebuconazole solutions
to 0.01 M CaCl, (as the background electrolyte). The
background electrolyte was chosen due to its wide use
in other studies performing similar experiments?>>%3%
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Table 1. Main characteristics of synthetic minerals used in this
study.

Specific surface
Mineral Formula area (m’>g="!)
Birnessite K4Mn40,7.9H,O 35.4-36.2[23.24]
Calcite CaCO; 4.8-5.8[25-20]
2-Line Ferri- FesHOg-4H,O 200—320120

hydrite

Goethite «-FeOOH 20120)
Tllite (K,H30)Al,(Si,Al)4019(OH), 1167

and was recommended by the OECD Guideline 106
for sorption experiments.*!! Methanol was subsequently
removed using a rotary evaporator (Rotavapor R-215,
Biichi, Switzerland). Aqueous solutions of the commercial
product Horizon 250 EW (50-175 mg L~!) were prepared
by dissolving the appropriate amounts in 0.01 M CaCl,.
Soil minerals and humic acids (ferrihydrite 0.39 g L,
goethite 7.44 g L, birnessite 2.77 g L=, illite 2.00 g L1,
calcite 7.44 g L~! and humic acids 1.00 g L~")?>3233 were
equilibrated in 0.01 M CaCl, for 48 hours. Mineral suspen-
sions were adjusted to pH 4, 5.5 and 7 by adding HCI or
Ca(OH),. Some authors*>33 showed that pH can markedly
influence pesticide sorption. Hence this study also describes
tebuconazole sorption at different pH values. The pH
value of the calcite and humic acids suspensions were not
adjusted because of their high pH-buffering capacity. The
pH of the experimental solutions at equilibrium with the
humic acids was 3.3 and with calcite 7.3. A volume of 10
mL of tebuconazole solution at desired concentration was

Table 2. Physico-chemical properties of tebuconazole according
to TUPAC (Pesticide Properties Database).[*S]

Chemical name (RS)-1-p-chlorophenyl)-4,4-
dimethyl-3-(1 H-1,2,4-

triazol-1-ylmethyl)pentan-

3-o0l
CAS Number 107534-96-3
Chemical class Triazoles

g
Hy,C—C—C—CH,

| | N
r:r13<|:|-12 CHs cl

Formula

/N

)
\
N

Molecular mass 307.8
Water solubility (g L") 0.036 (at 20°C)
Melting point (°C) 105
log Kow 3.7 (at 20°C)
Koc (Lkg™h 769

Degradation in soils (d) 55.8-365
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added to 40 mL of mineral/humic acids suspensions. Sam-
ples were shaken for 24 hours (GFL 3017 orbital shaker,
Germany), after which they were centrifuged for 10 min at
7000 rpm (Hettich Universal 30 RF centrifuge, Germany).
Previous kinetic experiment showed that 24 hours was long
enough to reach sorption equilibrium (data not shown).
The supernatant was extracted by the organic solvent ethyl
acetate by shaking the mixture for 1 h. An appropriate
volume of ethyl acetate was removed to vials and analyzed
using GC/MS (Agilent Technologies 6890N/5975, USA).
The experiments were performed in triplicates and in the
dark.

The amount of tebuconazole sorbed onto the miner-
als/humic acids was calculated as follows:

(G —0)
= — X
m

S v (1)

where S is the sorbed concentration (mmol g~1), C; is tebu-
conazole initial concentration in solution (mmol L~1), Cis
the aqueous equilibrium concentration (mmol L), V is
the volume of the liquid phase (L) and m is the mass of
minerals/humic acids in the suspension (g).

The adsorption isotherms were created using different
equations. The experimental data fitted with: (i) the Lang-
muir isotherm following equation:

KC
= X _— 2
§= Snax X T xe @

where S is the sorbed concentration (mmol g '), Smax iS
the maximum sorbed concentration (mmol g='), C is the
aqueous equilibrium concentration (mmol L™1), K is the
Langmuir binding-strength coefficient (L mmol~'); (ii) the
sigmoidal Langmuir model following equation:

KC
S= KX —————— 3
SnaX1+Kc+% 3)

where S, Smax, C, K are the same as in Equation 2 and s is
a constant related to the limitation of adsorption (mmol
L~"); and (iii) the Freundlich isotherm following equation:

S=K;xC" 4)

where S is the sorbed concentration (mmol g~!), C is the
aqueous equilibrium concentration (mmol L"), constants
K (L g~1) and n (dimensionless) characterize the adsorp-
tion capacity and intensity. The Langmuir and the Fre-
undlich isotherms were created according to Bolster and
Hornberger.’3¥ A Microsoft Excel spreadsheet developed
by these authors was used to obtain isotherm parameters
(through the sum of least squares) and model efficiency
(goodness of fit). The sigmoidal Lagmuir was fitted to the
data through least-squares using Mathematica 7 (software
for symbolic and numeric computation).l*”!

Cadkova et al.

Results and discussion

Sorption experiments using analytical grade tebuconazole

Figure 1 summarizes results about the sorption of tebu-
conazole (analytical grade and commercial) onto sepa-
rate minerals and humic acids. The adsorption isotherms
describing tebuconazole sorption on these minerals ex-
hibit preferentially the S-type shape (characterized by the
sigmoidal Langmuir model) with exception for illite and
humic acids, which were described best by the Langmuir
isotherm. The sorption of analytical grade tebuconazole
was pH-independent and the highest sorption was observed
on ferrihydrite (0.028 mmol g~!), followed by illite (0.009
mmol g~!) and almost negligible for goethite and birnes-
site (Fig. 1). These results are in a good agreement with
Clausen and Fabricius,*?! where insignificant adsorption
of nonionic pesticides onto ferrihydrite and goethite was
observed. The absence of a pH effect on tebuconazole sorp-
tion can be explained by the non-charged character of the
molecule. Although, lower pH values (2.5) can lead to a
positive charge of nonionic fungicides, which are more at-
tracted to the negative charge of soil colloids;*® however,
such pH values are not realistic in natural soil environ-
ments.

The low sorption of azole-based fungicide (e.g., tebu-
conazole, penconazole) onto illite has been already re-
ported®7 and no sorption of tebuconazole onto calcite was
observed as expected.>% It is most probably caused by
the small specific surface area of calcite and possibly due
to the predominant occurrence of neutral sites at pH 7.3
However, there has been evidence in literaturel®® of a weak
sorption of anionic pesticides onto calcite (which is not the
case here), depending on electrolyte concentration.

The affinity of analytical grade tebuconazole for humic
acids was much higher compared to all the selected soil
minerals (0.089 mmol g~!). The experimental data of tebu-
conazole sorption onto humic acids fit well the Langmuir
isotherm (Fig. 1). In general, humic acids (and SOM) act
as efficient sorbents for pesticides compared to soil miner-
als, including oxides.**33 Humic acids, representing SOM,
thus seem to be one of the main factors influencing tebu-
conazole sorption in soils. The importance of SOM and
highly decomposed organic material as the most significant
soil components for azole-based fungicides sorption in soils
has been already documented.["'44%] On the other hand,
Singh*!I presented that soil organic matter content was not
the only factor that influences the sorption of triazole fungi-
cides and pointed out the importance of clay minerals as
well. However, our data about tebuconazole sorption onto
illite disagree with such conclusions. As mentioned before,
pH is a critical parameter influencing only the sorption of
ionic pesticides onto SOM,B%3 which is not the case in
our study (Fig. 1). Another important factor influencing
the results of sorption experiments is the type and strength
of the electrolyte.?>*?! The addition of CaCl, even at low
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Fig. 1. Tebuconazole sorption onto selected soil minerals and humic acids at different pH values (with the exception of humic
acids where the pH value was not adjusted), C,-sorbed tebuconazole concentration at equilibrium; Ceq-final solute tebuconazole
concentration at equilibrium; symbols represent: C-commercial formulation, T-analytical grade tebuconazole. Values shown are

means £+ SD (n = 3).

concentrations to the solution can reduce pesticide adsorp-
tion.’2 However, as mentioned before, we chose 0.01 M
CaCl, as an electrolyte used in several other studies for
comparative purposes.l>>29-31

Sorption experiments using commercially-available
tebuconazole

The sorption of tebuconazole from the commercial prod-
uct Horizon 250 EW onto ferrihydrite, goethite and birnes-
site was significantly higher compared to analytical grade
tebuconazole (Fig. 1). The adsorption isotherms describ-
ing tebuconazole sorption on these minerals exhibit pref-
erentially the S-type shape (characterized by the sigmoidal
Langmuir model), which can be the result of cooperative
sorption of the organic additives, used as solvents and crys-
tallization inhibitors (N,N-dimethyldecanamide) present in
the commercial mixture, and tebuconazole. Organic addi-
tives, such as surfactants, are preferentially adsorbed onto

mineral surfaces and thus enhance pesticide sorption.*3 In
general, non-polar organic compounds, such as tebucona-
zole, have a low affinity for clay minerals. When the surface
is covered by these compounds, other organic molecules
are adsorbed more easily.['%44]

The highest sorption of tebuconazole from the commer-
cial product was found for ferrihydrite at pH 4 (0.202 mmol
g~1). With increasing pH, tebuconazole sorption decreased.
These results are in a good agreement with other studies.[3?!
For example, the sorption of ionic pesticides (e.g., meco-
prop, 2,4-D and bentazone) on ferrihydrite is higher at
lower pH values with maximum adsorption close to the
pK. values of the acids.*? Jia et al.”! have also reported
higher sorption of some triazoles onto 2-line ferrihydrite
(up to 120 mg kg~") even at pH values close to 7.

Goethite showed an ability to adsorb commercial tebu-
conazole only at pH 4 (0.015 mmol g~!). Similar results
(decreasing pesticide sorption on goethite with increasing
pH) were presented in Iglesias et al.®! Similarly, the ad-
sorption of organic acids onto goethite was studied and
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a similar trend in decreasing sorption on goethite with in-
creasing pH was found.[*®l In our experiment, tebuconazole
adsorption onto goethite was significantly lower (one order
of magnitude) compared to ferrihydrite. The same sorp-
tion trend onto ferrihydrite and goethite has been reported
for ionic pesticides.?? It is probably mainly caused by the
higher crystallinity of goethite and the different specific
surface areas (200—320 m? g~! for ferrihydrite and 20 m?
g~ ! for goethite).?”) Sorption onto birnessite (0.038 mmol
g~ 1) was also more pronounced at lower pH and commer-
cial tebuconazole adsorption was 10-fold higher compared
to the analytical grade tebuconazole. The pH-dependent
sorption behavior of tebuconazole from the commercially
available fungicide can be thought as indirect; higher sorp-
tion observed for lower pH values indicates that the organic
additive was retained at mineral surfaces and subsequently
created sorption sites for tebuconazole.

Accordingly, illite showed a two-fold higher tebucona-
zole sorption (0.024 mmol g~!) when applied in its commer-
cial form. Similar results for penconazole were observed,
including a significant increase of fungicide sorption onto
illite after the addition of organic surfactants.’’] The ex-
perimental data of tebuconazole sorption onto illite fitted
well the Langmuir isotherm. Tebuconazole sorption onto
calcite was insignificant as in the case of analytical grade
tebuconazole.

The sorption of commercial tebuconazole onto humic
acids was again much higher compared to all selected min-
erals (except for ferrihydrite). The isotherm fit well the
Freundlich model. The apparent lower affinity of com-
mercial tebuconazole for the humic acids (compared to
analytical grade; Fig. 1) was probably caused by its com-
petition with organic additives for the sorption sites at
low concentrations. The value of the Freundlich coeffi-
cient n was higher than 1, indicating a strong competition
of water and/or additive molecules for adsorption sites
at low fungicide concentrations.'”? The significant role of
SOM in the sorption of commercial azoles was also re-
ported.['] In our study, the only exception was tebucona-
zole sorption onto ferrihydrite, which was higher compared
to humic acids. It is probably caused by the large spe-
cific surface area, which helps to attract the organic addi-
tives contained in the commercial product enhancing thus
tebuconazole sorption.

As mentioned earlier, the differences in sorption of
the commercially available and analytical grade tebu-
conazole can be attributed to the additives (e.g., N,N-
dimethyldecanamide) present in the commercial product
that support fungicide effectiveness and simplify its appli-
cation. Tebuconazole has a high affinity to organic com-
pounds and the additives are mainly of organic origin.
Sanchez-Martin et al.’”! supported this idea in their study
where they compared the sorption ability of natural min-
erals and minerals modified with organic surfactants. The
adsorption efficiency of natural minerals was much lower
compared to the modified minerals. Sorption efficiency of

Cadkova et al.

azoles onto such modified clay minerals can be thus in-
creased up to 133-times due to the high organic carbon
content of organic surfactants.*”) The adsorbed amount of
organic matter derived from the surfactant also differs with
clay type.’”! Similar conclusions can be drawn from our
study, where the additives positively influenced tebucona-
zole sorption onto the minerals. The amount of the ad-
sorbed additive also differs depending on the type/specific
surface area of minerals. This fact helps to explain the dif-
ferent tebuconazole sorption behavior on minerals: fer-
rihydrite > birnessite > goethite > illite > calcite. It is
thus needed to point out that the additives in pesticide
formulations can significantly influence the sorption mech-
anisms and behavior of the pesticide in soils. The minerals
used in this study were pure, i.e., different from the phases
found in natural environments. It is commonly accepted
that “natural” minerals in soils are coated by various com-
pounds, e.g., organic matter, oxides etc. and thus can have
different sorption abilities.

The importance of soil composition and the presence
of Cu-based fungicides on azole (penconazole) sorption
has already been presented.['”] Soils higher in SOM with
increased copper concentrations depicted higher sorption
ability, especially when the fungicide was used as a com-
mercial product. Also our results showed the importance
of soil composition for predicting tebuconazole behavior
in soil profiles and the possible risks for groundwater and
water supplies and will be important for upcoming studies
concerning tebuconazole sorption in real soils.

Conclusions

This model study confirmed that the retention of tebu-
conazole in soils is mainly controlled by soil organic mat-
ter content and mineralogical composition. Tebuconazole
sorption was significantly higher when it was used from a
commercial product containing N,N-dimethyldecanamide
as solvent and crystallization inhibitor. From the minerals
studied, the highest sorption was found for ferrihydrite due
to its large specific surface area, followed by birnessite, il-
lite and goethite. There was no evidence of tebuconazole
sorption onto calcite. The different sorption behavior (in-
cluding a pH-dependence) of the commercially available
and analytical grade tebuconazole can be attributed to the
additives present in the commercial product, which high-
lights the importance of the commercial fungicide compo-
sitions. Additionally, soil organic matter (represented by
humic acids) strongly influences tebuconazole sorption in
soils, regardless of its form (analytical grade or commer-
cial product). Our data show that soil composition as well
as soil pH can markedly influence the sorption of tebu-
conazole in commercial formulations, its accumulation or
possible transport to surface and/or groundwater. In con-
clusion, our results are enlarging the knowledge about the
environmental chemistry of azole-based pesticides and will
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be applicable to upcoming sorption experiments involving
soils.
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Abstract

This study investigates the sorption of tebuconazole in contrasting soil types (Rendzic
Leptosol, Haplic Arenosol and Haplic Cambisol). Tebuconazole was used both as an
analytical grade chemical and as a commercial product. Sorption experiments were performed
using the batch equilibrium approach. The sorption of analytical grade tebuconazole in soils
was lower compared to the commercial product with the exception of the Cambisol. The
highest sorption was observed for the Cambisol regardless of the tebuconazole form. In the
experiment with the commercial formula containing tebuconazole, a higher sorption was
observed for the Leptosol compared to the Arenosol; the experiment with analytical grade
tebuconazole showed an opposite trend. The differences in sorption of the commercially
available and analytical grade tebuconazole can be attributed to the additives present in the
commercial product. Based on the obtained results, tebuconazole sorption is mainly
influenced by soil organic matter and the mineralogical composition, but fungicide
composition plays and important role as well. Additives present in the commercial products
support fungicide sorption in soils. These findings confirm that tebuconazole is adsorbed in
soils with high contents of organic matter and clay minerals and its application to such soils

should not lead to risks associated with fungicide leaching.

Keywords: Additives, Azole, Fungicide, Sorption

Introduction

Tebuconazole [(RS)-1-p-chlorophenyl-4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)-pentan-
3-o0l] belongs to the chemical class of triazoles. It is widely used as a fungicide controlling
soil born and foliar fungal pathogens. In general, the consumption of triazoles and diazoles

has slowly increased in the Czech Republic as well as in the world (FAOSTAT, 2011);
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therefore, studies dealing with environmental behavior of these fungicides are needed to better
understand and evaluate the risks associated with their use. The frequent application of
tebuconazole could result into its accumulation in the agricultural soils and consequently
adversely affect soil ecosystems (Komarek et al., 2010). In general, adsorption is the main
process influencing pesticides accumulation and movement in soil profiles (Arias-Estévez et
al., 2008) and is mainly affected by physico-chemical properties of the pesticide (Table 1) and
soil properties (Gevao et al., 2000). According to Kamrin (1997), tebuconazole is considered
to have low solubility in water and slightly mobile in the environment SSLRC (Soil Survey
and Land Research Centre, Cranfield University, UK). Its relatively high log K,y value
indicates that tebuconazole is rather sorbed to soils and sediments and should not be subjected
to extensive leaching (Chamberlain et al., 1996). Additionally, tebuconazole degradation and
its possible accumulation in soils is significantly influenced by the content of soil organic
matter (SOM) (Berenzen et al., 2005), which is in accordance with its relatively high value of
the distribution coefficient K, (describing pesticide distribution between organic carbon and
the liquid phase). Pesticide sorption is also influenced by other soil components especially
clays (Singh, 2005) and Fe-, Mn-oxyhydroxides (Sukop and Cogger, 1992). All these factors
indicate that tebuconazole should be preferentially sorbed to soils or sediments other than
leached through soil profiles (FAO, 1994). Nevertheless, tebuconazole has been detected in
small surface water streams situated in agricultural environments (Berenzen et al., 2005)
probably as a consequence of runoff. Therefore, tebuconazole behavior in soils should be
investigated and monitored.

To our best knowledge there is only limited information concerning tebuconazole
sorption onto contrasting soil types. Additionally, commercial pesticide formulations usually
contain additives to increase their effectiveness and their influence on tebuconazole sorption

is also investigated in this study. In our case, N,N-dimethyldecanamide is present in the
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commercial formulation prevents the recrystallization of the fungicide. Additives in
commercial formulations can influence the water-soil partition and increase fungicide
sorption (Pose-Juan et al., 2010). Based on these hypotheses, this study is also focused on the
different behavior of tebuconazole when used as an analytical grade chemical and as a

commercial product.

Materials and Methods
Soils and Chemicals

Soils with different physico-chemical characteristics (Rendzic Leptosol, Haplic
Arenosol and Haplic Cambisol) were chosen for this study (Table 2). Detailed information
concerning the methods of soil characterization can be found in Vanék et al. (2010).
Analytical grade tebuconazole was supplied by the Institute of Industrial Organic Chemistry
(Poland, Warsaw) with a purity of 99.9 + 0.1%. The commercial product containing
tebuconazole (Horizon 250 EW) was supplied by Bayer CropScience (Germany, Monheim).
This commercial product is a mixture of organic additives and contains 25.9% of
tebuconazole. All other chemicals were of analytical grade and supplied by Chromservis

(Czech Republic, Prague).

Sorption Experiments

Sorption experiments were performed using the batch equilibrium approach. A stock
solution of analytical grade tebuconazole at a concentration of 1 g L™ was prepared in
methanol and kept in cold (4 °C) and dark. Solutions of tebuconazole (at concentration of 10—
45 mg L'l) were prepared by adding the appropriate volume of stock solutions of
tebuconazole to the background electrolyte, 0.01 M CaCl,, which is recommended by the

OECD Guideline 106 for sorption experiments (OECD, 2000). Similar concentration ranges
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were chosen by other authors (Herrero-Hernandez et al., 2011). Methanol was subsequently
removed using a rotary evaporator (Rotavapor R-215, Biichi, Switzerland, Flawil). Solutions
of the commercial product Horizon 250 EW (10-45 mg L™ of tebuconazole) were made up by
adding the appropriate amount of the commercial product Horizon 250 EW to 0.01 M CacCl,.

Volumes of 50 mL of the tebuconazole solutions at desired concentrations were added
to 5 g of soil. Samples were shaken for 48 hours at 20+2 °C (GFL 3017 orbital shaker,
Germany, Burgwedel), which was the time necessary to reach equilibrium (Table 3),
centrifuged for 10 minutes at 7000 rpm (Hettich Universal 30 RF, Germany, Tuttlingen) and
subsequently extracted by the organic solvent ethyl acetate by shaking the mixture for 1 hour.
Appropriate volumes of ethyl acetate were removed and analyzed by GC/MS (Agilent
Technologies 6890N/5975, USA, CA). The experiments were performed in dark and in
triplicates.

The amount of tebuconazole sorbed onto the soil types was calculated from the
difference between the initial tebuconazole concentration and the equilibrium concentration
after the sorption.

The adsorption isotherms were fitted to the following equations:

(1) the Langmuir isotherm:
KC
S = Smax x 1
1+ KC M
(i1) the Freundlich isotherm:
S=K,xC" )

where S is the sorbed concentration (umol g'), C is the aqueous equilibrium concentration
(umol L), S, is the maximum sorbed concentration (umol g'), K is the Langmuir binding-
strength coefficient (L prnol'l); constants Ky (L g'l) and »n (dimensionless) characterize the

adsorption capacity and intensity. The isotherms were created using non-linear fitting based
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on the sum of least squares (Bolster and Hornberger, 2007). Goodness of fit (E) was

calculated according to Bolster and Hornberger (2007):

Zi}i] w; (Si - fz )2
3 (ws,-S 3)

i=1 wavg

E=1-

where E is a goodness of fit, NV is the number of observations, w; is the itk weighting factor, S;
is the izh measured value of the dependent variable, f; is the it model-predicted value of the
dependent variable and S, is the weighted mean of the measured values. A model

efficiency of 1 indicates a perfect fit to the data.

Results and Discussion
Sorption Experiments Using Analytical Grade Tebuconazole

All sorption isotherms describing the sorption of analytical grade tebuconazole better fit
the Langmuir isotherm (Figure 1). Values of the Freundlich (K; ») and Langmuir parameters
(Smax, K) and the goodness of fit (E) are shown in Table 4. The highest S, value (sorption)
was found for the Cambisol (6.32 pmol g"'; E=0.99), which are supported by the higher
Freundlich parameters. Analytical grade tebuconazole was sorbed more efficiently on the
Arenosol (1.45 pmol g'; E=0.96) compared to the Leptosol (0.86 umol g'; E=0.95), even
though the Arenosol is lower in SOM. However, the Arenosol contained a higher amount of
hydrophobic neutral organic matter that could support tebuconazole sorption. The higher
sorption ability of the Arenosol was probably also caused by the higher clay content and the
clay composition. The Arenosol and Cambisol contain clinochlore belonging to the chlorite
group that was found to be able to adsorb aliphatic compounds and hence could contribute to
the relatively high Arenosol sorption ability. Even though SOM is considered to be the most
important factor influencing pesticide sorption, our data show that other factors are important

as well. Singh (2005) also reported lower sorption in a soil that was higher in SOM in
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comparison to other soils and concluded that the type/nature of the clays can play an
important role in sorption of azole-based fungicides. It is not obvious, which of the mentioned
effects is the most important factor influencing tebuconazole sorption. However the data
confirm the importance of soil characteristics in prediction of tebuconazole behavior in soils

and the possibility to reach surface waters and groundwater.

Sorption Experiments Using Commercially-Available Tebuconazole

Figure 1 summarizes results of tebuconazole sorption (analytical grade and commercial
product) in the studied soils. Values of the Freundlich (K; n) and Langmuir parameters (Syqx,
K) and goodness of fit (E) are shown in Table 5. The highest Sy value (2.76 umol g';
E=0.97) was found for the Cambisol followed by the Leptosol (2.16 umol g'; E=0.98) and
the Arenosol (1.94 pumol g'; E=0.81). These results are again supported by the Freundlich
parameters (Table 5). The highest sorption ability of the Cambisol can be attributed to the
highest amount of SOM as well as the highest amount of clay particles and oxalate-
extractable Al and Mn, corresponding roughly to amorphous and poorly crystalline
oxyhydroxides. The Cambisol also contained the highest amount of hydrophobic neutral
organic matter that interacts more strongly with hydrophobic organic pollutants (Table 2) and
thus support tebuconazole sorption. Even though the SOM contents in the Leptosol and
Arenosol are different, both studied soils exhibited a similar trend of tebuconazole sorption,
i.e., similar sorption curves (Figure 1). However, a higher S, value was found for the
Leptosol. A relatively high sorption on the Arenosol (even though it exhibited the lowest
SOM content) occurred probably due to the higher clay content (compared to the Leptosol).
As mentioned earlier the Arenosol and Cambisol contain clinochlore that can contribute to the
relatively high Arenosol sorption ability. Additives (e.g., N,N-dimethyldecanamide) present

in commercial products could thus be easily adsorbed onto chlorite and subsequently support

URL: http:l/mc.manuscriptcentral.comlszc Email: dleonard@schoolph.umass.edu



O©CoONOOOPRWN-~

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Soil and Sediment Contamination An International Journal

tebuconazole sorption through cooperative adsorption (Zhang et al., 2007). The similar ability
of those two soils to sorb tebuconazole can be also explained by the similar amounts of
oxalate-extractable Fe and Mn in both soils and points out the importance of these soil
components in tebuconazole sorption (Sukop and Cogger, 1992). One reason explaining the
Arenosol’s lowest S, value could be the higher content of fulvic acids that are known to
compete with the fungicide for the adsorption sites.

Our results correspond to findings reported by other authors. Cadkova et al. (2011) and
Rodriguez-Cruz et al. (2006) found that content and quality of soil organic matter play an
important role during the sorption of azole-based fungicides. Kaiser et al. (2001) reported that
hydrophobic neutral organic matter can significantly support the interactions with
hydrophobic organic pollutants, including tebuconazole. It is in a good agreement with the
sorption trend found in the Cambisol that contains the highest amount of these soil
components. However, other authors have shown a significant role of clay minerals and other
soil components (e.g., Fe-, Mn-oxyhydroxides) in fungicide sorption (Sukop and Cogger,
1992; Koutsopoulou et al., 2010). Again this study confirms these findings. Koutsopoulou et
al. (2010) found that chlorites are able to adsorb aliphatic compounds and hence contribute
higher sorption ability of soils as well as Fe-, Mn-oxyhydroxides content, corresponding to
the results obtained for the Arenosol and the Leptosol.

Sorption of tebuconazole as a commercial product showed a higher S, values in the
case of the Arenosol and Leptosol. The differences found in sorption of tebuconazole as a
commercial product and as an analytical grade chemical can be attributed to the additives
(e.g., N,N-dimethyldecanamide) present in the commercial product that support fungicide
effectiveness, simplifies its application and prevents the crystallization of the fungicides.
Tebuconazole belongs due to its physico-chemical properties to lipophilic compounds and

exhibit thus a high affinity for SOM. The additives in commercial products are mostly of
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organic origin, which can support tebuconazole sorption by co-adsorption of tebuconazole
and the additives (Cadkova et al., 2011). A similar trend was observed by Pose-Juan et al.
(2010) and Rodriguez-Cruz et al. (2006) who found that surfactants or other additives can
increase fungicides sorption in soils.

As mentioned earlier, tebuconazole is considered as slightly mobile and should not be
found in deeper soil profiles. Tebuconazole is mainly accumulated in the top soil layer (0—10
cm) and higher retention was recorded in soils amended with organic materials. Nevertheless,
tebuconazole was identified in deeper horizons, especially after increased application doses
and also with high organic material amendments (Herrero-Herndndez et al., 2011). It implies
that excessive organic matter addition can possibly enhance tebuconazole mobility, possibly
due the competition of dissolved organic matter for the sorption sites, and highlights the
importance of SOM quality (i.e., content of humic and fulvic compounds). Other azole-based
fungicides such as penconazole, hexaconazole, propiconazole and triadimefon were also more
mobile in soils higher in SOM content. Despite the fact that penconazole and hexaconazole
moved through the soil profile down to 10—15 cm, the majority was retained in the top 5 cm.
Propiconazole was found in soil profiles down to 20 cm (Singh, 2005). On the other hand,
soils low in SOM can exhibit a similar trend. Even though 97% of propiconazole remained in
the upper soil layer, 4.4% of applied propiconazole was found in the leachate of a sandy loam
soil (Kim et al., 2002). The mobility of propiconazole as well as tebuconazole is also
influenced by the vegetation cover, which reduces the mobility of these fungicides (Gardner
and Branham, 2001; Dousset et al., 2010). Additionally, the persistence of azole fungicide is
associated with SOM content, clay content, vegetation cover or soil moisture (Strickland et
al., 2004; Dousset et al., 2010; Herrero-Hernandez et al., 2011). On the other hand Strickland
et al. (2004) observed a high rate of tebuconazole dissipation in a soil low in organic matter.

The authors explain this trend by a relatively high temperature and soil moisture that
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contributed to low tebuconazole sorption and thus higher bioavailability. Enhanced fungicide
dissipation can be as well a result of repeated applications (Potter et al., 2005).

Based on our results and results obtained by other authors, it can be assumed that SOM
content and quality (in terms of hydrophobic neutral organic matter content and content of
humic, fulvic and hydrophilic acids) is one of the main factors influencing azole based
fungicides (tebuconazole) sorption, mobility and persistence in the environment, but the
contribution of clay minerals and Fe, Mn-oxyhydroxides cannot be ignored. There are also
other important factors involved in this process such as the rate of applied fungicide,

vegetation cover, temperature, soil moisture and other environmental conditions.

Conclusion

This study confirmed that tebuconazole sorption and subsequently its mobility and
persistence in soils are mainly controlled by SOM and mineralogical contents. Tebuconazole
application should be hence performed according to the physico-chemical properties of the
soils. Climatic characteristics of the regions can also influence tebuconazole behavior in soils
and tebuconazole applications should consider environmental conditions in the area.
Additionally, soil amendments, such as organic matter application or clay amendments can
improve soil quality and reduce the risks associated with the leaching of tebuconazole. The
upcoming research should focus on other factors, such as the interactions of tebuconazole

with other organic and inorganic fungicides and their influence on sorption in soils.
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Table 1 Physico-chemical properties of tebuconazole according to IUPAC (2011) and FAO

(1994)

Chemical name

CAS Number
Chemical class

Formula

Molecular mass

Water solubility (g L™)
Melting point (°C)

log Kow

Ko (L kg ™)
Degradation in soils (d)

(RS)-1-p-chlorophenyl)-4,4-dimethyl-3-
(1H-1,2,4-triazol-1-ylmethyl)pentan-3-ol
107534-96-3

Triazoles
CH3OH

|
HsC—C—C—CH,

| | N\
CH3C|)H2 CHs cl

N

N/

W
307.8
0.036 (at 20 °C)
105
3.7 (at 20 °C)
803-1251
55.8-365
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1

2

3 1 Table 2 Physico-chemical characteristics of the studied soils (Vanék et al., 2010)
4

3 Leptosol Arenosol Cambisél
g Particle size distribution (%)

8 Clay 0.4 1.3 3.2
9 Silt 30.6 6.4 32.6
10 Sand 69.0 92.3 64.2
11 PH water 7.4 6.7 5.6
12 pH xa 7.0 6.4 4.7
13 pH zpc 7.7 6.5 5.1
14 CEC (cmol kg ™) 28.3 10.1 31.5
12 TOC (%) 3.36 1.16 3.78
17 TIC (gkg ™) 1 3.10 b.d.l. b.d.l.
18 Oxalate extractable (g kg )

19 Fe 2.23 1.91 1.63
20 Al 1.55 1.14 2.55
21 Mn 0.30 0.10 0.69
22 Minerals identified

23 quartz quartz quartz
24 calcite muscovite muscovite
A albite albite albite
57 orthoclase  orthoclase orthoclase
28 illite illite illite
29 kaolinite  clinochlore  clinochlore
30 clinopyroxene

31 amphibole

32 Humic substances (g kg™’ d.m.)

33 Humic acids 3.18 2.23 4.39
34 Fulvic acids 0.16 0.32 0.66
gg Hydrophilic acids 0.66 0.60 2.10
37 Hydrophobic neutral organic matter 0.29 0.62 0.83
38 3 b.d.l: below detection limit

39

40 4

41

42 5

43

44

45 6

46

47 7

48

49 8

50

51 9

52

53 10

54

55

56 11

57

58

59

60
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Table 3 Kinetic experiments with contrasting soil types;

concentration at equilibrium; symbols represent: C;-initial concentration, SD-standard

deviation (n=2)

Cs-sorbed tebuconazole

Page 16 of 20

Tebuconazole in commercial form

Analytical grade tebuconazole

. Time C, C, C, C,
Soiltype (h) mmolg") P (umol g (nmol g™) umolg") 5P
Cii=10mg L™ Cii=45 mg L™ Ci=10mg L Cii=45 mg L
24 0.21 0.02 1.30 0.01 0.21 0.01 0.95 0.01
Cambisol 48 0.24 0.01 1.34 0.02 0.24 0.01 0.96 0.01
72 0.24 0.01 1.34 0.01 0.24 0.03 0.97 0.01
24 0.14 0.03 0.92 0.02 0.08 0.02 0.48 0.01
Arenosol 48 0.15 0.01 0.93 0.05 0.09 0.01 0.49 0.01
72 0.16 0.01 0.94 0.04 0.11 0.01 0.49 0.02
24 0.18 0.01 0.90 0.03 0.09 0.01 0.54 0.02
Leptosol 48 0.20 0.02 0.95 0.04 0.11 0.02 0.56 0.01
72 0.21 0.01 0.95 0.04 0.12 0.01 0.57 0.01
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Table 4 Fitting parameters of the Freundlich and Langmuir adsorption isotherms using

analytical grade tebuconazole

Freundlich isotherm parameters

Langmuir isotherm parameters

Soil type K " £ K S

(L g™ (Lpmol)  (umol g) N
Cambisol 0.05 0.91 0.99 0.01 6.32 0.99
Arenosol 0.03 0.75 0.95 0.01 1.45 0.96
Leptosol 0.08 0.53 0.94 0.05 0.86 0.95
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Table 5 Fitting parameters of the Freundlich and Langmuir adsorption isotherms using

tebuconazole in commercial form

Freundlich isotherm parameters

Langmuir isotherm parameters

Soil type K " £ K S

Lgh Lpmor)  @molgh  °
Cambisol 0.04 0.84 0.96 0.01 2.76 0.97
Arenosol 0.01 0.96 0.97 0.002 1.94 0.81
Leptosol 0.02 0.68 0.97 0.003 2.16 0.98
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1 Figure 1. Tebuconazole sorption onto contrasting soil types; Cs-sorbed tebuconazole
concentration at equilibrium; Cg-final solute tebuconazole concentration at equilibrium;

3 symbols represent: CP-commercial formulation, AGT-analytical grade tebuconazole. Values

O©CoONOOOPRWN-~
\®)

10 4 shown are means + SD (n=3).
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Figure 1. Tebuconazole sorption onto contrasting soil types; Cs-sorbed tebuconazole concentration at
equilibrium; Ceqg-final solute tebuconazole concentration at equilibrium; symbols represent: CP-commercial
formulation, AGT-analytical grade tebuconazole. Values shown are means £ SD (n=3).
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ABSTRACT

The aim of this study is to investigate how the presence of Cu influences tebuconazole
(Teb) sorption onto contrasting soil types and two important constituents of the soil sorption
complex: hydrated Fe oxide and humic substances. Tebuconazole was used in commercial
form and as an analytical-grade chemical at different Teb/Cu molar ratios (1:4, 1:1, 4:1 and
Teb alone). Increased Cu concentrations had a positive effect on tebuconazole sorption onto
most soils and humic substances, probably as a result of Cu—Teb tertiary complexes on the
soil surfaces. The sorption of analytical-grade tebuconazole onto all matrices was lower, but
the addition of Cu supported again tebuconazole sorption. The differences in tebuconazole
sorption can be attributed to the additives present in the commercial product. This work
proved the importance of soil characteristics and composition of the commercially available

pesticides together with the presence of Cu on the behavior of tebuconazole in soils.

KEYWORDS: copper; ferrihydrite; fungicide; soil organic matter; sorption; azole
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Introduction

Until the 1930s, inorganic S- and Cu-based fungicides had been the most common
chemicals used to protect crops against fungal diseases. The long-term application of these
compounds led to their accumulation in soils and other environmental compartments
(Komarek et al. 2010). Since the 1930s, a number of synthetic organic fungicides have been
developed (Washington 2002). Tebuconazole [(RS)-1-p-chlorophenyl-4,4-dimethyl-3-(1H-
1,2,4-triazol-1-ylmethyl)-pentan-3-ol], belonging to the chemical class of triazoles, is a
frequently used fungicide for the protection of crops (e.g., cereals, mustard, oilseed rape, hop,
grape vine, stone fruits, peanuts, vegetables such as pepper) and wooden materials. The use of
tebuconazole and other azole-based fungicides has rapidly increased in the last decade in
several countries (e.g., Czech Republic, Italy, United Kingdom, Lithuania, Finland,
Bangladesh, Japan, Uruguay) (FAOSTAT 2011); therefore, studies dealing with the
environmental behavior of this fungicide are needed to better understand and evaluate the
risks associated with its use. Long-term applications of tebuconazole can result in its
accumulation in soil profiles, which can consequently affect soil ecosystems (Bending et al.
2007). Despite the fact that Cu-based fungicides have been commonly used in agriculture
(e.g., viticulture) together with other organic fungicides, including tebuconazole, information
about their interactions is lacking.

Tebuconazole behavior in soil profiles, including its degradation, is controlled by
sorption processes. Its sorption is mainly influenced by soil organic matter (SOM) content
(FAO 1994; Cadkova et al. 2012), which is in accordance with its relatively high value of the
distribution coefficient K, (describing pesticide distribution between organic carbon and the
liquid phase). According to its K, value, tebuconazole is considered to be slightly mobile in

soil profiles with a strong affinity to soil organic carbon (FAO 1994). However, other authors
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showed that pesticide sorption can be significantly affected by other soil components,
especially clays and Fe-, or Mn-oxyhydroxides (Sukop and Cogger 1992).

The ability of Cu to form complexes with tebuconazole can influence the extent of
their sorption and mobility in soil profiles (Jaklova Dytrtova et al. 2011). The relatively long
tebuconazole half-life in soils (56-365 days) (IUPAC, 2012) allows the formation of such Cu-
tebuconazole complexes in the soil system. Arias et al. (2006) observed that the presence of
Cu in soils resulted into a higher sorption of penconazole, another triazole fungicide, probably
due to the formation of Cu-penconazole complexes, which exhibited a higher affinity for soil
colloids. However, these processes have not been investigated in detail.

The interactions of Cu with organic pesticides can also influence their toxicity.
Jacobson et al. (2005) found that increased Cu concentrations influenced the fate and
transport of diuron in soil profile. The changes were probably caused by different composition
of microbiological populations, which could lead to subsequent changes in activities involved
in their degradation. On the other hand, diuron was found to prevent Cu-induced decreases of
chlorophyll contents in some plants (Teisseire et al. 1999). Therefore, further studies
concerning changes in tebuconazole toxicity in the presence of Cu and vice versa should be
performed.

Most of the previous studies were performed using technical grade tebuconazole,
despite the fact that the pure form is not used in agriculture and commercially available
products contain many other additives that support fungicide effectiveness and simplify its
application. It is needed to point out that the additives in pesticide formulations can
significantly influence the sorption mechanisms and behavior in soils (Cadkova et al. 2012).

To our best knowledge, there is no study describing Cu and tebuconazole interactions

and their influence on sorption and behavior in contrasting soils, including ferrihydrite and
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humic substances (HS). Comparison of tebuconazole sorption in commercial form and
analytical-grade and their interactions with Cu has not been studied either.

The aim of this study is to evaluate whether the presence of Cu can influence the
sorption of tebuconazole (Teb) onto different soils and their important constituents, such as Fe
oxyhydroxide (ferrihydrite) and soil organic matter, represented here by humic substances.
The experiments were conducted at different Teb : Cu molar ratios (1 :4,1:1,4:1 and Teb
alone) to find out to what extent Cu affects tebuconazole sorption through the formation of
Cu-tebuconazole complexes. Another objective is to study whether the fungicide formulation
(commercial vs. analytical-grade) can influence the interactions between Cu and tebuconazole

and their sorption in chosen matrices.

Materials and methods
Soils and chemicals

Soils with different physico-chemical characteristics (Rendzic Leptosol, Haplic
Arenosol and Haplic Cambisol) were chosen for this study (Table 1). Detailed information
concerning the methods of soil characterization can be found in Vangk et al. (2010). Two-line
ferrihydrite was synthesized according to the procedure described by Schwertmann and
Cornell (2000). The so-called “humic substances” or “humic acids”, used as a model of SOM,
were purchased from Sigma-Aldrich (USA). According to Malcolm and MacCarthy (1986),
humic acids purchased from Sigma-Aldrich consists of C 63.15, H 5.60, O 34.98, N 0.80, S
4.58, P <0.05 (% by weight ash-free and moisture-free basis), ash 22.56% with atomic ratios
C/N 92 and H/C 1.06. The determination of hydrophobic neutral organic matter, humic, fulvic
and hydrophilic acids contents in the soil samples was performed according to the method

developed by van Zomeren and Comans (2007).
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Analytical-grade tebuconazole was supplied by the Institute of Industrial Organic
Chemistry (Poland) with a purity of 99.9+0.1%. The main physico-chemical properties of
tebuconazole are shown in Table 2. The commercial fungicidal product containing
tebuconazole Horizon 250 EW was supplied by Bayer CropScience (Germany). Analytical
pure Cu(NOs),.3H,0, CaCl, and KNOs were purchased from Lach-Ner (Neratovice, Czech
Republic). All other chemicals were of analytical grade and supplied by Chromservis (Czech

Republic).

Tebuconazole pKa determination

In order to evaluate the dissociation behavior of tebuconazole, its acid dissociation
constant (pK,) was determined by potentiometric titration in a 20% (v/v) acetonitrile/water
solvent mixture, according to a slight modification of the method described by Fikri et al.
(2011). Tebuconazole (0.01 g) was dissolved in 20% acetonitrile (100 mL; at a fixed 0.1 M
ionic strength using KNO3). Nitric acid (0.1 M) was added (in the same molar quantity as
tebuconazole) to 20 mL of the tebuconazole solution and subsequently titrated by 0.01 M
KOH in a thermostated cell (25 °C) under nitrogen atmosphere (Linde, 5.0). The exact
concentration of the KOH solution was determined by titration with nitric acid (0.1 M;
Normadose Prolabo - VWR, France). All reagents and acetonitrile were of analytical grade
(Fluka, Switzerland). All the solutions were prepared from ultra-pure carbonate-free water
and the titration started after pH equilibrium was reached in the cell. The titration was
performed using the automatic titrator Metrohm 716 DMS Titrino coupled to a Metrohm 727
Ti Stand, a Metrohm 722 stirrer and equipped with a combined pH electrode (Metrohm, pH
0—14/0—-80 °C; KC1 3 mol L™) (Switzerland). The set parameters are the dynamic mode, a 1
mV min™ signal drift and a 5 mL min" maximal flow-rate. The combined glass electrode was

calibrated with pH 7.00 and 4.00 aqueous buffers and then with a 0.05 M potassium
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hydrogenophthalate solution in 20% acetonitrile solvent (Longhi et al. 1986). All procedures
were performed in triplicates. The titration curves were modeled using Protofit (version 2.1)
software (Turner and Fein 2006) to calculate the pK, values using the Davies activity
coefficient model. According to Fikri et al. (2011), this calculated value can be considered as

numerically equal to the value in pure water, within the experimental uncertainties (£ 0.05).

Preparation of solutions containing tebuconazole and Cu

Analytical-grade tebuconazole stock solution at concentration 1 g L™ was prepared in
methanol and kept in a cold and dark place. Aqueous solutions of tebuconazole (either as
analytical-grade or as commercial formulation) at concentrations of 10-35 mg L™ in
experiments with soils and at concentrations 50—175 mg L™ in experiments with ferrihydrite
and humic substances were prepared by adding the appropriate volume of tebuconazole
methanolic stock solution to 0.01 M CaCl,. This background electrolyte was chosen due to its
wide use in other studies performing similar experiments (e.g., Clausen and Fabricius 2001)
and is recommended by the OECD Guideline 106 for sorption experiments (OECD 2000).
Methanol was subsequently removed using a rotary evaporator (Rotavapor R-215, Biichi,
Switzerland). The CaCl, aqueous medium improves centrifugation and minimizes cation
exchange (OECD 2000). Copper solutions were prepared by dissolving the appropriate
amounts of Cu(NOs3),.3H,0 in 0.01 M CaCl, in order to obtain various Teb : Cu molar ratios

(1:4,1:1,4:1).

Sorption experiments
Sorption experiments were performed using the batch equilibrium approach. In
experiments involving soils, a volume of tebuconazole solutions (40 mL) and Cu(NOs),.3H,0

solutions (10 mL) at desired concentrations were added to soil (5g). Previous batch kinetic
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experiments showed that 48 hours was long enough to reach the equilibrium (data not shown).
Therefore, samples were shaken for 48 hours (GFL 3017 orbital shaker, Germany) and
centrifuged for 10 min at 5752 x g (Hettich Universal 30 RF, Germany). Changes of pH were
monitored during the experiment. A volume of 10 mL was removed and Cu concentrations
were analyzed using ICP-OES (Vista Pro, Varian, Australia). The rest of the supernatant was
extracted by the organic solvent ethyl acetate through shaking the mixture for 1 h. An
appropriate volume of ethyl acetate was removed to vials and tebuconazole content was
analyzed using GC/MS (Agilent Technologies 6890N/5975, CA, USA). The calibration curve
was constructed using seven concentrations and the correlation coefficient was always at least
0.995. Calibration solutions for external calibration were prepared in the same way as all
samples (without the matrices). The calibrations and result evaluation were made according to
general US EPA 8000C method (2003). Measurement uncertainty was determined based on
the validation.

Ferrihydrite (0.39 g L") (Clausen and Fabricius 2001) or humic substances (1.00 g L)
(Iglesias et al. 2009) were equilibrated in 0.01 M CaCl, for 24 hours. Ferrihydrite suspension
was adjusted to pH 5.5 with HCI and Ca(OH),. The pH value of the humic substances
suspensions was not adjusted because of its high pH-buffering capacity and reached 3.3 at
equilibrium. A volume of tebuconazole solution (10 mL) and Cu(NO3),.3H,0 solution (10
mL) at the desired concentrations were added to suspensions of ferrihydrite/humic substances
(30 mL) and shaken for 48 h. The subsequent analytical procedures were performed as
mentioned earlier. All experiments were performed in dark and in triplicates.

The amount of tebuconazole and Cu sorbed onto the soils, ferrihydrite, or humic

substances was calculated as follows:

Sz—(ci_c)xV

n (1)
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where S is the sorbed concentration (umol g™), C; is the initial concentration in solution (umol
L™, C is the aqueous equilibrium concentration (umol L™), ¥ is the volume of the liquid
phase (L) and m is the mass of soil/ferrihydrite/humic substances in the suspension (g).

The adsorption isotherms were constructed using the Freundlich isotherm equation:
S=K,xC" (2)
where Freundlich constants Ky (L g™) and n, a measure of the nonlinearity involved
(dimensionless), characterize the adsorption capacity and intensity. The Freundlich isotherms
were created using the non-linear (sum of least squares) model using a solver Excel file
developed by Bolster and Hornberger (2007). Goodness of fit (£) was calculated according to
Bolster and Hornberger (2007):

Z,-A; Wi (Si o fz )2
S (s, -8 @

i=1 wavg

E=1-

where E is a goodness of fit, N is the number of observations, w; is the ith weighting factor, S;
is the 174 measured value of the dependent variable, f; is the it2 model-predicted value of the
dependent variable and S, 1s the weighted mean of the measured values. A model

efficiency of 1 indicates a perfect fit to the data.

Results and discussion
Tebuconazole pKa determination

Dissociation of compounds is often associated with the pH value of the given system
(e.g., soil) and the determination of tebuconazole pK, could possibly help to explain its
behavior under different pH conditions. Furthermore, the dissociation of tebuconazole is an
important precursor of its potential complexation with Cu. Until now, there has been limited
information about the dissociation constant of tebuconazole. Tebuconazole is considered as a

weak base, which can only be completely protonated in non-aqueous systems in the presence
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of very strong acids (IUPAC 2012), although Chimuka et al. (2009) cited the tebuconazole's
pK, value to be 3.39. In our experiments, we determined the pK, value for the equilibrium
between the protonated and the free molecular tebuconazole:

Teb-H' S Teb + H' pK.=5.03  (ata fixed 0.1 M ionic
strength using KNO; and 25 °C).

Theoretically, H" dissociation from protonated tebuconazole should occur when soil
pH is higher than tebuconazole pK, value. The pH values of soils used in our experiments
varied from 5.6 to 7.4. All values are in a close range of tebuconazole pK,. Accordingly,
based on previous results, it can be considered that soil pH does not affect tebuconazole
dissociation and consequently its sorption (Cadkova et al. 2012; Cadkova et al. in press).

As mentioned earlier tebuconazole pKa is an important precursor of its potential
complexation with Cu. Based on a suggestion by Evans et al. (2007), the formation constants
of the CuTeb®", Cu(Teb),>", Cu(Teb);*" and Cu(Teb),*" complexes (log B) could be estimated
as approximately equal to log B; =4.2, log B, =7.8, log B3 = 10.7, log B4 = 12.8. The
speciation of Teb : Cu complexes was modeled using MINEQL+ (Schecher and McAvoy
2001) within the soil solution (in the pH range of 4-10) for various Teb : Cu ratios (in 0.01 M
CaCl, as background electrolyte, with chloro-complexes included). It was found that mainly
CuTeb®" and Cu(Teb),*" are possibly formed in solution, which is in a good agreement with
our earlier study (Jaklova Dytrtova et al. 2011). The following maximal values of formed
complexes were obtained for the pH range 5—7: 60% of CuTeb*" and 8% of Cu(Teb),*" for a
Teb : Cu ratio of 1 : 4; 35% CuTeb>" and 10% Cu(Teb),”" for 1 : 1; and 12% CuTeb>" and 8%

Cu(Teb),”" for 4 : 1.

10
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Sorption experiments using analytical-grade tebuconazole

Figures 1 and 2 describe the sorption of analytical-grade tebuconazole on the studied
soils, humic substances and ferrihydrite. All sorption isotherms describing the sorption of
analytical grade tebuconazole fitted the Freundlich isotherm. Values of the Freundlich
parameters (K n) and goodness of fit (£) are shown in Table 3.

As mentioned earlier, the content and quality of SOM play an important role during
the sorption of azole-based fungicides (Cadkova et al. 2012; Cadkova et al. in press) as well
as the presence of Cu in soils that possibly supports sorption of azole-based fungicides
through the formation of Cu-azole complexes (Arias et al. 2006). Concerning these findings
in general, humic substances (representing soil organic matter) and the Cambisol should show
the highest ability to adsorb tebuconazole and also higher Cu concentrations should support
tebuconazole sorption to all matrices. Our data show that in experiments without Cu addition,
the highest tebuconazole sorption in soils was observed for the Cambisol followed by the
Arenosol and the Leptosol, even though the order of decreasing SOM content is: the
Cambisol > the Leptosol > the Arenosol. It implies that the quality of SOM in terms of humic,
fulvic and hydrophilic acids contents and content of hydrophobic neutral organic matter can
significantly influence tebuconazole sorption. Many authors (Sparks 2003; Hiller et al. 2009)
reported the higher ability of humic acids to sorb organic compounds compared to fulvic
acids. Nevertheless, chemical structures and sorption properties of the humic and fulvic acids
vary depending mainly on their origin, age, and environmental parameters such as vegetation
or temperature. Differences of more than one order of magnitude in sorption coefficients of a
given compound measured in humic and fulvic acids from different sources of various origins
were found (Niederer et al. 2007). The Cambisol contains the highest amount of humic acids,
which confirmed the theory that these substances have higher ability to sorb organic

compounds. Although the Leptosol contained higher amount of humic acids (compared to the

11
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Arenosol; Table 1), it showed lower tebuconazole sorption ability. It was probably caused by
its origin and other factors mentioned earlier. On the contrary, the Cambisol and the Arenosol
both contain a high amount of fulvic acid as well. They should exhibit lower binding affinity
for nonpolar organic chemicals than humic acids. In general, fulvic acids are more polar,
depict a higher O/C ratio and a higher amount of oxygen-containing functional group (Sparks
2003). These factors could negatively influence interactions between fulvic acids and
nonpolar organic chemicals (Hiller et al. 2009). Even though tebuconazole is a nonpolar
compound and the Cambisol and the Arenosol contain high amounts of fulvic acids, they
exhibited high tebuconazole sorption ability. Again, it was probably caused by the nature and
origin of the fulvic acids.

Singh (2005) also reported a lower sorption in a soil that was higher in SOM content in
comparison to other soils and concluded that the type/nature of the clay minerals and other
soil components present could play an important role in sorption of azole-based fungicides.
The different clay composition of the studied soils could be one of the reasons explaining the
lower tebuconazole sorption in the Leptosol. The Arenosol and the Cambisol contain
clinochlore (as opposed to the Leptosol), which could support tebuconazole sorption
(Koutsopoulou et al. 2010). Both soils also contain muscovite, which was found to be able to
sorb other azole-based fungicide (Rodriguez-Cruz et al. 2008). The other possible reason why
the Leptosol showed a lower tebuconazole sorption is that it also contains a high amount of
calcite that did not show ability to sorb this fungicide (Cadkova et al. 2012).

Regardless of the Teb : Cu ratio, the highest sorption ability was found for humic
substances and ferrihydrite, followed by the Cambisol, the Leptosol and the Arenosol. The
highest tebuconazole sorption ability on materials rich in organic matter (humic substances
representing SOM and Cambisol, containing the highest amount of SOM) was observed for

the samples without Cu followed by the Teb : Curatios 1 : 4>1:1>4: 1. The highest

12
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tebuconazole sorption for samples that did not contain Cu was probably caused by the
competition of Cu and tebuconazole for the adsorption sites of humic acids (Xu et al. 2005).
The authors observed a competitive behavior between Cu and an organic herbicide
(propisochlor), while the sorption of Cu on humic acids was not remarkably affected. Also,
while analytical-grade tebuconazole does not contain any additives that support its sorption as
in the case of the commercial formulation (see section 3.3), it is probably most easily
adsorbed on SOM than on other soil components, especially due to its high affinity for
organic matter (FAO 1994; Cadkova et al. 2012; Cadkova et al. in press). This assumption is
supported by the experiment with ferrihydrite, where the amount of sorbed tebuconazole from
solutions without Cu was negligible. On the contrary, higher tebuconazole sorption from
solutions containing Cu was observed for ferrihydrite, indicating the positive impact of the
complexation on sorption. This finding could explain as well tebuconazole sorption on the
Arenosol containing the lowest amount of SOM and a relatively high oxalate-extractable Fe
concentration, indicating a relatively high content of amorphous or poorly crystalline Fe
oxides. Again, increased Cu concentrations most probably supported tebuconazole sorption
due to the formation of Cu-tebuconazole complexes. It seems that at the lower concentrations
of Cu(Teb: Cu4:1and1:1)there are not sufficient amounts of these formed complexes
(see our data in section 3.1) and the extent of tebuconazole sorption is lower compared to
samples without Cu addition. A similar trend was found for the Leptosol, even though the
Leptosol contains a relatively high SOM content. The highest sorption was observed for the
Teb : Curatio of 1 : 4, followed by the sample without Cu addition=1:1~=4: 1. The
differences between the amounts of sorbed tebuconazole at different Cu concentrations are
not as evident as in the experiment with other matrixes with the exception of the Teb : Cu
ratio of 1 : 4. The isotherms show clearly that the presence of Cu promotes tebuconazole

sorption due to the neutral or slightly negative charge of solid surfaces at the experimental pH

13
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values. Therefore, the positively charged complexes can be sorbed more efficiently to the
matrices.

According to the obtained K, values (Table 3), there is an evidence of Cu supporting
tebuconazole sorption (affinity) to all matrices. The Teb : Cu ratio with the highest Cu
addition (1 : 4) exhibited the highest Ky values in all matrices (in comparison to other Teb : Cu
ratios) with the exception for ferrihydrite, where the highest K value was found for Teb : Cu
ratio 1 : 1. The Cambisol and the Leptosol exhibited the following order of Ky values: Teb :
Curatios1 :4>1:1>4:1>samples without Cuand Teb: Curatios 1 :4>4:1>1:1>
samples without Cu addition, respectively. It is thus clear that Cu addition increased
tebuconazole’s affinity for the sorbents most possibly through the formation of Cu-
tebuconazole complexes. A similar trend was observed for ferrihydrite. The trend was slightly
different in the Arenosol soil: Teb : Cu ratios 1 : 4 > samples without Cu addition>1:1>4:
1. As mentioned above, the relatively high tebuconazole affinity to soil samples without Cu
addition, was probably caused by the lowest SOM content and the high content of amorphous
or poorly crystalline Fe oxides (e.g., ferrihydrite). The highest Ky value was observed for
humic substances followed by ferrihydrite, the Cambisol, the Leptosol and the Arenosol. It
again implies that SOM plays an important role in tebuconazole sorption. Also the shape of
the curves confirms this assumption. The curve showing tebuconazole sorption onto humic
substances is more like the shape of curves depicting tebuconazole sorption in contrasting soil
types than to ferrihydrite. The main interactions between soil and tebuconazole are then
probably mainly influenced by SOM. Nevertheless, the role of other constituents, such as Fe-
and/or Mn-oxides and clay minerals cannot be omitted and it is difficult to specify the

contribution of each specific constituent.
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Sorption experiments using commercially-available tebuconazole
Figures 1 and 2 summarize the results of the sorption of tebuconazole from the

commercial formulation on the studied soils, humic substances and ferrihydrite. Values of the
Freundlich parameters (K; ) and goodness of fit (£) are shown in Table 3. The highest
sorption was found for the humic substances and ferrihydrite, followed by the Cambisol, the
Arenosol and the Leptosol, regardless the Teb : Cu ratio. The highest sorption ability of the
Cambisol can be explained by the highest amount of SOM and possibly by the highest portion
of the clay fraction and oxalate-extractable Al and Mn. The Cambisol also contained the
highest amount of hydrophobic neutral organic matter that interacts more strongly with
hydrophobic organic pollutants (Table 1) (Kaiser et al. 2001). The Arenosol exhibited a
higher tebuconazole sorption even though its SOM content is lower than in the Leptosol. This
is probably caused by the higher clay content (compared to the Leptosol). As mentioned
above, the Arenosol and the Cambisol contain clinochlore belonging to the chlorite group that
was found to be able to adsorb aliphatic compounds (Koutsopoulou et al. 2010) and hence
could contribute to the high sorption ability of the Arenosol. Furthermore, the commercial
product contains additives (up to 60% w/w N,N-dimethyldecanamide) that could thus be
easily adsorbed onto chlorite and subsequently support tebuconazole sorption through
cooperative adsorption (Zhang et al. 2007). The high ability of the Arenosol to sorb
tebuconazole can be also explained by the relatively high amounts of oxalate-extractable Fe,
Al and Mn, which confirms the importance of these soil components in tebuconazole sorption
(Sukop and Cogger 1992).

In experiments without Cu addition, the highest tebuconazole sorption was observed for
the Cambisol, followed by the Leptosol and the Arenosol. This order could be explained by
the amount of SOM content, because higher soil organic matter content increases

tebuconazole sorption in soils. Concerning different Cu concentrations in sorption
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experiments with contrasting soil types, tebuconazole sorption increased in the following
order of different Teb : Curatios 1 : 4>1:1>4:1 > without Cu addition, with the only
exception for the Leptosol. The same trend was observed for the humic substances. Again, the
highest Cu content led to the highest sorption of tebuconazole. As mentioned earlier, higher
Cu concentrations in soils resulted in higher sorption of azole-based fungicides through
formation of Cu-azole complexes, which exhibited a higher affinity for soil components
(Arias et al. 2006). Interestingly, the Leptosol showed a different trend of tebuconazole
sorption, according to the Teb : Cu ratio: without Cu addition>1:4>1:1~=4: 1. A similar
trend was observed for ferrihydrite: tebuconazole sorption was significantly higher in samples
containing no Cu. It could be concluded that during tebuconazole sorption on ferrihydrite, it
competes for adsorption sites with other components, e.g., Cu and hence shows the highest
tebuconazole sorption ability in samples that do not contain any Cu. Another explanation
could be that the sorption of the Teb-Cu complexes is not favored on the ferrihydrite surface.
On the other hand, in samples containing different Cu concentrations, tebuconazole sorption
followed the trend (for the ratio Teb : Cu): 1 :4>1:1~=4: 1. Again there was sufficient time
during the batch experiment to form Cu-tebuconazole complexes that would support
tebuconazole sorption. These assumptions could explain the different trend in tebuconazole
sorption in the Leptosol as well. The Leptosol contains the highest amount of oxalate-
extractable Fe, corresponding roughly to amorphous and poorly crystalline oxyhydroxides,
and tebuconazole is thus slightly more adsorbed from solutions without Cu addition. As in
previous experiments using analytical grade tebuconazole, the presence of Cu enhanced
tebuconazole sorption (except for the Leptosol and ferrihydrite) and the positively charged
Teb-Cu complexes were sorbed more easily to the negatively charged solid surfaces.
According to the obtained K, values (Table 3), tebuconazole exhibited the lowest

affinity to all soil types without Cu addition. Again tebuconazole showed the highest affinity
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to the Cambisol and the Arenosol when the Teb : Cu ratio was 1 : 4, followed by the ratios 1 :
1 and 4 : 1. The highest tebuconazole affinity to Leptosol was found for the Teb : Cu ratio 1 :
1>4:1>1:4. Again, Cu addition increased tebuconazole affinity to all soil types and the
opposite trend was observed for ferrihydrite, where tebuconazole exhibited the highest
affinity to samples without Cu addition, followed by Teb : Curatios4:1>1:4>1:1. As
mentioned earlier, the presence of Cu does not enhance tebuconazole sorption onto the Fe
oxide and the Teb-Cu complexes are not preferentially sorbed. The highest Ky value was
observed for humic substances followed by ferrihydrite, the Cambisol, the Arenosol and the
Leptosol. Again, SOM as well as mineral and clay composition seem to play an important
role in tebuconazole sorption. Additionally, tebuconazole sorption in the Arenosol and the
Leptosol seemed to occur in two steps. First, tebuconazole was less intensively adsorbed on
both soil types at low concentrations (0.2— 0.3 umol g™), while in the second step,
tebuconazole sorption and affinity increased (up to 0.53— 1.24 pmol g™ for the Leptosol and
1.16-2.68 pmol g for the Arenosol). It was probably caused by the increasing concentration
of additives in the commercial formula (see below).

The sorption patterns of commercially available tebuconazole differ from the
experiment using tebuconazole as a pure chemical. These differences can be attributed to the
additives that are mainly of organic molecules (e.g., N,N-dimethyldecanamide). These
additives support fungicide effectiveness, simplify its application and prevent tebuconazole
recrystallization. They could be easily adsorbed on the matrices and subsequently support
tebuconazole sorption by the so-called cooperative adsorption (Zhang et al. 2007). In a study
that compared the sorption ability of natural minerals and minerals modified with organic
surfactants, the adsorption efficiency of natural minerals was much lower compared to the

modified minerals. Sorption efficiency of azoles onto such modified clay minerals can be thus
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increased up to 133-times due to the high organic carbon content of organic surfactants

(Rodriguez-Cruz et al. 2008).

Conclusion

It could be concluded that one of the main factor influencing tebuconazole sorption
soils is the content and quality of SOM although the contribution of clay minerals and Fe-,
Mn-oxyhydroxides (especially ferrihydrite) cannot be neglected. Nevertheless it is difficult to
determine the specific role of each component in tebuconazole sorption. Our results show the
importance of soil characteristics and the presence of metallic elements (e.g., Cu from other
fungicides) for predicting tebuconazole behavior in soils. Influence of additives that are
present in commercially available products cannot be ignored either. Our data confirm the
possible positive effect of these substances on tebuconazole sorption. As mentioned earlier
the interactions of Cu with organic pesticides can also influence their toxicity in the soil
environment. Therefore, studies concerning interactions of tebuconazole and Cu and influence

on their toxicity should be examined in detail.
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Fig. 1 Tebuconazole sorption onto contrasting soil types; Cs-sorbed tebuconazole
concentration at equilibrium; C.q-final solute tebuconazole concentration at equilibrium;
symbols represent: CF-commercial formulation, AG-analytical-grade tebuconazole. Values

shown are means + SD (n=3)

Fig. 2 Tebuconazole sorption onto humic substances and ferrihydrite; Cs-sorbed tebuconazole
concentration at equilibrium; C.q-final solute tebuconazole concentration at equilibrium;
symbols represent: CF-commercial formulation, AG-analytical-grade tebuconazole. Values

shown are means + SD (n=3)
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Table 1

Table 1 Physico-chemical characteristics of the studied soils (Vanék et al. 2010)

Leptosol Arenosol Cambisol
Particle size distribution (%)
Clay 0.4+0.09 13=+0.3 32+0.2
Silt 30615 64+04 326 £1.0
Sand 69.0+£2.1 923+0.8 64.2+£0.6
PH water 7.4+0.2 6.7+0.1 5.6+0.2
PH xa 7.0+0.2 6.4+0.2 4.7+0.1
PH zpc 7.7+0.7 6.5+0.3 5.1£0.5
CEC * (cmol kg ™) 283+23 10.1+£1.7 31.5+£28
TOC ° (%) 336045 1.16+0.21 3.78 £0.57
TIC © (g kg ") 3.10+£0.29 b.d.lL b.d.L
Oxalate extractable (g kg ™)
Fe 2.23+£0.25 1.91+£0.33 1.63 £0.25
Al 1.55+£0.30 1.14+0.19 2.55+0.24
Mn 0.30£0.09 0.10+0.07 0.69 £0.07
Minerals identified
quartz quartz quartz
calcite muscovite muscovite
albite albite albite
orthoclase  orthoclase orthoclase
illite illite illite
kaolinite clinochlore clinochlore
clinopyroxene
amphibole
Humic substances (% w/w)
Humic acids 74.1+£43 59.2+£29 55.0£1.0
Fulvic acids 3.7£0.5 8514 8.3+0.6
Hydrophilic acids 154+£09 159+1.8 26.3£2.1
Hydrophobic neutral organic matter 6.8 £0.5 16.4+0.9 10.4 +0.6

b.d.1.: below detection limit
* Cation exchange capacity
® Total organic carbon content

¢ Total inorganic carbon content



Table 2

Table 2 Physico-chemical properties of tebuconazole (FAO 1994; ITUPAC 2012)

(RS)-1-p-chlorophenyl-4,4-dimethyl-3-

Chemical name (1H-1,2,4-triazol-1-ylmethyl)pentan-3-ol

CAS Number

107534-96-3

Chemical class triazoles
Molecular mass 307.8
CH5OH

H,C—C—C—CH,

o
CHac';H2 CH5 Cl

Formula
N
e

N

]
pK,* 5.03 (at 25 °C)
Water solubility (g L™) 0.036 (at 20 °C)
Melting point (°C) 105
log Kow " 3.7 (at 20 °C)
Koo (L kg™) © 803-1251
Degradation in soils (d) 4 558365

* pK, value determined in this study

b Kow 1s the octanol/water partition coefficient

¢ Partition coefficient normalized to organic carbon content

4 Aerobic soil half-life (days)



Table 3

Table 3 Fitting parameters of the Freundlich adsorption isotherms using analytical-grade

tebuconazole and tebuconazole in commercial form

Analytical-grade Tebuconazole in
Teb : Cu tebuconazole commercial form
ratio Ky n E Ky . E
(Lgh (Lgh
1:1 5.54 0.51 0.95 2.51 0.67 0.90
Ferrihydrite 1:4 3.09 0.63 0.94 3.05 0.69 0.87
4:1 3.55 0.58 0.96 4.34 0.55 093
without Cu 0.77 091 0.96 14.8 0.54 0.84
1:1 11.6 046 0.93 7.07 0.71 0.96
Humic 1:4 23.6 0.30 0.76 8.62 0.72 0.98
substances 4:1 20.3 024 0.92 9.23 0.59 0.83
without Cu 9.52 0.50 0.94 16.9 0.37 0.99
1:1 0.28 0.35 0.99 0.14 0.63 0.89
Cambisol 1:4 0.33 0.49 0.88 0.22 0.66 0.86
4:1 0.20 0.38 0.95 0.09 0.69 0.96
without Cu 0.05 091 0.99 0.06 0.70 0.94
1:1 0.04 0.59 0.95 0.06 0.66 0.87
Arenosol 1:4 0.07 0.61 0.96 0.15 0.65 0.88
4:1 0.04 0.55 0.94 0.05 0.62 0.85
without Cu 0.06 0.60 0.97 0.05 0.63 0.84
1:1 0.09 0.55 0.99 0.10 0.41 0.89
Leptosol 1:4 0.14 0.58 0.99 0.08 0.60 0091
4:1 0.11 0.50 0.98 0.09 043 0.84

without Cu 0.08 0.53 0.98 0.04 0.68 0.97
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Abstract We determined the acidity constants of tebuconazole and penconazole, two
fungicides from the group of 1,2,4-triazoles. Potentiometric titrations were performed in a 20%
(v/v) acetonitrile/water mixture at 25 °C and at a fixed ionic strength (KNOs3, 0.1 mol-dm ). The
pK, values (representing thermodynamic constants) were determined to be 5.0 = 0.1 and 5.2 £ 0.1
for tebuconazole and penconazole, respectively. These values could be used in pure water
solutions to consider the protonated or deprotonated forms when studying the field behavior of
these fungicides. Molecular modeling calculations allowed identifying the N4 atom as the

protonation site.

Keywords  Triazole pesticides - Potentiometric titrations - Protonation constant - Protonation

site - Molecular modeling
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1 Introduction

Agrochemicals include organic molecules, with various building blocks and functional groups.
When they are dispersed in the field, their physical, chemical and ecotoxicological properties,
mostly related to their structure, are of major importance for their environmental behavior.
Among those, the acid/base properties are of special interest, because they determine the present
chemical form: a neutral molecule or a charged ion (either a cation and/or an anion, depending on
the molecular structure). Because the soil and its main components (clays, Fe- and Mn-
oxyhydroxides, humic substances, etc.) exhibit different surface charges according to the
environmental pH [1], the acidity constant K, (or the pK,) of the pesticides are crucial for
determining their behavior in the soil environment.

Here we focused on two pesticides of the (benzo)triazole family for which some quantitative
structure-properties relationships are already available [2]: tebuconazole and penconazole (Table
1, Fig. 1). They are known to behave as systemic fungicides, with both curative and protective
actions, mainly applied to orchards and vineyards [3] where the soil pH is commonly within the
range from 4 to 8. According to their structure (Fig. 1), both tebuconazole and penconazole can
be expected to behave as weak bases, the N4 nitrogen atom in the 1, 2, 4-triazole ring being the
most probable target for protonation (see section 3.1 below); unfortunately, their pK, values are
unknown (tebuconazole) or of dubious value (penconazole) [4]. The knowledge of their correct
values is essential, in order to predict the nature of the species (neutral molecule or protonated
one) present in the environment.

These triazole molecules are poorly water-soluble, and require water-miscible co-solvents in
order to be solubilized. Acetonitrile is a very adequate cosolvent for use in RP-HPLC analysis of
this class of compounds [5, 6] due to its aprotic and polar nature and because it is fully miscible
with water. Therefore, a mixture of acetonitrile and water was chosen here for the potentiometric

determination of the pK, of the two fungicides.

2 Experimental

2.1 Reagents



O J oy U WD P

O OO OYOYOY Ul Ul U U U U U U U Ul BB DSBS DD WWWWWWWWWWLWNDNDNDNDNDNDNdDNdDNNNNRERrRPRPRPRPRRRRE
O WN P OWOWOJOU b WNEFPF OWOL-JoOU P WNhEF OWOW-JoUd WNEF OWOW-JOoUd WNE OWOWwWJoyUldbd WD EPE O

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Analytical-grade tebuconazole was supplied by the Institute of Industrial Organic Chemistry
(Warsaw, Poland) with a purity 0of 99.9 = 0.1 %; analytical standard penconazole was purchased
from Fluka (Pestanal, 99.1 %). All reagents and acetonitrile (AN) were of analytical grade
(Fluka), and dissolved in high purity de-ionized carbonate-free water (Milli-Q system: resistivity

18.2 MQ-cm, TOC < 10 pg-dm™).

2.2 Potentiometric Measurements

The pK, values of tebuconazole and penconazole were determined by potentiometric titration in a
20% (v/v) acetonitrile/water solvent mixture, according to a slight modification of the method
described by Fikri et al. [7]. Each triazole compound (0.01 g) was dissolved in 20% AN (100
cnr’; at a fixed 0.1 mol-dm  jonic strength using KNO3), then sonicated (Bransonic model 20).
Nitric acid (0.1 mol-dm™) was added in equivalent amount to 20 cm’ of the triazole solution and
this mixture of strong acid and protonated weak base was subsequently titrated by 0.01 mol-dm™
KOH (in the 20% AN solvent) in a thermostatted cell (25 °C) under nitrogen atmosphere (Linde,
5.0). The exact concentration of the KOH solution was determined by titration with HNOs (0.1
mol-dm *; Normadose Prolabo). The titration was performed (Fig. 2) using the automatic titrator
Metrohm 716 DMS Titrino coupled to a Metrohm 727 Ti Stand, a Metrohm 722 stirrer and
equipped with a glass/calomel pH electrode (Metrohm, pH 0—14/0-80 °C; KC1 3 mol-dm™). The
set parameters are the dynamic mode, a 1 mV-min ' signal drift and a 5 cm’min ' maximal flow-
rate. The titration started after pH equilibrium was reached in the cell. The combined glass
electrode was calibrated with pH 7.00 and 4.00 aqueous buffers and then with a 0.05 mol'kg ™"
potassium hydrogenophthalate solution in the 20% AN solvent (pHs = 4.58 [8, 9]). All
procedures were performed in triplicates.

The titration curves were fitted using the ProtoFit (version 2.1) software [10] to calculate the pK,
values and using the Davies activity coefficient corrections calculated from the data in the mixed
solvent system [11]. According to Fikri et al. [7], such a calculated value can be considered as

numerically equal to the value in pure water, within the experimental uncertainties (+ 0.05).

2.3 Molecular Modeling
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For each compound, the geometries of the two enantiomers were optimized by molecular
mechanics (MM2 force field) with HyperChem [12] and further refined by the PM6 semi-
empirical molecular orbital method with MOPAC [13, 14]. The gas phase formation enthalpies at
298 K were also computed from MOPAC.

3 Results and Discussion

3.1 Protonation Site

Due to the presence of a single chiral center (asymmetric carbon atom) in both molecular
structures, each consists of two (R or S) enantiomers (Fig. 1), whose properties can be somewhat
different; the studied samples were racemic mixtures, however.

According to our molecular theoretical quantum calculations of gas phase formation enthalpies
(Table 3), the N4 protonation is favored by ca. 5065 kJ-mol!, compared to N2 protonation,

whatever the studied fungicide and its enantiomer form.'

3.2 Protonation Constants

The acidity constants, pKa, of the two triazole compounds were determined from potentiometric
titrations in a 20% (v/v) AN solvent mixture at 25 °C. However it would be more useful to have
information about the pK, value in pure water. In order to estimate the effect of the 20% AN
solvent mixture, we refer to our previous study on amino-2 pyridine derivatives [7]: it appeared
that the values of aqueous pK, would be ca. 0.02 unit higher than those determined in the 20%
AN solvent, what is within the experimental uncertainties (+ 0.05). Moreover, due to the
introduction of activity coefficient corrections during data treatment, our calculated pK, values

can be considered as the thermodynamic ones. This is why we consider that our values are a good

! We have also tested the new PM7 method in MOPAC 2012. This method, which is still under development, gave
enthalpy values within 5.3% of the PM6 values. The relative stabilities of the protonated forms were unchanged.
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estimate (better than = 0.1 unit) of the aqueous pK, of these two fungicides, i.e. for the
equilibrium between the protonated and the free molecular triazole:

TebH'S Teb + H' pK.=5.0

Pen-H" S  Pen + H pK,=5.2

(£ 0.1; at 25 °C and with a fixed 0.1 mol-dm* ionic strength using KNO3)
Until now, there has been limited information about the dissociation constant of tebuconazole and
penconazole (Tables 1 and 2). According to the IUPAC Pesticides Properties Database [4],
tebuconazole is considered as a very weak base, without any numerical value; for penconazole,
the low value given (1.51, see Table 1) is not in accordance with the structure of the compound,
while it would correspond to a medium-strength acid. Few other data are cited in the literature
(see Table 2); in all cases, they are lower than our experimental values, indicating a somewhat
weaker basic behavior for the corresponding molecule, what is once more not coherent with its
structure. Furthermore, the SPARC-calculated values [15] are too low to be realistic, and should

be ignored.

4 Conclusion

The aqueous pK, values, determined for the first time in this study, allow predicting the
environmental behavior of either tebuconazole or penconazole according to the acid/base
properties of the soil solution and of the soil sorption complex. If stability constants data become
available, their possible complexation with metal cations present in the soil solution or added as
pesticides (e.g., Cu [17, 18]) can now be estimated, for a better knowledge of the speciation of

these triazole fungicides.
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Table 1 Physico-chemical properties of the fungicides tebuconazole and penconazole,

according to [UPAC Pesticides Properties Database [4]

Tebuconazole

Penconazole

Chemical name

CAS Number
SMILES

Chemical formula
Molecular mass
pKa

Water solubility (g-
dm™ at 20 °C)
Melting point (°C)
log Kow *

Koo (dm’ kg™) ®
Degradation in soils
(d)°

GUS leaching
potential index ¢
BCF °©

(R,S)-1-p-chlorophenyl-4,4-
dimethyl-3-(1H-1,2,4-triazol-1-
ylmethyl)pentan-3-ol
107534-96-3
Clclcee(ccl)CCC(O)(C(C)(O)O)
Cn2ncnc2

Ci6H22CIN;O

307.82

not available 'very weak base'

0.036

105
3.7 (at pH 7 and 20 °C)
769

55.8

2.00
78

(R,S)-1-[2-(2,4-
dichlorophenyl)pentyl]-1H-1,2,4-
triazole

66246-88-6

Clelcee(c(Clhcl)C(CCC)Cn2nenc2

C13H15ChLN;
284.18
1.51 (at 25 °C) 'very weak base'

0.073

60.3
3.72 (at pH 7 and 20 °C)
2205

90.0

1.51
320

a K,y 1s the octanol/water partition coefficient
b Partition coefficient normalized to organic carbon content, Freundlich model
¢ Aerobic soil half-life, field conditions (days)
d Groundwater Ubiquity Score (estimated)

¢ BioConcentration Factor
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236

237
238

239

240

241

242

243

244

Table 2 pK, values for the two fungicides

Experimental results *

Estimated value °

Literature data

Tebuconazole 5.0+£0.1

Penconazole 52+0.1

1.56
1.36

3.39°¢
2.83+0.121

a Potentiometric; 7= 0.1 mol-dm >, 25 °C
b According to SPARC [15]

¢ Cited by Chimuka et al. [16]

d Cited by Arias et al. [17]
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245
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247
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249

Table 3 Gas phase formation enthalpies (kJ-mol ') calculated with MOPAC/PM6

Neutral molecule

N2 protonated

N4 protonated

Tebuconazole R
Tebuconazole S
Penconazole R

Penconazole S

—54.17
—46.90
181.15
183.27

612.16
602.16
854.37
850.82

547.23
551.14
793.08
795.17
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Fig. 1 Structures of Tebuconazole (a, b) and Penconazole (c, d) enantiomers (sticks and balls

presentation).

(a) Tebuconazole R

(b) Tebuconazole S
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(c) Penconazole R

(d) Penconazole S
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263 Fig. 2 Titration curves for Tebuconazole (x) and Penconazole (+) with 0.01 mol-dm > KOH in

26 the 20% (v/v) AN/Water, 0.1 mol-dm > KNO; medium, after acidification with an equimolar

267 amount of HNOj.
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