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1. Uvob

Kontaminace zivotniho prostfedi je Siroce studovanou problematikou z divodu
ptfimého vlivu na kvalitu Zivota a mozného ovlivnéni ptirodnich biogeochemickych cykli.
Zdroje znec€isténi byvaji vétSinou spojeny se Sirokym spektrem lidskych ¢innosti (intenzivni
zemedelstvi, rostouci objem dopravy a prumyslovou aktivitou). Mimo antropogennich zdrojt
existuji také zdroje geogenni, a to napiiklad zvétravani mate¢nich hornin. Znec¢isténi prostiedi
rizikovymi prvky zpusobuje omezenou vyuzitelnost ostatnich pfirodnich zdroji z davodu
jejich toxicity, kdy kromé zneéi$téni rtznych piirodnich sfér mohou vstupovat také do
potravniho fetézce. Vyznamnym predstavitelem rizikovych prvku je rtut’.

Rtut’ a jeji slouceniny patii mezi latky s vysokou potencialni toxicitou. Vyskytuje se
ve velkém mnozstvi fyzikalnich a chemickych forem, které vykazuji rozdilné vlastnosti a maji
rizné vyznamny vliv na zivotni prostfedi. Tyto slouceniny se posuzuji podle toxicity, ktera je
zavisld na mobilit¢ a bioakumulaci, se zvysujici se mobilitou roste i jejich toxicita.
Nejtoxictejsi jsou organokovové slouceniny, zvlasté methylrtut’, a rozpustné anorganické soli
rtuti.  V zemské kufe se rtut vyskytuje v horninich, sedimentech a putdach.
V nekontaminované ptidé obvykle nepfesahuje koncentrace Hg 200 pg.kg™ (Adriano, 2001),
pokud je koncentrace vyss$i, hledd se zdroj znecisténi. Tim antropogennim byva vétSinou
tézebni primysl a hutnictvi, skladky a spalovani odpadl (Lasat, 2002).

Zjisténi celkového obsahu Hg v piidé miiZze poslouzit jako zaklad posouzeni rizik,
ktera muze kontaminace zpusobit. Dulezitéjsi je ovSem stanoveni jednotlivych slouc¢enin
tohoto prvku, na nichz je zavisly transport, akumulace a biodostupnost Hg. To do jisté miry
souvisi také s typem a slozenim pudy. Proto byly v této praci popsany jednotlivé vzorky pud,
zvlasté pak obsah a slozeni organické hmoty a byla fesena zavislost transformace
a bioakumulace rtuti pravé na téchto charakteristikach. Dalsi experimenty byly zaméfeny na

popsani vazeb rtuti na jednotlivé slozky pudy.



2. LITERARNI PREHLED

2.1 Zdroje rtuti a jeji kolobéh v prostiedi

Pfirodnimi zdroji rtuti jsou tektonicka Cinnost, zvlasté¢ sope¢né plyny, a vyparovani
z ocednu (Fthenakis et al., 1995). Témi antropogennimi jsou spalovani fosilnich paliv, t€Zebni
primysl a zpracovani rud, vyroba chloru, spalovani komundlniho i lékatského odpadu
a uprava Cistirenskych kalt. Pomérn€ vyznamné zastoupeni mély diive také slouceniny rtuti
pouzivané v zemé&d¢lstvi, jako jsou pesticidy, konzervacni prostiedky a prostfedky pouzivané
k motfeni osiva (Pitter, 1999). Tyto latky jsou vétSinou zaloZzeny na organokovovych
slou¢enindch Hg a z divodu vysokeé toxicity je jejich vyuzivani jiz ve vétsi mife zakazano.
Zastoupeni jednotlivych antropogennich zdroji znecisténi v globalnim méftitku je uvedeno na
Obr. 1.
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Obr. 1 Hlavni zdroje znecisténi rtuti (AMAP/UNEP, 2008).

Rtut’ se jako polutant vyskytuje ve vSech slozkach zivotniho prostfedi, kde mize byt
transformovéana, akumulovédna a snadno se dostavd do potravnich fetézcii. Cyklus rtuti
zahrnuje uvolnovani elementdrni Hg a tckavych slouCenin do atmosféry, jeji transport
a transformace. SlouCeniny rtuti jsou z atmosféry uvoliovany s prachovymi c¢asticemi,
sn¢hem a destéem (EPA, 2006) a dostavaji se zpét do piid a povrchovych vod. Zde jsou

sorbovany a mohou byt néasledn¢ adsorbovany a bioakumulovany zivymi slozkami ptirody



a opét preménovany na jiné formy. Cyklus je neustale opakovan a jen malé mnozstvi Hg je
navdzano V nerozpustnych slouceninach. Za silné vazby je zodpovédna zvlasté sira
Vv thiolovych funk¢nich skupinach a rozpustény uhlik v organické hmot¢ (Houserova et al.,
2006). V pud¢ muze byt rtut’ oxidovana, redukovana, hydratovana, ptipadné biologicky
pfeménovana na organické slouceniny (Kabata-Pendias a Pendias, 2001). Tyto transformace

jsou znazornény na Obr. 2.
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Obr. 2 Ptemény mezi jednotlivymi speciemi Hg v pudé (Kabata-Pendias a Pendias, 2001).
R: CH3, CH3CH,, CgHs.

Lidskou ¢innosti se v horninach a pidach stale snizuje mnozstvi stabilnich a ve vodé
nerozpustnych forem Hg (rumélka) a zvySuje se podil rtuti, ktera se ucastni kolobéhu, ktery
zahrnuje atmosféru, povrchové vody, rostliny a zvifata, a pii kterém se méni jeji chemické
1 fyzikalni vlastnosti. Rtut’ mliZze byt uvolfiovdna do vzduchu, zlstavat v atmosféte a §ifit se
1 na velké vzdalenosti nebo mtze byt uloZzena v misté znecisténi rozpusténa ve vode piipadné
navazana v pudé¢ a rostlinach. Piedpoklada se, ze v dnes$ni dob¢ je mnozstvi mobilni rtuti az

pétkrat vyssi nez pred primyslovou revoluci (Atkeson a Axelrad, 2003).

2.2 Toxicita rtuti a rizika vstupu Hg do potravnich retézci

V potravnich fetézcich se hromadi hlavné organicka rtut’, zatimco anorganicka do nich
vstupuje pouze omezené. Vstup sloucenin Hg do potravnich fetézcii je vyznamny zejména ve
vodnim ekosystému, kdy nejvyssi obsahy rtuti jsou nachazeny v télech ryb (Pitter, 1999;
Balarama Krishna et al., 2010). U vodnich rostlin je negativni vliv pozorovatelny jiz pfti



koncentraci 1 mg.I"' anorganické rtuti, u organickych sloucenin se jedna o koncentraci
mnohem niz§i. Suchozemské rostliny jsou ve vét§ing pfipadd vici Skodlivym Géinktim rtuti
odolné, ackoliv se muze vyskytovat ve vSech jejich ¢astech. Nejvyssi koncentrace se
vyskytuji v kofenech, skrz které je rtut’ pfijimana. Na rozdil od vysSich rostlin pochazi
u mecht rtut’ zv1asté z atmosférické depozice. Hlavnimi projevy negativnich G¢inkd Hg jsou
snizeni syntézy chlorofylu, dychani a piijmu vody, coz vede k redukci fotosyntézy (Boening,
2000). Rtut’ se mtize ukladat spiSe v houbach, vyssi rostliny Hg ptilis neakumuluji.

Ve vodnim prostiedi je toxicita rtuti ovlivnéna teplotou, mnozstvim rozpusténych soli
a rozpusténého kysliku a rychlosti proudéni. I zde ovSem plati, ze pro vodni organismy
a ptaky jsou organické slouc¢eniny Hg vice toxické nez formy anorganické. Bezobratli
zivo€ichové na rtut’ reaguji velice rozdiln€, obecné ovSem plati, Ze nejvice citlivi jsou
Vv larvalnim stavu. Mnozstvi Hg, které ryby pfijmou, je kromé jiz zminénych parametri
ovlivnéno také pH vody. Obsahy rtuti v télech ryb jsou pii niz§im pH vyssi (Wren
a MacCrimmon, 1983). Cinnosti bakterii probiha v zabrach nebo ve stfevech ryb methylace
Hg a dochazi u nich pak k fyziologickym, reprodukénim a biochemickym odchylkam, kdy se
navenek nejdiive objevuje ubytek hmotnosti. U ptakd se rtut akumuluje zvlasté v jatrech
a ledvinach a otrava se projevuje snizenim piijmu potrav a nasledné Spatnym ristem, ptipadné
zhorSenim kardiovaskularni funkce, snizeni imunitni reakce a zmény v chovani. U druhi,
které se nezivi rybami, jsou nalezené urovné rtuti podstatné niz§i (WHO, 1989; Boening,
2000). Methylované slouceniny se akumuluji ve svalové tkéni, proto mohou byt u starSich
jedincti nebo ve vyssich stupnich potravniho fetézce nalezena také vyssi mnozstvi Hg (EPA,
2006).

Do téla ¢lov€ka mlZe rtut’ vstupovat dychacimi cestami, oralné¢ nebo pies pokozku,
mira toxickych Uc¢inkl pak zavisi na form¢, ve které se vyskytuje. Co se tyce zvysSené¢ho
pfijmu rtuti s potravou, vV nejvyssi mife k nému pfispiva konzumace moiskych plodd, koryst
a ryb (Driscoll et al., 2013). V Cin& v soucasné dobé probihaji studie zkoumajici akumulaci
organickych sloucenin rtuti v ryzi. Ukazuje se, ze semena ryZze maji vysokou schopnost
hromadit methylované formy Hg a rtut’ se tak mlize dostavat do potravniho fetézce lidi (Meng
etal., 2011).

Pti poziti kovové rtuti se do téla vstiebd pies zaludek a stieva jen velice malé
mnozstvi, a to v fadech setin procenta. Vétsina je z téla vyloucena s moci a stolici. Naproti
tomu pii vdechnuti par rtuti vstupuje az 80 % do krevniho fecisté a do plic a §ifi se do dalSich

casti téla, véetné¢ mozku a ledvin, kde se mize hromadit. U anorganickych sloucenin je ve



vetsSing piipadi poziti absorbovano méné nez 10 %, pres klizi se do téla vétSinou nedostavaji.
Ovsem az z95 % jsou absorbovany organické formy Hg, vstupuji do krevniho ftecisté
a prechazi do vétSiny tkani, véetné mozku. Snadno se do téla dostavaji pies dychaci soustavu,
nebot’ k jejich vyparu dochazi jiz pti pokojové teploté, a také pres kuzi je vstup do téla
jednodussi nez v ptipadé€ anorganickych forem (ATSDR, 1999).

Pary kovové rtuti nebo organickych forem ovliviiuji zvlasté centralni nervovy systém
a muze dochazet ke zmé€nam chovani, tfesu, poruse vidéni, hluchoté, problémy s koordinaci
pohybii a s pamé&ti. Anorganické soli Hg se k mozku nedostavaji tak snadno, a proto je jejich
toxické plsobeni na tento orgdn pomérné malé. DalS§im velice ohrozenym organem jsou
ledviny, protoze se v nich rtut akumuluje. Jejich poSkozeni zpiisobuji vSechny formy Hg,
ovsem pokud je mnozstvi nizké, mohou se ledviny opét vycistit a jejich funkce je zachovéna.
Kratkodobé¢ ptisobeni Hg se projevuje poskozenim sliznice tst a podrazdénim plic, poruchami
traviciho Ustroji, zvySeni krevniho tlaku a srde¢ni frekvence, dlouhodoba expozice nizkymi
davkami Hg pak vede k poskozeni nervové soustavy a ledvin. Methylrtut’ ma navic také silné
teratogenni u¢inky (ATSDR, 1999). Studie G¢inkd Hg nejen na lidsky organismus mizeme
nalézt v pracich mnoha autorti (EPA, 2006; Virtanen et al., 2007; Burger, 2009; Nance et al.,
2012; Driscoll et al., 2013).

2.3 Rtut’ a jeji slou¢eniny v pudé

V pidé muzeme nalézt rtut’ v anorganickych nebo organickych slou¢eninach, piipadné
jako elementarni, ve tiech oxidaénich stavech Hg® Hg*' a Hg*2. Rozpustné anorganické
specie rtuti jsou oproti tém nerozpustnym snadngji transportovany ptirodnimi procesy
a mohou podléhat methylaénim procesim (Miretzky et al., 2005). Pravé s alkylovanou rtuti
pfispivaji nejvyssi mirou k potencidlni toxicit€é Hg v pidé€. V organickych slou€eninach je rtut’
vazana pfimo na uhlik. Jsou vice mobilni nez anorganické formy, ¢imz maji 1 vyssi toxické
ucinky (Boszke et al., 2003). Koncentrace methylrtuti (CH3Hg) se vétSinou pohybuje kolem
1 % celkoveho obsahu rtuti vpadé (Ullrich et al., 2001). Elementarni rtut’ se
vV nekontaminovanych ptidach vétSinou nevyskytuje, v téch kontaminovanych se muze jeji
obsah pohybovat az kolem 20 % celkového obsahu Hg (Lechler et al., 1997). Je chemicky
vice stabilni, a proto méné toxicka nez napiiklad rozpustné anorganické formy (Han et al.,

2003).



Jiné déleni specii rtuti mize byt podle prvku, na ktery je Hg v ptidé navazana, a z toho

vyplyvajici vlastnosti a sila vazby.

Ve vodé rozpustné formy rtuti. Jedna se rtut’ vyskytujici se v kapilarni vod¢ v pudach,
vétSinou vazanou na organickou hmotu, ne vSak ptimo na uhlik (Biester a Scholz, 1997). Jsou
snadno transportovany a podléhaji methylacnim procesim (Boszke et al., 2003). Téchto ve
vodé rozpustnych forem byva vétSinou méné nez 1 % z celkového obsahu Hg, navic byva
jejich absolutni koncentrace vyssi nez v nekontaminovanych pidach (Boszke et al., 2008).

Formy rtuti rozpustné v kyselinach. Jsou to silné vazané specie Hg, které lze ziskat
extrakci kyselinami. Jde o biologicky dostupnou anorganickou rtut’ navazanou na sulfidy
zeleza, hydroxidy a uhli¢itany manganu, nebo Hg navazanou na minerdly (Lechler et al.,
1997). Obsah v kontaminované pud¢ byva kolem 1,5 % (Boszke et al., 2008).

Formy rtuti vazané na huminové latky. Jedna se o Hg?* v komplexech s huminovymi
kyselinami, fulvokyselinami a aminokyselinami. Rtut’ neni navdzana piimo na uhlik, vétSinou
vSak na siru ve funk¢nich skupinéch thiold, sulfidii a siranti, ptipadné na kyslik a dusik (Xia et
al., 1999). Téchto specii byva 20 — 30 % z celkového obsahu rtuti (Boszke et al., 2008).

Formy rtuti vazané na sulfidy. Rtut’ se na sulfidy vaze velice pevné za vzniku
nerozpustného HgS a nepodléha procesu methylace. Sulfid se ovsem miZze oxidovat na siran
a Hg®" je uvoliiovana a nasledné methylovana (Ullrich et al., 2001; Boszke et al., 2003).
Z celkového obsahu rtuti miize byt takto vazano az 60 % (Boszke et al., 2008).

S timto rozdélenim souvisi také mobilita jednotlivych forem rtuti. Elementarni
a dvojmocna rtut’ vdzana na huminové latky a organickou matrici se nazyva semimobilni
(Han et al. 2003), stejné tak cast specii rtuti rozpustnych ve vodé (Tabulka 1). Reis et al.
(2010) popsali vyssi mobilitu rtuti v primyslové znecisténych ptidach, nemobilni rtut’ nalezli
naptiklad v dilnich pudach s vy$§im obsahem siry. V pudé s nizkym obsahem organickych
latek je rtut’ vice reaktivni a nachylné k methylaci (Skyllberg et al., 2006). Pro transformace
rtuti mezi jednotlivymi formami jsou urcujici také zdroje kontaminace a doba expozice. Han
et al. (2006) ukazali, Ze Hg vazana na siru je hlavni soucasti pevné faze piady kontaminované
HgsS, zatimco organicky vazana rtut’ je pfitomna v padé cerstvé kontaminované rozpustnymi

slouc¢eninami Hg.



Tabulka 1 Rozdéleni nejcastéjsich specii rtuti a jejich mobilita (Han et al, 2003).

definice frakce rtuti specie
mobilni a toxicka rtut’ organické formy rtuti MeHgClI
EtHgCI
rozpustna anorganicka rtut  HgCl,
Hg(OH),
Hg(NO3),
HgSO,
HgO
Hg®* komplexy
neextrahovatelna rtut’ semimobilni rtut’ Hg nebo Hg-M (=amalgam)

Hg** komplexy

Hg,Cl, (mensi podil)
nemobilni rtut’ Hg,Cl, (hlavni podil)

HgS

HgSe

2.4 Rtut’ vazana v pudni organické hmoté a vliv obsahu S a pH

Z hlediska potencialniho toxického plsobeni rtuti na Zivotni prostfedi je dulezité
popsat a ur¢it miru sorpce Hg v padé. Tu ovliviuji predevsim fyzikalné-chemické vlastnosti
pud a sedimentl jako je minerdlni slozeni, velikost pevnych Castic a pH (Schliiter, 1997;
Rodrigues et al., 2006). Z hlediska mobility a biodostupnosti Hg je vyznamné zvlasté
mnozstvi a slozeni organické hmoty. Ta se sklada z hydrofobnich sloucenin s vysokou
molekulovou hmotnosti, které se souhrnné nazyvaji huminové latky a délime je na huminové
kyseliny (HA) a fulvokyseliny (FA), a jednodussi hydrofilni slouceniny (Hy) a hydrofobni
neutralni (HON) organicka hmota (Stevenson, 1994). Vazba Hg na organické latky
pravdépodobné silné piispiva K jejimu hromadéni v mélkych horizontech pid bohatych na
organickou hmotu (Fujikawa a Fukui, 2001). Nicméné chemicka afinita k jejim jednotlivym
frakcim je razna (Milne et al., 2003) a vyznam téchto slouCenin je spojovan s vySsi
biologickou rozloZitelnosti nizkomolekularnich latek a na druhé strané nizkou mobilitou
huminovych kyselin. Za komplexaci az 50 % z vyluhovaného mnozstvi rtuti jsou vétSinou

zodpovédné hydrofilni slouceniny (Laborda et al., 2009).



Vliv raznych frakei humusu (fulvokyselin a huminovych kyselin) na obsah rtuti
v pudé zkoumali Yao et al. (2006). Vztah sloucenin rtuti a huminovych latek zavisi na
komplexotvorné kapacité a stabilit¢ vzniklych komplexti. Vysokd komplexotvorna kapacita
pro Hg a nizka stabilita komplexti zvySuje odpar rtuti. To je ovlivnéno také sorpcni kapacitou
rtuti a sorpéni silou minerdll. Pfidani fulvokyselin do kontaminovanych pid mulze zvysit
mobilitu rtuti, zatimco huminové kyseliny s vyssi komplexni stabilitou mizou redukovat jeji
tékani. Silnou interakci Hg s huminovymi kyselinami a stabilitu komplext vysvétluji Chai et
al. (2012) vysokym poctem kyslikovych ligandii pfitomnych v HA. Naproti tomu vyssi
komplexotvornou kapacitu u fulvokyselin zajistuje relativné vysoké zastoupeni
karboxylovych skupin. Zda se tedy, ze FA hraji dulezitou roli na pocatku procesu stabilizace
mnozstvi Hg v ptidé. Obecné lze ovSem fici, Ze vyS§i mnozstvi organické hmoty zvySuje
adsorpéni kapacitu pidy, jak ve svych pracich ukéazali naptiklad Miretzky et al. (2005) nebo
Schliter (1997). V povrchovych vrstvach, kde je ji vice, je také koncentrace Hg vyssi (Boszke
et al., 2008). Neptimo imérné na obsahu organické hmoty jsou pak pohyb rtuti v pidé a jeji
desorpce. VEtsi mnozstvi Hg se uvoliiuje z pidy chudsi na organické slozky, kterd mize byt
nalezena na mistech, kde byl pfirodni pokryv odstranén lidskou ¢innosti (Miretzky et al.,
2005).

Vedle organické hmoty ovlivituje mnozstvi mobilni rtuti také obsah siry. Jako G¢inné
adsorbenty Hg jsou znamé sulfidické mineraly (Barnet et al., 1997). Vazbu rtuti na slouéeniny
siry v organické hmot¢ blize popsali Hesterberg et al. (2001) a Remy et al. (2006). Ob¢ tyto
prace ukazaly, ze rtut’ se v pudach vaze na sulfidy velmi pevnou vazbou a jeji mnozstvi
negativné koreluje pravé s obsahem siry. Akerblom et al. (2013) zjistili, Ze dlouhodoba
depozice SO4% v raelinistich zvy3uje jejich kapacitu pro methylaci a mnoZstvi nasorbované
MeHg.

Jak jiz bylo feceno, dal$im rozhodujicim faktorem pro silu sorpce rtuti v padé je pH.
Na rozdil od jinych stopovych prvkl, se mnozstvi mobilizovatelné rtuti snizuje pfi pH < 3
a pii pH > 12, vzhledem k extrémné vysoké pufraéni kapacité organické hmoty, a to jak
v kyselém, tak alkalickém prostiedi (Kabata-Pendias a Pendias, 2001). Nicméné, v kyselych
padach se Hg vaze zejména na huminové kyseliny (Schwesig et al., 1999; Zhang et al., 2009).
Zavislost sorpce na pH byla studovana naptiklad v praci Bernause et al. (2005), kteti
zhodnocovali dostupnost organickych forem rtuti z kontaminovanych pud za rdznych
podminek. Stejn¢ tak ovlivituje chovani rtuti v padé obsah organickych kyselin (Jing et al.,

2007). V nizkych koncentracich desorpci potladuji, pti vyssich (104 M) se uvoliiovani Hg



zvy$uje. Nejsnaze dochazi k desorpci v prostiedi kyseliny citronové o koncentraci > 102 M,

Vliv téchto faktort, obsahu organické hmoty a hodnotu pH, na uvoliiovani rtuti z pady
zkoumali Yang et al. (2007). Ve své praci ukazali, Ze emise Hg je nepfimo umérna na obsahu
organické hmoty v ptdé. Dochazi totiz ke snizeni jeji dostupnosti a mobilité a nejsou tak
vhodné podminky pro redukci rtuti ve vysSich oxidaénich stavech a jejimu tékani
V elementarni formé. Bylo ukdzéno, ze v kontrolnich padach bez piidavku organické hmoty je
uvoliiovani Hg nejvyssi. Pokud byly srovnavany pudy se stejnym mnozstvim organické

hmoty, t€kani Hg se snizovalo s niz§im pH.

2.5 Vliv mikroorganismi

Je zndmo, ze pro mobilitu a bioakumulaci je dalezitd pidni organickd hmota, tloha
mikroorganismti v hromadéni nebo transformaci rtuti v§ak neni zatim podrobnéji popsana.
Methylac¢ni proces s naslednym transportem Hg pies bunéénou membranu predstavuje jeden
z ochrannych mechanismti mikroorganismi (Wood, 1984). Jiz v nizkych koncentracich
predstavuje rtut’ pro mikroorganismy vazné riziko. U anorganickych sloucenin rtuti mohou
byt uginky pozorovany jiz pti koncentraci Hg v kultivaénim mediu 5 pgl? (Boening,
2000). U organickych slou¢enin mize byt vliv pozorovan jiz pii koncentracich desetkrat
niz8ich.

Zmény pudni mikroflory ve tfech kontaminovanych plidach s rGznymi obsahy rtuti
studovali naptiklad Casucci et al. (2003). SniZeni mikrobidlni aktivity bylo pozorovano pfi
zvyseni koncentrace Hg 0 0,5 — 10 mmol na g vysuSené zeminy. Mikrobialni aktivita je vSak
zavisla také na typu a slozeni pid. Vliv dlouhodobého plsobeni rtuti na pldni
mikroorganismy zkoumali Miieller et al. (2001). Nejvyssi pokles populace bakterii a prvoki
byl pozorovéan v nejvice kontaminované pudé¢, v biomase hub tak vyznamné rozdily nebyly.

Holtze et al. (2006) zkoumali odolnost bakterii Pseudomonas ve znecisténych pudach.
Rezistence vu¢i Hg byla pozorovana pouze u P. frederiksbergensis a P. migulae. Navic
pfitomnost rtuti zpusobila zmény v zastoupeni jednotlivych druhtt tohoto rodu.
Sas-Nowosielska et al. (2008) pak zjistili, ze studovana mikroflora, s vyjimkou Streptomyces,
je v kontrolnich pudach ve vyssich obsazich nez v pudach kontaminovanych. Je tedy ziejmé,
ze reakce pudnich mikroorganismti na zvysSené hladiny Hg v ptid¢ jsou dle dosavadnich

poznatkl nejednoznacné a pro presnéjsi popis akumulace a transformace dulezité.



Da se fici, ze rtut’ v pudé je stabilni prvek, nebezpecim je ovSem fakt, Zze jednotlivé
formy Hg mohou podléhat mnoha transformacim (Comino et al., 2009). Znalost pudnich
vlastnosti, vazby rtuti a jeji mobility by mohla napomoci s vybérem moznych postupu
pouzitelnych k imobilizaci Hg v kontaminovanych oblastech nebo urcit nejvhodnéjsi
remedia¢ni postup. Pouzity by mohly byt naptiklad specifické ionexy, amalgamacni filtry
(Huttenloch et al., 2003; Bollen et al., 2008), nanocastice pyritu (Xiong et al., 2009) nebo
pridani redukované S k vytvofeni nerozpustného HgS (Piao a Bishop, 2006). Jako levny,
dostupny a pomérné silny sorbent 1ze pouzit i organickou hmotu (Zhang et al., 2009). V mensi
mife jsou k fytoremediacim vyuzivany i rostliny (Patra a Sharma, 2000). Ke zvySeni
dostupnosti Hg pfi fytoextrak¢énich metodach je pak pouzivan napiiklad Na>S>03 (Moreno et
al., 2005). Pokles mobility rtuti je spojeny se snizenim jeho toxickych u¢inkli na ostatni

sloZky Zivotniho prostfedi diky omezeni vstupu tohoto prvku do potravnich fetézci.

2.6 Stanoveni rtuti
2.6.1 Frakcionace a speciace prvki

Speciace je aktivni proces identifikace a kvantifikace forem nebo fazi, ve kterych se
prvek nachéazi (Ure, 1991). Pro jejich rozliSeni se vyuzivaji rozdily ve vlastnostech

chemickych i fyzikalnich. V kontextu s pidou mohou byt specie definovany riznymi zptisoby

e funkéné — popis role a dostupnosti v pud¢, napiiklad specie dostupné pro rostliny nebo
mobilni (Lechler et al., 1997; Bloom et al., 2003; Lin et al., 2010)

e pracovné — pomoci reakcnich cinidel a postupli, kterymi jsou jednotlivé specie
identifikovany, izolovany a kvantifikovany (Das et al., 1995; Issaro et al., 2009)

e jako specifické chemické slouCeniny nebo oxidacni stavy (dos Santos et al, 2009;

Jongwana a Crouch, 2012).

2.6.2 Extrakcni metody pro frakcionaci a speciaci jednotlivych forem rtuti

Vétsina z béZzné pouzivanych instrumentalnich analytickych metod vyzaduje pro
vlastni meéfeni pfitomnost analytu v roztoku. Pokud studujeme nejriznéjsi biologické,

zemé&délskeé ¢i geologické materidly, musime analyzovany prvek nebo jeho slouceninu pievést
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do roztoku. Je nutné vybrat takovy postup, pti kterém je dany analyt pfeveden kvantitativné,
bez ptipadnych chemickych zmén a ve formé, kterd je vhodna pro pouzitou méfici techniku.
Pro stanoveni celkovych obsahti prvki ve vzorcich volime destrukci matrice vzorku
a prevedeni analytd do roztoku, tedy rozklad nebo mineralizaci vzorku. Problematika
rozkladl byla jak po teoretické, tak i po praktické strance mnohokrat souborné zpracovana.
Podrobny piehled metod rozkladu, po¢inaje jejich teoretickym zakladem a konce vybranymi
praktickymi aplikacemi, podavaji Krakovska a Kuss (2001) nebo Bock (1979). VSechny tyto
metody ale umoziuji pouze stanoveni celkového obsahu prvkl v analyzovanych materidlech.
V pfipadé, ze mame v daném materidlu stanovit ne celkovy obsah prvku, ale jeho slouceniny,
valen¢ni stav nebo zplsob vazby na jiné slozky, volime namisto metod rozkladu metody
extrakce do vhodného média (Nolan et al. 2003; Hlavay et al. 2004).

Nejméné vazané specie Hg mohou byt uvolnény jednoduchou extrakci deionisovanou
v kapilarnich vodéach. Slabé vazana rtut’ se dale uvoliuje do pidniho roztoku. Pro presnéjsi
odhad rostlinam dostupného podilu slou€enin rtuti v pidach lze vyuZit i techniky difuzniho
gradientu v tenkém filmu (DGT), jak popsali napiiklad Cattani et al. (2008). Pouziti ziedéné
CH3COOH jako extrakéniho c¢inidla miize slouzit k simulaci pfiblizného slozeni ptdniho
roztoku, stejné jako naptiklad CaCl, (Menzies et al., 2007; Novozamsky et al., 1993;
Quevauviller et al., 1993). Extrakéni roztoky na bdazi chelatacnich cinidel jako je
ethylendiamintetraoctova kyselina (EDTA) nebo diethylentriaminpentaoctova kyselina
(DTPA) maji vyssi efektivitu a diky nim lze ziskat rtut’ i z nerozpustnych organickych nebo
organokovovych komplext (Rao et al., 2008). Specie Hg pevné vazané na Zelezo nebo
mangan se nejcastéji ziskavaji extrakci HCI (Lechler et al., 1997).

Nemobilni frakce rtuti vazané na sirulze stanovit extrakci za pomoci lucavky
kralovské a mikrovinného rozkladu (Ferndndez-Martinez and Rucandio, 2003) nebo pouzitim
roztoku Na»S,03 (Revis et al., 1989; Issaro et al., 2010). Extrakce thiosiranem sodnym se ke
speciacni analyze pouziva Casto, nebot’ béhem ni nedochazi k zddnym transformacim Hg.

Podil rtuti, ktery neni vazany ptimo na silikatovou matrici pudy, se ziskdva pomoci
HNOs jako extrakéniho ¢inidla (Reis et al., 2010). Koncentrace takto extrahované rtuti se
navic da pouzit pro odhad mnozstvi Hg z antropogennich zdrojti. V nékterych ptipadech se
koncentrovana kyselina dusi¢na ve smési s HCI (Bollen et al., 2008; Tersi¢ et al., 2011) nebo
H2>SO4 (Mailman a Bodaly, 2005) pouziva pro stanoveni celkového obsahu rtuti v piidé. Muze

byt také pouzita v ramci sekvencénich extrakcei pro ziskani elementarni Hg (Bloom et al., 2003,

11



Liu et al., 2006). Sekvenc¢ni extrakce jsou vhodnymi metodami pro specia¢ni analyzu pevnych
vzorki a velké mnozstvi jednotlivych postupli je studovdno mnoha autory (Renneberg

a Dudas, 2001; Sladek a Gustin, 2003; Han et al., 2006).

2.6.3 Detekce rtuti

K samotné detekci rtuti ve vzorku muze poslouzit né€kolik instrumentalnich metod.
NejcCastéji se pouziva atomova absorpcni spektrometrie (AAS), atomova fluorescencni
spektrometrie (AFS) a hmotnostni spektrometrie s indukéné vazanym plazmatem (ICP-MS).
Diky vysoké teékavosti Hg lze pouzit metodu studenych par v kombinaci s nékterou

z uvedenych spektrometrickych metod, ptipadné termicky rozklad.

Atomova absorpéni  spektrometrie. Podstatou metody je absorpce vhodného
elektromagnetického zafeni volnymi atomy v plynném stavu. Ke stanoveni rtuti se vyuziva
méfeni absorpce zéafeni na rezonancni caie rtuti 253,7 nm. Rtut’ ve vzorku lze stanovit
riznymi technikami, které se navzajem lisi citlivosti a zpisobem atomizace vzorku. Jsou jimi
plamenna AAS, AAS s elektrotermickym atomizatorem a nejéastéji pouzivana metoda
studenych par (CV-AAS), ktera se vyznacuje velmi dobrou citlivosti a vysokou selektivitou.
Pfi této technice se Hg?" v roztoku redukuje chloridem cinatym nebo tetrahydridoboritanem
sodnym na elementarni rtut. Ta je vedena proudem nosného plynu (argon, dusik) ve formé
monoatomové pary pres susici vrstvu (CaClz, Mg(ClOs)2, silikagel) do kifemenné absorpcni
prutokové kyvety (Klouda, 2003; Houserova et al., 2006).

V piipadé obsahti Hg nizsich nez 0,1 mgkg?, coz jsou koncentrace bé&zné
Vv biologickych materidlech, je nutno zatadit krok prekoncentrace analytu. Pfed vlastnim
meéfenim hodnoty absorbance v pratokové kyveté je tedy vétSinou zarazena fokusace na
amalgamatoru. Na tenké vrstvé kovu (zlata nebo stfibra) umisténé na keramickém nosici
(amalgamatoru), ktery se nachazi mezi generdtorem rtutovych par a atomizatorem, dojde
k vyznamnemu zakoncentrovani rtuti z velkého objemu vzorku do malého objemu
amalgamatoru (Welz a Schubert-Jacobs, 1988; Horvat et al., 1991; Brandvold et al., 1993).
Na zakladé¢ metody CV-AAS doplnéné krokem amalgamace byla vyvinuta celd ftada
komerénich zafizeni (Urba et al., 1995; Livardjani et al., 1995). Tyto systémy ale vyzaduji
pted vlastnim stanovenim pievedeni vzorku do roztoku a separaci rtuti od matrice vzorku.

Tento krok je v pfipadé rtuti extrémné obtizny. Ukazuje se, ze pouze kompletni rozklad
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organické matrice vzorku (napt. ve smé&si HNO3 + H2SOs) vede ke spravnym vysledkiim
(Clevenger et al., 1997). V ptipad¢ neuplného rozkladu muzeme zaznamenat pii stanoveni
interference té¢kavych organickych sloucenin (Coles et al., 1985). Stanoveni velmi nizkych
obsahii rtuti také vyzaduje pouziti velmi Cistych kyselin, pfi¢emz se bézné pouzivaji metody
rozkladu na mokré cesté¢ za atmosférického ¢i zvySeného tlaku s konvenénim nebo
mikrovinnym ohfevem. Byly popsany i automatizované systémy propojujici on-line
mikrovinny rozklad s CV-AAS s davkovanim do proudu (Hanna a Mclntosh, 1995; Noh et
al., 1998). Velmi vzacné se pouzivaji pro rozklad vzorku pro stanoveni rtuti i suché metody
rozkladu, naptiklad v uzavieném systému v prosttedi kysliku (Bock, 1979; Koops et al.,

1984).

AMA-254. Nejjednodussim zpisobem stanoveni celkového obsahu rtuti v pevnych
a kapalnych vzorcich je pouziti jednoucelového atomového absorpéniho spektrometru
AMA-254. Tento pfistroj byl vyvinut na zdklad¢ ptfedchoziho poznani, ze kritickym krokem
pfi stanoveni stopovych koncentraci rtuti je rozklad vzorku, ktery musi ve vétSiné ptipadii
vlastnimu stanoveni ptedchazet. Nedostate¢n¢ rozlozené organické slouceniny rtuti, které
nejsou redukovatelné chloridem cinatym, ztraty rtuti béhem tepelného rozkladu, pamétové
efekty plastovych nadob, které se Casto pouzivaji zejména pii rozkladu za zvySen¢ho tlaku,
nebo moznost sekundarni kontaminace vzorku béhem rozkladu jsou castymi divody
nespravnych vysledki. Jedna se tedy o metodu, kterd nevyzaduje chemickou piedipravu
vzorku a da se pouzit 1 ve speciacni analyze, kdy davkujeme roztok s pozadovanou
extrahovanou frakci Hg. Jedna se o vyuziti techniky generovani par kovové rtuti a nasledné
zachyceni a nabohaceni na zlatém amalgamatoru (Anonym, 2002; Szakova et al., 2004). Rtut’
je ze vzorku uvolnéna termickym rozkladem, kdy je vzorek spalen v proudu kysliku a pary
rtuti jsou zachyceny na amalgamatoru (Houserova et al., 2006). Metoda je to velice citliva
a jeji dalsi vyhodou je, Ze vysledky stanoveni nejsou zdvislé na matrici vzorku. Detekcni
limity mohou dosahovat hodnot nizsich nez 0,0002 mg.kg .

Schéma analyzétoru je zndzornéno na Obr. 3. Vzorek je umistén na davkovaci lodicku
a zaveden do spalovaci pece. Zde je vzorek ohfevem vysuSen a nésledné spalen. Ve druhé
¢asti spalovaci pece, které je vyhiivana na konstantni teplotu 550°C, prochazeji rozkladné
produkty pfes katalyzator a je dokoncena jejich oxidace. Pary rtuti jsou zachyceny na zlatém
amalgamatoru, odkud jsou uvolnény kratkym ohfevem a vedeny do bloku méficich kyvet. Je

méfena absorbance zéafeni atomy Hg na vlnové délce 253,7 nm. Jako zdroj zéfeni je pouzita
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rtutova vybojka, zafeni prochazi interferencnim filtrem a je detekovano pomoci polovodicové

UV diody. Celym pfistrojem trvale protéka kyslik, jehoz prutok je udrzovan na konstantni

hodnoté.
detektor vvhiivani bloku
: méficich kyvet
filtr ——— :
N
regulitor — !
prutoku kysliku kyvety
davkovaci :
lodicka
I i
spalovaci  katalyticka - '
davkovaci pec pec amalgamator ——— clona
zafizend

Hg lampa

Obr. 3 Schéma analyzatoru AMA-254.

Atomova fluorescenéni spektrometrie. Tato metoda sleduje emisi zafeni plynnymi
atomy, které byly excitovany absorpci elektromagnetického zafeni. Vyuzivad se rovnéz
rezonancéni ¢ara 253,7 nm a zdrojem zéfeni mutize byt bezelektrodova vybojka (EDL) nebo
nizkotlaka rtutova vybojka. Také pti AFS se nejéastéji pouziva metoda generovani studenych
par, kdy jsou pfistroje Casto vybaveny amalgamacni prekoncentrac¢ni jednotkou pro zvyseni
citlivosti metody. Technikou atomové fluorescence se stanovuje elementarni rtut. Je velice
dulezité vhodné zvolit podminky méfeni k dosazeni symetrického a vhodného piku. Hlavnimi
parametry, které ovliviiuji stanoveni, jsou zvoleni optimalni teploty a rychlosti pritoku plyni.
Mezi nevyhody této metody patii zhaSeni fluorescence a samoabsorpce zafeni pii vysokych

koncentracich rtuti (Houserova et al., 2006; Carrasco et al., 2009).
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Hmotnostni spektrometrie s indukéné vazanym plazmatem. Jednd se o separacni
techniku, pii které je vzorek preveden na ionizovanou plynnou fazi pomoci vysokoteplotniho
ICP zdroje a vzniklé ionty jsou separovany podle hodnoty podilu jejich hmotnosti a naboje
m/z. Je to metoda velice piesna s vysokou selektivitou, nizkymi mezemi detekce a velkym
linearnim rozsahem.

Nejprve jsou vzorky prevedeny do kapalného stavu a davkovany pomoci zmlzovace
do induk¢né vazaného plazmatu, kde nastane rozpad molekul, atomizace a ionizace. lonizace
nastava zpravidla narazem leticich elektront nebo je vyuzita chemicka reakce. Spojeni mezi
plazmatem a vlastnim spektrometrem je tvofeno expanzni komorou, kterd je od okolniho
prostiedi ohrani¢ena dvéma d¢lici tlaku, tzv. sampling a skimmer konem. Ionty vstupuji do
vakuového prostoru s elektromagnetickymi Gokami. Ulohou iontové optiky je rozostieni
iontového svazku tak, aby obeSel pohlcovac fotonti, ktery slouzi jako ochrana pied jejich
dopadem na detektor. Nasledné je paprsek znovu zaostien a urychlen do kvadrupélového
separatoru. Kvadrupdl obsahuje Gtyfi rovnobézné tyGové elektrody, na které je piivadéna
stejnosmérna slozka napéti a radiofrekvencéni pole. Frekvence oscilaci polarity na
kvadrupodlovych tyc¢ich je konstantni, ale méni se amplituda napéti, kterd umozni prtichod
iontu v zavislosti na jeho naboji a hmotnosti. Ostatni ionty k detektoru neprojdou, jsou bud’
odstranény vakuovou pumpou, nebo se vybiji narazem na ty¢ kvadrupdlu. Kvadrupolem
proslé ionty dopadaji na detektor, jejich signal je dale zesilovan v elektronovém nésobici
a elektronicky zpracovan (Klouda, 2003; Mihaljevi¢ et al., 2004). Schéma hmotnostniho

spektrometru s induk¢éné vazanym plazmatem je znazornéno na Obr. 4.

iontova detektor
optika kvadrupol _
zmlFovad plasma
? hofdk
vzorek B ] L
rotacni
pumpa turbomolekularni
pamnpy

Obr. 4 Schéma hmotnostniho spektrometru s indukéné vazanym plazmatem.

15



2.6.4 Instrumentace pro speciaci rtuti - spitaZené techniky

Pro speciacni analyzu se mohou vyuzivat také spojeni separacni a nésledn¢ detekéni
techniky. Oproti extrak¢nim postuptim poskytuji pfesnéjsi informace nejen o jednotlivych
speciich, ale 1 o struktufe sloucenin, ve kterych se prvek nachazi. NejCastéji pouzivanou
separa¢ni metodou je plynova (GC) nebo kapalinova (LC) chromatografie. Vzhledem
k vysoké tékavosti rtuti se plynova chromatografie jevi jako vhodné&jsi (Hirner et al., 2000;
Dzurko et al., 2009), ovSem spojeni s vysoce ucinnou kapalinovou chromatografii je
Vv soucasné dobé velice hojné vyuzivané (Han et al., 2003; He et al., 2011). Vybér detektoru je
zalozen na pozadované citlivosti stanoveni a dostatecné selektivité piistroje. Nejbéznéjsimi
detekénimi technikami, vyuzivanymi v tandemovém zapojeni, jsou jiz zminéna atomova
absorpc¢ni spektrometrie (AAS), atomova fluorescenéni spektrometrie (AFS) nebo hmotnostni
spektrometrie s indukéné vazanym plazmatem (ICP-MS). Bylo popsano i pouziti metody
izotopového ziedovani v souvislosti s témito technikami, eventudlné i s vyuZzitim
multikolektoru (Foucher a Hintelmann, 2006; Inagaki et al., 2008; Monperrus et al., 2008).

CV-AAS je detektor rychly a jednoduchy, s nizkymi pracovnimi naklady, nevyhodou
je v8ak nizka citlivost (D"Haese et al., 1995; Jagtap et al., 2011). Relativné levna technika
s nizkymi provoznimi nédklady, velice citliva pro hydridy a pary rtuti je HPLC-CV-AFS (Chen
a Belzile, 2010; Gao a Liu, 2011), ovSem vyvoj této metody neni ve srovnani s ostatnimi
detek¢nimi technikami tak rychly. Nejcitlivéj§im, a i pfes vysokou cenu nejpouZzivanéjSim
prvkové selektivnim detektorem je ICP-MS (Chen et al., 2009; dos Santos et al., 2009; Yin et
al., 2010). Jeho nevyhodou je vSak mensi tolerance k vy$§im obsahiim soli a organickych

rozpoustédel v mobilni fazi.
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3. HYPOTEZA A CILE PRACE

Transformace mezi jednotlivymi speciemi rtuti se liSi v antropogenné zneciSténych
pudach a plidich nekontaminovanych. Miru téchto transformaci lze ovlivnit zménami
vlastnosti ptdy, fyzikdln¢ chemickymi a biologickymi, zvlasté pak obsahem a druhy ptidnich

mikroorganismi.

CIiLE PRACE

e Vyvoj analytickych metod stanoveni anorganickych a organickych specii rtuti.

e Sledovani pohybu a transformace rtuti v pidnim prostiedi pfi riznych podminkach
danych vlastnostmi pudy.

e Zptesnéni a kvantifikace sorpce Hg na organickou slozku pudy.

e Zhodnoceni vlivu obsahu a slozeni pidni mikroflory na transport a pfemény
jednotlivych specii rtuti.

e Modelovani riznych ptidnich vlastnosti a sledovani ptipadnych zmén v zastoupeni

jednotlivych specii.
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4. METODIKA

V této kapitole jsou uvedeny zakladni informace k pouzitym materialim, postupiim
jednotlivych experimentd a analytickym metoddm. Detailni popisy jsou pak prezentovany

v publikovanych pracich.

4.1 Material
4.1.1 Pidy

Byly odebrany vzorky antropozemé z okoli byvalé spalovny odpadi nedaleko Hradce
Kralové, kde se mezi lety 1993 a 2002 spaloval nebezpeény odpad obsahujici ropné latky,
zeméd¢€lské odpady, konzervacéni latky, odpady z chemickych procesli a perkolace, odpady
obsahujici rozpoustédla, kovy, halogeny, siru, barviva, hnojiva, pesticidy a jiné. Nejvyssi
obsahy rtuti nalezené v této oblasti dosahly az 12 mg.kg™ (Kacalkova et al., 2009).

Pro experimenty zaméfené na pudni mikroorganismy byly odebrany vzorky pud
u Ptibrami, jednalo se o kambizem. Toto Uizemi je znamo vyskytem lozisek nerostnych
surovin, zvlasté Pb-Ag-Zn, jejich tézbou a tavenim. Emise z olovénych huti jsou zodpoveédné
za vysoké koncentrace Pb, Zn a Cd v pudéach (Ettler et al., 2007). Pozorovany byly také
zvysené obsahy Hg. Léatky na bazi organického chloridu fenyl-rtutnatého se v Ceské
republice diive pouzivaly k mofeni osiva, ochrané proti houbovym chorobam, znamé pod
jménem Agronal. V roce 1990 bylo jeho pouZivani zakazédno a nahrazeno jinymi prostfedky.
Nicmén¢ byvala vyrobna Agronalu muize byt také zdrojem kontaminace prostiedi touto
latkou. Takova byvala vyrobna se nachazi nedaleko Ptibrami a je pravdépodobné, Ze zvySené
obsahy Hg v ptdé¢ v dané lokalit¢ mohou s timto pfipadem souviset.

Inkubaéni experimenty byly provaddény na vzorcich pid s rozdilnymi fyzikalné-
chemickymi vlastnostmi z oblasti, které¢ nebyly zneciStény antropogennimi zdroji rtuti.
Konkrétné luvizem z Hnéveevse, fluvizem z Pistan a ¢ernozem z okoli Ceské zemédélské

univerzity v Praze.
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4.1.2 Pudni aditiva

Béhem inkubacnich experimenti byly k pidam ptidavany anorganické a organické
latky, které ovliviiovaly mobilitu rtuti v jednotlivych vzorcich. Jednalo se o digestat
z anaerobni fermentace bioodpadu, konkrétné smési cukrové drti (50 %), ovoce (42 %)
a kukufice (8 %), dale popilek ze spalovani §té€pky a siran amonny.

Déle byly ve specidlnich fermentorech na pokusné stanici Fakulty agrobiologie,
potravinovych a piirodnich zdrojii CZU na Cerveném Ujezdé piipraveny tii vermikomposty
(Pilat, 2011) s vysokym obsahem organické hmoty, které se liSily skladbou vychozich surovin
na bazi bioodpadi. Prvnim byl digestat, druhy byl reprezentovan smési sidlistniho bioodpadu

a Stépky a tieti byl pfipraven ze zahradniho bioodpadu.

4.2 Laboratorni experimenty
4.2.1 Frakcionace organické hmoty

Jednou z oblasti, kterou se tato disertacni prace zabyva, je detailn¢j$i popis sorpce rtuti
na organickou hmotu, a to konkrétné na jednotlivé jeji frakce. Pro tento ucel byla provedena
frakcionace organické hmoty podle van Zomerena a Comanse (2007) za pouziti pryskyiice
DAX-8 (SUPELCO Analytical, USA) na huminové kyseliny (HA), fulvokyseliny (FA),
hydrofilni slou¢eniny (Hy) a hydrofobni neutralni organickou hmotu (HON). Dochéazelo
K sorpci na zminénou pryskyfici a pomoci slabych roztokt HCI, KOH a NaOH k nasledné
desorpci. V kazdém extraktu byly poté méfeny obsahy vybranych prvki pomoci ICP-OES,
Vv ptipadé rtuti pak ICP-MS.

4.2.2 Inkubacni pokusy

Pro posouzeni intenzity sorpce rtuti na jednotlivé slozky pudy byly provedeny
inkubac¢ni pokusy na nekontaminovanych pidéach, luvizem, fluvizem a ¢ernozem. K tém byly
pro aplikaci kompostu na zemédélskou pudu, dal$i pak dvojnasobnad a trojnasobna. Jako
kontrolni vzorky byly vyuzity pidy bez ptidavku vermikompostu. JelikoZz byla u vzorkl

vermikompostll provedena vyse popsana frakcionace organické hmoty, byl znam i pfispévek
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jejich jednotlivych frakci. Byl posuzovan také vliv zdroje rtuti, a proto byly vzorky uméle
kontaminovany dvéma rlznymi slouceninami Hg. V prvnim pfipad¢ to byla anorganicka
forma, chlorid rtut'naty, ktera simulovala primyslové znecisténi Hg, ve druhém pak organicky
chlorid fenyl-rtutnaty. Koncentrace pfidavané Hg byla 12 mgkg?. Inkubacni pokusy
probihaly pfi konstantni teploté¢ 25°C po dobu 56 dni a béhem pokusu byly vzorky pro
nasledné analyzy odebirany desetkrat.

Dalsi faze experimentii byla zaméfena na vliv siry na mobilitu Hg. Pouzity byly dvé
nekontaminované pudy, luvizem a Cernozem jako v piedchozich experimentech, které byly
uméle kontaminovany HgCl, na koncentraci rtuti 440 mg.kg?. K takto upravenym ptdam
byly dodany anorganické a organické latky, digestat z anaerobni fermentace bioodpadu,
popilek ze spalovani $t€pky a siran amonny tak, aby celkové mnozstvi S byl ve vSech
ptipadech stejny. U kontrolnich vzorkii nebyly tyto pfidavky vyuZity. Inkubacni pokusy
probihaly za konstantnich podminek pfi teploté 28°C po dobu 21 dni a vzorky byly odebrany
sedmkrat.

V obou ptipadech bylo hodnoceno mnozstvi biodostupné formy rtuti. Proces zac¢inal
extrakci pomoci 0,11 M roztoku kyseliny octové, kterd probihala pfes noc. Nasledné byly
vzorky centrifugovany rychlosti 3000 ot/min a k samotné detekci obsahu Hg bylo vyuzito
ICP-MS.

4.2.3 Sorpcni experimenty

Pro podrobnéjsi popis sorpce rtuti v pidé¢ a vermikompostech pouzitych pii
inkubac¢nich pokusech byly provedeny jesté sorpéni experimenty. Nejprve byly provedeny
louZici experimenty, které slouzi k popsani kinetiky sorpce Hg na jednotlivé vzorky. Pudy
i vermikomposty byly louzeny v roztoku Hg s koncentraci 12 mg.kg™ po dobu od 10 minut do
36 hodin. Ve vsech piipadech bylo k 40 ml roztoku Hg ptidano 0,4 g vzorku a michano
(250 ot/min) pii1 pokojové teploté po pozadovanou dobu. Jako zakladni elektrolyt byl pouzit
0,01 M roztok NaNOs. Vzorek byl nasledné centrifugovan rychlosti 3600 ot/min po dobu
15 minut a filtrovan (0,45 wm). Obsah rtuti v roztoku byl stanoven pomoci ICP-MS.

Na zéaklad¢ vysledkii z louzicich pokust byly zvoleny nejvhodnéjsi podminky pro
nasledujici vsadkové sorpéni testy. K 0,4 g kazdého vzorku bylo pfidano 40 ml roztoku
o riznych koncentraci Hg v rozmezi 1 - 21 mg.kg™. Na ICP-MS byly poté méieny

koncentrace Hg v roztoku po sorpci a vypocitany obsahy Hg v kg plidy nebo vermikompostu.
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Ze ziskanych dat byly sestrojeny dva zékladni modely sorpcnich izoterm — Langmuirdv

a Freundlichiv model, a porovnany maximalni sorpéni kapacity jednotlivych materialti.

4.2.4 Vliv mikroorganismiu

V ramci ucelengjSiho popisu transformace a hromadéni rtuti v ptidé a jeji transformaci
pudnimi mikroorganismy byly vysledky doplnény o analyzy provedené na Mikrobiologickém
tistavu AV CR, kde bylo stanoveno zastoupeni jednotlivych kmenti mikroorganismii. Kultury
izolované z pid z okoli Ptibrami byly kultivovany v kapalném agaru s ptidavkem roztoku
HgCl,, aby bylo dosazeno koncentrace Hg 0,1 mol.I"t. Bakterie, které v tomto prostiedi
prezily a byly schopné rustu Rhodanobacter, Frateuria, Luteibacter, Mycobacterium,
Bacillus, Bradyrhizobium, Beijerinckia, Staphylococcus, Sphingomonas, Paenibacillus,
Burkholderia a Pseudomonas.

Pro hodnoceni akumula¢ni schopnosti ptidnich mikroorganismii byly vyuzity tzv.
rhizoboxy, ve kterych jsou kofeny rostlin oddéleny od pudy permeabilni membranou. To
umoznuje sledovat zmény pudnich charakteristik a koncentraci Zivin a rizikovych prvki v
oblasti rhizosféry. Vzhled a vlastnosti jednoho typu rhizoboxl popisuji napiiklad Wenzel et
al. (2001). V nasem experimentu byla kofenova zona nahrazena kulturou mikroorganismui na
tenké vrstvé agaru, kterd byla od pidy odd€lena pouze zminénou membranou. Z ptidnich
mikroorganismi byly vybrany ty, které vykazovaly znacnou rezistence vic¢i vysokym
koncentracim rtuti v padé, Paenibacillus alginolyticus, Burkholderia glathei, Burkholderia
sp. a Pseudomonas sp. Pouzity byly dvé sady rhizoboxd, se dvé pidami s rozdilnym
mnozstvim celkové Hg (0,5 a 7 mg.kg™t), a pokus probihal 90 dni ve skleniku pfi teploté
20°C. Pro stanoveni celkovych a mobilnich podili Hg v oblasti rhizosféry byla ptda
rozfezdna na jednotlivé sekce v zdvislosti na vzdalenosti od agarové vrstvy pomoci
specidlniho zafizeni, které popisuji Fitz et al. (2003). V pudé z jednotlivych segmenti i ve
vzorku okolni pidy byly stanoveny celkové obsahy rtuti, mnozstvi biodostupné Hg a ve
spolupraci s Masarykovou univerzitou i zastoupeni jednotlivych specii rtuti pomoci sekvencni

extrakce.
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4.3 Analytické metody
4.3.1 Stanoveni pudnich charakteristik

Odebrané vzorky ptd byly ususeny pii laboratorni teploté¢ a byly u nich stanoveny
vybrané pudni parametry, napiiklad pHcac. (Novozamsky et al., 1993), obsah organické
hmoty (Sims a Haby, 1971) a kationtova vyménna kapacita (SO, 1994).

Byly zméteny také celkové obsahy dalSich vybranych toxickych i esencidlnich prvka.
Celkovy obsah Hg byl stanoven za pouziti jednotcelového atomového absorpéniho
spektrometru AMA-254 (LECO model, Altec, Ceska republika), S a Mg rentgenovou
fluorescencéni spektrometrii (XRF, Spectro 1Q, Kleve, Germany) a ostatni prvky jako je Mg,
Fe, Cu, Zn a Pb pomoci emisni spektrometrie s indukéné vazanym plazmatem (ICP-OES,

Varian, VistaPro, Australia).

4.3.2 Extrakcni postupy

K popisu zastoupeni jednotlivych forem Hg ve vzorcich odebranych u Hradce Kralové
bylo provedeno nékolik jednoduchych extrakci a na Masarykov€ univerzit€¢ v Brné¢ jedna
sekvencni, kterd je zaloZena na pracich Bloom et al. (2003) a Boszke et al. (2008).

Kuvolnéni mobilnich frakei byla pouzita tii extrakéni Cinidla, CH3COOH, EDTA
a NaxS203. V pripadé kyseliny octové bylo k 0,5 g vzorku ptidano 10 ml 0,11 M roztoku
CH3COOH a zkumavky se nechaly tfepat pfes noc. Nasledné byly 10 min centrifugovany
rychlosti 3000 ot/min, zfiltrovany a extrakt okyselen smési kyselin (HNO3z : HCl = 4 : 1). Ve
druhém ptipadé€ byl pouzit 0,05 M roztoku EDTA, ktery byl pomoci NaOH upraven na pH 7.
K1 g vzorku bylo pfiddno 10 ml extrakéniho €inidla a extrakce probihala 1 h na tfepackach.
Nasledné byly vzorky 10 min centrifugovany rychlosti 3000 ot/min, zfiltrovany a extrakt
okyselen smési kyselin (HNOs : HCI = 4 : 1). Extrakce thiosiranem sodnym probihala ptes
noc v 10 ml 0,01 M roztoku, ktery byl pfidan k 1 g vzorku. Extrakt byl opét centrifugovan
rychlosti 3000 ot/min, zfiltrovan a nasledné okyselen smési kyselin (HNOs : HCl =4 : 1).

Byl také proveden mikrovinny rozklad 0,25 g vzorku, ke kterému bylo pfidano 5 ml
HNOs. Vzorek byl rozlozen pii 280°C béhem 75 min pomoci MLS ultraCLAVE IV
(Milestone, Germany) a nasledné doplnén vodou na koneény objem 50 ml. Pied vlastnim

méfenim byla piidana HCI. Timto postupem bylo ziskdno mnozstvi potencialné
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mobilizovatelnych specii rtuti.

Sekvencni extrakce se sklada z nékolika krokl a jako prvni je pouzit chloroform,
kterym ziskame mmnoZstvi organickych slouc¢enin Hg. Nasleduje destilovana voda — rtut’
extrahovatelna vodou, 0,5 M HCI — rtut’ uvoliovana v kyselych podminkach, 0,2 M KOH —
rtut’ vazana na organickou hmotu a 50 % HNOs, které uvolni elementarni rtut a Hg
navdzanou v komplexech. Rezidualni Hg je vazana zvlasté na S a Si. V piipadé sekvenéni

extrakce byl pro stanoveni koncentraci Hg v roztocich vyuzit analyzator AMA-254.

4.3.3 Stanoveni Hg pomoci ICP-MS

Byla vyvinuta a ovéfena analytickd metoda stanoveni rtuti pomoci hmotnostni
spektrometrie s indukéné vazanym plazmatem (ICP-MS, Agilent 7700x, Agilent
Technologies Inc., USA). Pro detekci obsahii rtuti v roztocich po jednotlivych extrakcich,
bylo vyuzito pravé ICP-MS. Méfen byl vzdy izotop Hg(202) a Pt(195) o koncentraci
100 pg.kg? byl pouzit jako interni standard.
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THE EFFECTIVITY OF VARIOUS EXTRACTION AGENTS TO EELEASE
AMERCURY FROM ANTHROPOGENICALLY CONTAMINATED SOILS

Adéla Sipkoval, Jifina Szakoval, Pavel Coufalik’, Pavel Tlustos!
siphovaa@af.czu.cz
! Department of Agroenvironmental Chemistry and Plant Nutrition, Czech University of Life Sciences, Kamycka
129, 165 21 Prague 6, Czech Fepublic
? Department of Chemistry, Masarvk University, Kotlafska 2, 61137 Bmo, Czech Republic

ABSTRACT

The potential bioavailability of the Hz from the soil might by characterized by variety of chemical processes,
differing in the exfraction agent, its concenfration, the sample weight or the time of extraction. In this study,
a comparative analysis of several extraction methods, commonly used for obtammg the mobile phase of the
mercury from anthropogemically contammated soils, was camied cut. The aim was to estimate the rate of
mercury sorption by soil, especially by its organic matter. Concentrated HINO;, 0.01 M Na,5,0;, 0.05 M EDTA
and 0.11 M CH;COO0OH were used as extraction agents. The inductively coupled plasma mass spectroscopy
(ICP-M5) was used to estimate the mobile phase of the mercury within each extract and the Advanced Mercury
Analyzer (AMA-254) for the determmation of total Hg, respectively. The results showed that even strong acid
HNO; is unable to release the mercury tightly bound to the soil matrix. This particular method with microwave
digestion 15 commonly used for the estimation of this type of anthropogenic pollution Conversely, the lowest
mercury yield was obtained using the acefic acid In all experiments, the concentrations were below 0.15 % of
the total Hg content, which 15 a proportion generally defined as biologically available to plants.

KEy WORDS: mercury, contaminated soil, single extraction, mductively coupled plasma mass spectroscopy,
Advanced Mercury Analyzer AMA-254

1. INTRODUCTION

Soil is a heterogenous system containing colloid inorganic and organic matter m the form of small particles,
water, and wvarious gases. The natural ongin of mercury depends particularly on the character of bedrock
(Zavadska et al , 1909). The Hg concentration in uncontaminated soil does not usually exceed 200 pgks™
(Adnane, 2001). If the concentration is higher, the source of pollution 15 the point of interest. The anthropogenic
sources may result from the proximity of the mining mdustry or metallurgy, agricnlture, sewage sludge treatment
or incinerators, and also landfills (Lasat, 2002). In the Czech Eepublic, the permissible content of the harmfinl
substances in the sedl are d.EtE'EIlI].'I.Edb“.- the directive of Ministry of the Environment no. 13/1994. The maximum
acceptable Hg content is 800 pg. kg however, the concentraticn of mercury in anthropogenically contaminated
soils can be substantially higher. For mstance, according to Kacalkovd et al., 2009 the mercury L‘D]ltﬂlt near the
former waste incineration plant in Hradec Kralove, Czech Republic, was found to be up to 12 ug g’

Mereury can be released from soil by different extraction procedures. These procedures enable the determination
of particular species present, the varying amowunts of Hg bound to the soil, and also the bioavailability or toxicity.
Numercus of these procedures are described in the literature. The least tightly bound water-scluble fraction of
mercury is obtained by the simple extraction using deionised water (Séguin et al_, 2004, Fodrigues et al., 2010).
It represents mercury present n pore water i soil. This form of mercury 1s usually not n the form of the water-
soluble lonic species but as a species bound te organic matter; nevertheless, not directly on carbon (Biester and
Scholz, 1997). Biologically awvailable mercury is further released into the soil solution. The extraction with
CH;COOH is commonly used to simulate the approximate composition of this solution. Beside this most
commen approach other extraction agents. such as CaCl; solution, might be used (Novozamsky et al.. 1993). The
extraction solutions based on the chelating agents such as EDTA or DTPA represent another more efficient
possibility. These extraction agents simulate well the interaction of plant’s roots with the dissolved organic acids,
which further leads to the dissolution of some forms of particular elements, which are not eriginaly present in the
so1l solution (Crbulka, 19917,

In the soil, mercury can be bound very tightly to the sulfur forming the msoluble HgS. The portion of this
mercury bound to sulfide may be up to 60 % of the total Hg content (Boszke et al., 2008). This phase of mercury
can be obtained either by agqua regia extraction in a microwave oven (Femandes-Martinez and Bucandio, 2003),
or using the saturated Na,5 solution from the residue remanmg in the second stage (Fewis et al, 2003).
Exfraction with Na,5,0; 15 used for speciation analysis, becanse it is causing no He transformations. Issare et al.
(2010) studied the effect of the concentration of sodium thiesulphate on the extraction efficiency. The Na,5,0; is
also used for increasing the Hg availability for fitoextraction methods (Moreno et al., 2003
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The proportion of Hg, which 15 not firmly bound in the silicate matrix of the seil, 15 often obtained by using
HMNOj; as an extraction agent (Feis et al.| 2010). The mercury concentration in these extracts enables to estimate
the amommt of Hg from anthropogenic sources. It might also be used in sequential extractions to obtain elemental
mercury (Bloom et al., 2003, Coufalik et al., 2011). In this work, four various exfraction agents were applied to
assess Hg mobility in anthropogenically contaminated soils.

I MATERIALS AND METHODS
1.1 Samples

Ten soil samples were collected from the former waste incineration plant in the suburb of Hradec Eralove,
Czech Fepublic. The hazardous waste containmg: oil, agricultural waste, preservatives. waste from chemical
processes and percolation, degreasing waste containing solvents, waste containing metals, halogens, sulphur,
dyes, fertilizers, pesticides and others were bumnt there between the years 1993 and 2002. This hazardous waste
was stored without protection during the nmning period of the incinerator (Kacilkova et al., 2009).

1.2 Total and extractable portions of mercury

Total contents of mercury were determined, without chemical pretreatment of the samples, by thermal
decomposifion atomic absorption spectroscopy (AAS) with gold amalgamation (LECO model AWMA-254)
a rapid total mercury determmation method.

Four extraction reagents HNOs;, Na:5:0:; EDTA, and CH:COOH were used to determine the mobile and
mobilizable phases of Hg. For determunation of potentially mobilizable mercury portions, 0.25 g of each sample
was decomposed in 5 ml of HNG;. The reaction mixture was digested at 220°C during 75 mm by using
microwave heating in MLS ultraCLAVE IV system (Milestone, Germany) and then milli-q water was added to a
final volume of 50 ml.

The mild extraction procedures were performed as follows: 1) Sedivum thiosulfate extraction proceeded overnight
in 10 ml of 0.01 M selution, which was added to 1 g of the sample. i1} 0.05 M EDTA was adjusted with NaOH to
pH 7. Subsequently. 1 g of soil was added to 10 ml of extrachion solution and shaken for 1 h. 1) 0.5 g of sample
was added to 10 ml of 0.11 M sclution of CH;COOH and shaken overnight. Subsequently, all the the samples
were cenfrifuged for 10 minutes at 3000 rpm, filtered and the extract was acidified by the mixture of acids
(HINO; - HCl = 4 : 1). Mercury content in all extracts was measured by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7700x, Agilent Technologies Inc.. TUSA).

3. EESULTS AND DISCUSSION

The measurements of the total Hz content mdicate that in all ten samples from the viemity of the former waste
incineration plant in Hradec Krilové there are places where the concentration of mercury is relatively low:;
however, sites with above limits concentrations are present as well. In the most polluted sample the amount of
mercury reaches almost 29 mg kg™, which exceeds the required limit 36 times. Kacilkova et al. (2009) report the
same '.-'arialbilitj; of the mercury content present in the same area showing the concenfrations ranging from 0.15 to
12mg kg™

The extraction yields by individual extraction agents are shown in Table I representing the total amount of
mercury and also the its rate to total Heg content The nitric acid proved to be the most efficient extraction agent.
Concentrations of Hg range between 48 % and 36 % of total content n 8 of 10 samples using mitric acid. In the
case of the most contaminated sample the concentration was approximately 70 %:. In the last sample, where the
total content exceeded the limit 13 times, the extraction yield was using nitric acid was almost 96 %. The
mercury concentration obtained by this extraction methed should correspond to the rate of anthropogenic
contamination.

Using Na;5;0; as an extraction agent the mereury yield was also highest n two last samples. The average yield
of these particular samples attains approximately 20 %. In other samples, the content of mercury ranged from 1.2
%o to 3.4 % Thus, it might be inferred that in places with higher anthropogenic contamination, the presence of
mercury species bound to sulfir 1s significantly higher than i less contaminated samples. In the case of the most
contaminated site the rate of extractable Hg using WNa,5,0; corresponds with the results reported by Issaro et al.
(2010). They showed that the extraction yield of Na,5,0; usually reaches 30 = 3% of mercury obtained by nitric
acid. Moreover, they showed that the rate of extractable Hg by sodium thisulphate 15 decreasing with decreasing
total He content On the other hand, Subiréz-Mumoz et al. (2011} obtamed by this type of extraction only
approximately 20 % of the total He content.
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Tahble 1: Extractable contents of mercury after individual extraction (ug ke™).

Sample total HNO; Nap5,0: EDTA CH;COOH
1 1070 578 143 6.92 0.483
2 236 132 .04 199 0330
3 413 201 7.82 321 0.373
4 419 134 8.03 230 0.430
5 550 273 104 6.27 0.450
6 2050 1132 521 937 0727
7 306 223 133 295 0436
8 580 300 6.93 294 0.734
o 28800 20108 5877 4381 11.3

10 10500 10040 2094 64.7 3.64

Further, using chelating agent EDTA, the values of extractable Hg ranged between 0.46 % and 2.1 % of the total
Hg content. in all experimental samples. These results correspond to those reported by Subiréz-Mumoz et al.
(2011} who obtamed less than 2 % of the total Hg using the same 0.01 M EDTA sclution. This small variability
suggests that the amount of mercury bound to organic matter, which might serve as a source for plant uptake, is
similar both in more and less anthropogenically contaminated places. Comnciding results were also obtained by
extraction with a solution of CH;COOH, which simulates natural conditions of soil solution. The yields of
CH;COOH confirned no significant differences between more and less contamimated samples. However,
contrastingly to the EDTA, the average mercury yield was below 0.15 % of the total Hg.

The obtained results are also shown in Fig. 1. The mercury concentrations of individual samples are plotted in
log-nommal scale due to its comparability, because the differences between the various extraction agents are in
order of several orders. The graph illustrates the differences between the He concentration of the majonity of
samples and the two most contaminated sites using nitne acid and sodium thiesulphate. While in the case of

extractions with EDTA and CH;COOH, the differences between samples from various sites are not reaching up
to these vales.

100
10 -
E
g
-
& 1 HNO,
i s | Em MaS0,
s [ EDTA
- mmm CH.COOH
TE
0.1 4
0.0
1 2 3 4 5 B 7 8 g 10
Sample

Figure 1: Extraction vield using individual extraction agents.
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Abstract The distribution of selected elements in indi-
vidual fractions of organic matter from anthropogenic-
ally contaminated soils was investigated. The attention
was paid especially at Hg. Furthermore, contents of S,
Mg, Mn, Fe, Cu, Zn and Pb were also measured. The
decomposition of organic matter to particular fractions
was carried out by the resin DAX-8. Ten soil samples
were collected, and the Advanced Mercury Analyzer
(AMA-254) was used for the determination of the total
Hg content. The two highest Hg values reached up to the
concentration 10.5 mg kg ', and in the highest one, it
was almost 29 mg kg . In each extract, mercury was
measured by inductively coupled plasma mass spec-
trometry (ICP-MS), for other elements, inductively
coupled plasma optical emission spectrometry (ICP-
OES) was applied. Results of the analysis show that
the Hg content bound to the humic acids is inversely
proportional to the content of Mg, Mn, Fe and Cu.
However, this dependence was not confirmed by the
samples with the mercury content above 10 mg kg .
In the case of fulvic acids, the relationship between Hg
and 8 was observed and has again an inverse character.
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1 Introduction

The behaviour of heavy metals in soil is influenced by
the presence of organic matter, its quantity and especial-
ly by its composition. Organic matter consists of high
molecular weight hydmophobic compounds, collectivel y
termed humic substances, which are comprised of hu-
mic acids (HA), fulvic acids (FA) and more simple low
molecular weight hydrophilic (Hy) compounds
(Stevenson 1994). The binding of metals with organic
matter has probably contributed to the accunulation of
particular metals in organic-rich shallow horizons of soil
(Fujikawa and Fukui 2001). However, chemical affinity
of various metals to fractions of organic matter is differ-
ent (Milne et al. 2003). The environmental significance
of these compounds is related both to the higher biode-
gradability of low molecular mass hydrophilic com-
pounds and the lower mobility of humic acids. In gen-
eral, the hydrophilic compounds accounted for the com-
plexation of around 50 % of the leached metals, with
variable contributions of humic and fulvic acids, de-
pending on the nature of the samples and the metals
(Laborda et al. 2009).

In the case of mercury, species bound to organic
matter may represent 2030 % of the total content in
soil (Boszke et al. 2008). Mercury is not tied directly to
carbon but mostly to sulphur in functional groups of
thiols, sulphides and, possibly, nitrogen (Xia et al.
1999). The sorption to soil depends on complex capacity
and complex stability of the humus fraction (Yao et al.
2006). A high complex capacity for Hg but weak com-
plex stability promotes volatilization. Adding fulvic
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acid to contaminated soil increases mobility, while hu-
mic acids, which have lower complex capacity, reduce
evaporation. Generally, the higher content of orzanic
matter in soils results in higher adsorption capacity
(Schliiter 1997).

The amount of organic matter plays a central role not
only in the mobilization of the Hg content but also in the
case of Cu and Pb. Moreover, its composition also influ-
ences the mobility of these metals within the soil {Linde
et al. 2007). High ratio of association with humic acid in
the case of Cu and less mobility in the case of Pb suggested
that retention in humus-rich layer may last longer than that
of the other metals (Fujikawa and Fukui 2001).

Some elements, including Cu, Zn, Mn and Fe, are
essential for plant growth and are called trace elements
(Heetal. 2005). Although in some cases, their toxicity is
probably more of a problem than their deficiency. The
solubility of these metals depends mainly on organic
matter, the metal loading over soil sorbents, the concen-
tration of inorganic ligands, and pH (Weng et al. 2002).
Humic acid and fulvic acids caused significant Zn and
Pb immobilization in the acid soil, while Cu and Fe were
slightly mobilized. In the calcareous soil, these effects
were observed in the lesser extent. These results suggest
that components of humic-rich materials may be useful
amendments for the soil remediation involving stabili-
zation, although cumrently mild mobilization of Zn, Pb
and Cu may be provoked in acidic soils (Clemente and
Bernal 2006; Terbouche et al. 2011). In contrast to other
trace metals, the amount of mobilized mercury
decreases at pH<3 and at pH=> 12, due to the extremely
high buffering capacity of humics, both in acidic and
alkaline states (Kabata-Pendias and Pendias 2001).
However, in the acid soils, Hg bounds particulady to
humic substances (Schwesig et al. 1999),

The movement of Hg in soils and desorption rate are
indirectly related to the organic matter content. Higher
amounts of mercury will be desorbed from the soil with
a lower content of organic substances, which is tvpical
in places where the natural coverage of the soil was
removed due to anthropogenic activities (Miretzky
et al. 2005).

The content of some elements, especially Hg (Xia
etal. 1999), Cu, Zn and Pb is also often associated with
sulphur (Thornton 1981). However, the after-effect of
contamination depends not only on the concentration of
metals but also on their combinations and ratios.

In this work, the relationship between selected ele-
ments bound to organic matter will be studied.
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Moreover, the contents of selected elements in the var-
ious fractions of organic matter will be correlated.

2 Materials and Methods
2.1 Samples

Ten soil samples were collected from the former waste
incineration plant in the suburb of Hradec Kraloveé,
Czech Republic. The hazardous waste containing: oil,
agricultural waste, preservatives, waste from chemical
processes and percolation, degreasing waste containing
solvents, waste containing metals, halogens, sulphur,
dves, fertilizers, pesticides and others were burnt there
between the years 1993 and 2002. This hazardous waste
was stored without protection during the mnning period
of the incinerator (Kacalkova et al. 2009).

The selection of sampling sites used in this work was
based on the experiment of Kacdlkova et al. (2009).
Samples were collected in the vicinity of points 3 and
5 from their aforementioned work. The plot 3 represents
the average values of contamination (our samples 1-5),
while extreme mercury concentrations were measured
in the plot 5. This plot is placed closer to the incineration
plant, thus highest amounts of observed elements and
oxidable carbon were obtained. On the other hand, also
the lowest pH from all the samples was received. In our
experiment, the samples taken from this plot are labelled
from 6 to 10. Samples were taken from the top layer
(030 cm) of soil, and all experiments were carried out
in three repetitions.

2.2 Total Content of Selected Elements

Total mercury contents were determined, without chem-
ical pre-treatment of the samples, by advanced mercury
analyser AMA-254 (LECO model, Altec, Czech Repub-
lic). Initially, the samples were dried and subsequently
bumed. The resulting Hg vapor was trapped onto gold
amalgamator and then subsequently released as Hg" by
heating. The released mercury vapor was measured i
atomic absorption spectrophotometer at wavelength of
25365 nm. The low-pressure mercury discharge lamp
was used as a source of radiation (Szikova et al. 2004 ).
CRMO020 Trace Metals—Sandy Loam 2 CRT USA was
used as a reference material. Certified value for Hg con-
tent is given 1.12+0.03 mg kg, the determined value
was 1162003 mg kg™
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The pseudo-total concentrations of Mn, Fe, Cu, Zn
and Pb in the soils were determined in the digests
obtained by the following decomposition procedure:
Aliguots (~0.5 g) of air-dried soil samples were
decomposed in a digestion vessel with 10 ml of Aqua
Regia (Le., nitnc and hydrochloric acid mixture in ratio
1 :3). The mixture was heated in an Ethos 1 (MLS
GmbH, Germany) microwave assisted wet digestion
system for 33 min at 210 °C. After cooling, the digest
was quantitatively transferred into a 25-ml glass tube,
topped up by deionised water, and kept at laboratory
temperature until measurement. The element concentra-
tions in the digests were determined by inductively
coupled plasma - atomic emission spectrometry (1CP-
OES, Varian, VistaPro, Australia) equipped by a two
channel peristaltic pump, a Struman-Masters spray
chamber and a V-groove pneumatic nebulizer made of
inert material (the experimental conditions were as fol-
lows: power 1.2 kW, plasma flow 15.0 L min ', auxil-
iary flow 0.75 L min"", nebulizer flow 0.9 L min ). For
ICP-OES, the following spectral lines were considered:
A=308.2 nm for Al, A=327.4 nm for Cu, A=2383 nm
for Fe, A=257.6 nm for Mn, A=220.3 nm for Pb and
A=2062 nm for Zn. Calibration solutions were pre-
pared in diluted Aqua regia as follows: 50-500 pg L™
for Cu and Pb, 1-10 mg L™ for Mn and Zn, and 5—
50mg L' forFe. The elements' contents were measured
on two spectral lines, and no significant differences were
observed. Hence, the calibration curve was used for the
evaluation of the analytical signal of each element. A
certified reference material, RM 7001 Light Sandy Soil,
was used for the analytical data verification. Certified
values for the Aqua regia soluble element contents are
479+18mg kg’ of Mn, 108+3.5 mg kg™ of Zn,28.9+
08 mgkg ' of Cu, (31.8+1.2) mg kg™ of Ni and24.1+
1.7 mg kg™' of Pb. The determined values were as
follows: 468 mg kg™’ of Mn, 110 mg kg ' of Zn,
28 7mg kg™ of Cu and 25.2 mg kg™ of Pb.

Total content of sulphur was determined by X-ray
fluorescence (XRF) spectrometry (Spectro 10, Kleve,
Germany), where the target material was palladium and
the target angle from the central ray was 90°. The focal
point was a 1 mmx 1 mm’, and the maximum anode
dissipation was 50 W with 10-cfm forced-air cooling.
The tested samples were pressed into pellets;
mixing 4.0 g of soil (particle size 15-20 pwm) with
0.9 g of the binding additive (HWC Hoechst wax,
Germany) for 10 min. The pressing power was
B0 kM.

34

2.3 Fractionation of Organic Matter

Contents of humic acid (HA), fulvic acid (FA), hydro-
philic compounds (Hy) and hvdrophobic neutral organic
matter (HON) were determined using the Superlite™™
DAX-8 (SUPELCO Analytical, USA). This resin is
comprised of a poly(methyl methacrylate) matrix with
following characteristics: particle size=40-60 mesh,
pore size=225 A and surface area=160 m® g~' and
which is slightly polar. Somption, as well as desorption,
ofindividual organic fractions on the resin was observed
(Van Zomeren and Comans 2007).

2.3.1 Preparation of DAX-8

The preparation of the resin consisted from several
extractions by different extraction agents. The first step
was five 0.1 M HCI extractions (24 h), and this cycle
was repeated with 0.1 M NaOH. Further, the resin was
cleaned by two 24-h extractions by acetonitrile followed
by two extractions with methanol. The cleaned DAX-8
was stored in methanol. Before use, washing ofthe resin
bv water (20 volumes of DAX-8) and 0.1 M HCI
(10 volumes of DAX-8) was necessary.

2.3.2 Total Content of HA, FA, Hy and HON

First, 5 g of each sample was added to 50 ml of 0.1 M
HCI and shaken for 1 h. Subsequently, samples were
cenfrifuged for 10 min at 3,000 rpm and the supernatant
was filtered. Part of the supematant was removed for the
analysis and 12.5 ml was added to 2.5 g DAX-8. After
1 h of shaking, the solution was filtered and the filtrate
was submitted to the analysis.

This was followed by the FA desorption from the
resin by adding 10 ml of 0.1 M KOH. The solution was
then shaken for 1 h and then 9 ml were collected. Nine
millilitres 0.1 M KOH was added to resin, and the
procedure was repeated three more times. The total
volume of the solution with released fulvic acids was
37 ml, and just part of it was removed for analysis.

The soil sample after removing the first supernatant
was added to 48 ml 0.1 M NaOHand 2 ml 1 M NaOH to
adjust pH=12 and left to shake overnight. The solution
was subsequently centrifuged at 3,000 rpm (10 min).
The supernatant was removed, acidified by 6 M HCI,
and the suspension was allowed to stand overnight.
There has been a precipitation of HA. After 10-min
centrifugation at 3,000 rpm, the supernatant was
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removed, filtered, and part of it was submitted to anal-
vsis. Moreover, desorption from the resin was carned
out as in the previous case. The precipitated HA were
dissolved in 45 ml of 0.1 M KOH.

24 Selected Elements in the Organic Matter

In extracts, the content of selected elements was obtain-
ed. Mercury was measured by inductively coupled plas-
ma mass spectrometry (ICP-MS, Agilent 7700x,
Agilent Technologies Inc., USA), for other elements,
inductively coupled plasma optical emission spectrom-
etry (ICP-OES) was applied. Auto-sampler ASX-500, a
three channel peristaltic pump and MicroMist nebulizer
equipped ICP-MS. Calibration solutions were prepared
in diluted single element ICP standard as 0.1-10 pg L™
for mercury and the isotope Hg(202) was measured. As
internal standard, Pt(195) was used and its concentration
was 100 ug L.

The limit of quantification for § was & pg kg ', for
PbaZnl ugkg ', for Cu, Fe, Mg, Mn 0.1 pg kg ' and
for Hg 0.003 pg kg™, All limits of quantification were
calculated as fold standard deviation of blanks.

2.5 pH of Soil Samples

Measurements of pH were made on samples mixed
with 0.01 M solution of CaCly (1:10w/v) by WTW
pH 340 i (WTW, Germany) according to Novozamsky
etal. (1993).

Table 1 Total content of selected elements in the soil (mg ke ')

3 Resulis and Discussion

3.1 Characteristic of Experimental Soil and Total
Content of Selected Elements

The pH of our samples equalled to 7.18+0.28 and the
oxidizable carbon content ranged between 1.2 and
34 %. Similar charactenstics of soil were showed by
Kacalkova et al. (2009) in the same area in Hradec
Krilové, Czech Republic. Regulation N®13/1994 Col-
lection of Laws of Ministry of the Environment of the
Czech Republic {Czech Ministry of the Environment
1994) provides maximum admissible risk element con-
tents in soil as follows: 0.8 mg kg ' Hg, 100 mg kg !
Cu, 200 mg kg™' Zn and 140 mg kg™ Pb.

The measurements of total contents of investigated
trace metals and macronutrients indicate significant dif-
ferences in amounts of contamination considering all ten
samples, collected from the vicinity of the former waste
incineration plant (Table 1). In the case of mercury, sites
with both relatively low and above limit concentrations
were present. Especially for the two most polluted sam-
ples (9 and 10), the amount of mercury reached almost
29mgkg ', which exceeded the required limit 36 times.
Higher levels of particular elements in samples 9 and 10
were found also in the case of Cu, Zn and Pb. Concen-
trations of the rest of elements were less different from
those gained in other samples. Kacalkova et al. (2009)
reported similar variability oftotal contents. Namely, Hg
concentration ranges from 0.15 to 12 mg kg ', Cu from
12to212mgkg ', and from 102 t0 2,766 mgkg ' inthe
case of Zn. Only the high level of zinc contamination

Sample Hg 5 Mg Mn Fe Cu Zn Pb

1 107002 3,797+£9 6,080+15 2175 11,595 866 30.5+1.1 116£1 35619
2 0.236+0.003 30018 789015 210+3 12,993+ 152 34.1+12 108+4 31.1+22
3 0.415+£0.008 2 TRELR 703015 24217 12,148£523 26.1x0.5 13112 40.4+4 .4
4 0.419:£0.008 3A4TILR T030+15 20E£1 12,348+692 20423 128+1 20508
5 0.550:£0.009 465210 6,600+17 21842 130202174 2R3E0.3 IUESS 36503
6 205001 556610 T.650£15 2438 19,219+34 914+3.8 230+8 T28+8.9
7 03960 008 3,946:+8 T.000+14 28237 25201977 713207 119+16 30156
8 0.580+0.003 30448 TA0£15 314+4 20,559+1,157 554+1.0 124+13 42.1+2.0
9 28.8+05 439811 6,610+15 412+15 24050616 149+9 45314 77312
10 10.5+02 29838 T960+15 551453 22028+3,524 136+17 501421 374+43
@ Springer
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was not found in our samples. Similarly, Romkens et al
(2009) studied the soil contamination in paddy fields in
Taiwan and published total metal levels for copper, zinc
and lead comesponding to our measured values. Romic
and Romic (2003) studied the metal distribution in
agriculture topsoil in urban area and found also compa-
rable or lower values of Cu, Zn and Pb. Additionally,
they have shown higher Mn amounts, and on the other
hand, the Fe content was several times higher in our
samples, ranging from approximately 12 to 25 g kg .
Differences in total contents were also found, in the case
of macromutrients. However, the variability of values
was significantly smaller. Total sulphur and magnesium
contents range from 2.8 to 5.6 g kg ' and from 6.6 to
8.0 g kg, respectively. Lower sulphur concentrations
were discovered in soil from Guangzhou, China (Sun
et al. 2009) and Queensland, Australia (Liaghati et al
2003). Nevertheless, the similar 8 content was detected
by Linde et al. (2007) in their study of trace metals
mobility affected by the change of soil conditions.
Differences observed in total contents of selected
elements in our work, especially in samples 610, refer
to an extreme heterogeneity of pollution in a small-scale
area. This fact implies the essential need for collecting a
larger number of samples, taken from a single site, in
order to obtain representative values of contamination.

3.2 Proportion of Elements in the Organic Matter

The ratio of elements bound to organic matter with
relation to their total content is shown in Fig. 1. In the
case of Hg, the percentages are relatively low, not

=

T T ¥ T

Fe Cu

Bound to Orgamie Matter / Total Content (%)

g%*
Hg 5 Mg

Fig. 1 The ratio ofelements bound to organic matter with respect
to the total concentration in soil

Mn

Element
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exceeding & %. The lowest amounts bound to organic
matter were found in the case of § and Mg with an
average of 2 and 2.5 %, respectively. Similar low per-
centage of sulphur bound to organic matter was detected
by Calace et al. (2005). In the study, investigating the
binding of particular sulphur fractions to long fertilized
soil, 6 % of the total 8 was bound to carbon (Yang et al.
2007). The ratio of Fe bound to the organic matter
attained only 3 %. Similardy or lower values were found
by Fujikawa and Fukui (2001). They have investigated
associations of trace metals with organic matter in
Japanese soil using acidified hydrogen peroxide
{H(,) as an extraction agent. In this work, comparable
contents of manganese, copper, zinc and lead were
found. The percentages of Cu and Zn bound to organic
matter with respect to their total content were relatively
high, with the mean of 20 and 25 %, respectively.

3.3 Distribution of Elements in the Individual Fractions
of the Organic Matter

Exact contents of elements bound to organic matter are
recorded in Table 2, and the distribution of bounds to
particular fractions of organic matter (humic acids,
fulvic acids and hydrophilic compounds) is shown in
Fig. 2. In all cases, amounts of elements bound to
hydrophobic neutral organic matter were less than
0.4 % of the total amount bound to the organic material.
Mostly, the values were not more than 0.1 %; hence, this
fraction was excluded from the calculation.

Manganese, copper, zinc and lead were bound par-
ticularly to hydrophilic compounds by an average of
more than 87 %. The amount of Mn bound to this
fraction reached almost up to 92 %. Laborda et al.
(2009 reported in their study that in general, the hydro-
philic compounds accounted for the complexation of
circa 50 % of leached metals. The determination by
the size exchision chromatography and ICP-MS detec-
tion was used in ther experiment. As it might be ob-
served in Fig. 2, the values obtained in our study are
even higher. It corresponds with Kabata-Pendias and
Pendias (2001) who have founded that some elements
such as Hg, Cu and Pb rather form stable organic com-
plexes with fulvic acids and, most probably, also with
other organic compounds. Also, Fest et al. (2008) de-
scribed the important role of hydrophilic acid in the
complexation of Cu in s0il. In the case of zinc and lead,
the element distribution between humic acid and fulvic
acid was determined by Borivka and Drabek (2004)
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Table 2 Content of elements bound to organic matter (mg kg ™)

Sample Hg s Mg Mn Fe Cu Zn Ph

1 0.015+0.002 60.5+9.5 17519 27.5+1.7 FTEA6E E06+0.33 31517 5514030
2 0.011+0.001 34.6+2.6 2137 34,5409 GIR+32 6R2+0.62 341406 528+028
3 0.009+0.001 557423 199+5 34.3+0.6 612419 T58+1.08 349406 538+0.14
4 0.033+0.006 56.2+19 1517 254117 415423 T04+0.23 EERESUR: 499+0.71
5 0.031+0.007 512423 160411 25.0+0.6 43114 T04+0.84 209105 597+021
6 004240013 664130 157+8 20.2+13 237425 16.7+2.1 556122 12.4+0.6
7 0.029+0.004 744139 17916 21.4+1.2 325404 235+0.534 199+0.8 2811023
g 0.020+0.002 57.8+19 1899 24.8+1.7 452424 BOR+0.48 256422 6.56+1.66
9 02160009 87.1+5.1 17414 24.0£1.1 200+£34 21.1£1.5 1355 167£3

10 0.118+0.012 E0.6+108 24337 43,1439 446+77 258+1.7 112£7 89.6+7.6

showing that amounts of metals bound to humic acids
were relatively low. In our samples, the sulphur and
magnesium distribution between HA and Hy was nearly
equal, and only a small proportion was bound to FA. In
the case of mercury and iron, the situation was different
so that only a minor portion of the element was bound to
Hy because over 45 % of Hg was bound to HA and in
the case of iron even circa 80 %. The bounds to fulvic
acids constituted almost 40 % of Hg, being the largest
value of all elements of interest. Many authors did not
take into account the Hg adsorption to hydrophilic com-
pound of organic matter at all and its distribution in
organic matter may differ significantly. Zhang et al.
(2009), who were using acidic soils, showed that Hg is
more prone to bound to HA. This was confimmed, e.g.,
by Schwesig et al. (1999). Contrarily, Chai et al. (2012)
reported a stronger binding of Hg to FA and also
discussed the influence of pH thoroughly.

L 10+
= E=m HA
E —
5 081 = Hy
E“ 0.6
2
E 04
=
=]
£ 021
z

0,0

He 5 Mg Mn Fe Cu Zn Fb

Element

Fig. 2 Distribution of elements in the individual fractions of
OTEanic matter
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3 4 Correlations Between Elements Bound
to the Organic Matter

The correlation analysis among elements bound to the
organic matter was carried out. Amount of these elements
proportions were calculated as sum of contents bound to
the individual fractions. Values of the correlation coeffi-
cient ., which are recorded in Table 3, show that some of
the relations among selected elements are relatively
strong. In particular, a match between Hg and Pb or Zn
has been observed with the correlation coefficient (c.)
reaching values of 0.99 and (.93, respectively. Also inthe
case of sulphur, the correlation coefficient with mercury
attains (.84, This corresponds to the fact that mercury is
not tied directly to carbon in the organic material, but
mostly to sulphur in functional groups of thiols and
sulphides (Xia et al. 1999). The importance of this par-
ticular binding was also demonstrated by Chai et al.
(2012), who divided organic matter only into two cate-
gories (HA and FA) though. For the rest of elements (Mg,
Mn and Fe), values of ¢, were lower than 0.5. However, if
samples 9 and 10 with a higher content of Hg from the
anthropogenically contamination were excluded from the
correlation, the correlation coefficients substantially in-
creased. Their values reached then the range from 0.82 o
(.87, and relations were inversely proportional. In the
case of copper, ¢, decreased from (.85 to (.61 afier the
removal of samples 9 and 10 from the calculation.

The sulphur content was significantly correlated with
aforementioned Hg and also with copper, zinc and lead.
Correlation coefficients are higher than 0.8, which cor-
responds to the theory that these elements are particu-
larly bound to S (Thornton 1981). Focusing on iron, ¢,
equals to (.55 and the relation observed has again an
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lable 3 Comelation coefficients between elements in total organic matter

Hg Hg* 5 Mg Mn Fe Cu Zn Pb
Hg 1.00
Hg* 1.00 1.00
5 (.84 036 1.00
Mg 0.12 —f.85 025 1.00
Mn 0.06 —.87 0.05 .89 1.00
Fe —0.43 —f.82 —fL55 55 .67 100
Cu .85 06 .85 0.27 0.16 —0.50 1.00
Zn (.95 043 .81 0.30 0.29 —031 .92 1.00
Pb L99 050 .83 0.22 0.16 —0.33 .84 .96 1.00

Asterisk **" indicates without two samples with the highest concentration of Hg; liafic rext shows strong comrelations 0.60-1.00=strong
comelation; 0.50-0.59=moderate; 0.40-0.49=weak; 0.00-0.39=little or no association; The comrelation coefficients higher than 0.37/0.41
are statistically significant at least at the 95 % percentile level using ten'eight samples

inverse character. Correlation coefficients with other
elements are insignificant. The amount of magnesium
coincided closely only with manganese (c,=0.89). Cer-
tain connection was further found with Fe where the ¢,
attains —0.55. Additionally, the content of these two
elements (Fe and Mn) corresponded to a certain extend
to each other (¢,=0.67). Generally, iron and manganese
have a close relationship, which was also shown by
Liaghati et al. (2003). Even better link was found among
Cu, Pb and Zn. Specifically, the value of ¢, of .84 was
observed between Cu and Pb, ¢,=0.92 between Cu and
Zn, and 0.96 between Zn and Pb. Similar trends of metal
levels in soil were observed by Rimkens et al. (2009},
who were not particularty focused on organic matter but
have investigated the total content of selected elements
instead. They have reported the correlation coefficients
ranging up to 0.9 conceming the contents of Cu, Zn and
Pb in their samples. As it might be inferred from the
Table 3, the relations concerning other elements are of
less importance. The correlation coefficients are signif-
icantly lower than reported for the abovementioned
elements or no connection was found at all.

3.4.1 Corelations Between Elements Bound to Humic
Acids in the Organic Matier

The similar relations, as those found in the case of the
total organic matter, were found also revealed for ele-
ments bound to humic acids (Table 4). Strong relations
of mercury with lead and zinc were observed where the
c.150.94 and 0.77, respectively. Correlation coefficient
between Hg and S is lower, but still a moderate

38

dependence was found. Further, same correlations, as
in the case of total organic matier, are observed after the
elimination of samples 9 and 10 from the group of
elements assessed. Mercury content was inversely pro-
portional to the amount of Mg, Mn and Fe, and the
values describing this relation are ranging from 0.83 to
0.86. Nevertheless, the new inverse correlation with Cu
was found where ¢, equals to 0.82.

The links among 5 and selected elements were con-
firmed even focusing on humic acids; albeit, the corre-
lation coefficients are generally lower. The strongest
dependence was found between 8 and Cu, where the
decrease in ¢, values is rather insignificant (from 0.85 to
0.83). On the other hand, considering Zn and Pb, the
value of ¢, decreased to a 0.61 and 0.63, respectively.
Despite of this decrease, the dependence might still be
considered tight. Taking into account links among Mg,
Mn and Fe, the correlations found in the total content
were found as well and even raised above the value of
094. The new relation between Mn and Cu was re-
vealed with the ¢, attaining 0.61. Further, moderately
strong dependences were found between Mg and Cu
and between Mn and Zn. On the other hand, the corre-
lations among Cu, Zn and Pb slightly dropped. Howev-
er, correlation coefficients were still above the value of
(.78, implying strong relation.

3.4.2 Correlations Between Elements Bound to Fulvic
Acids in the Organic Matter

The smallest amount of stronger linkages was found
with respect to bindings to fulvic acids. Moreover,

2 Springer
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Table 4 Comelation coefficients between elements in humic acids

Hg Hg* S Mg Mn Fe Cu Zn Pb
Hg 1.00
Hg* 1.00 100
5 0.53 —045 100
Mg -029 —0.86 0.11 100
Mn —0.15 —0.83 023 096 1.00
Fe —0.36 —0.85 0.07 098 0.94 1.00
Cu —0.04 —0.82 0.83 051 0.61 044 1.00
Zn 0.77 —0.70 0.61 033 0.51 0.27 0.86 1.00
Pb 0.94 —0.62 0.65 003 0.17 —0.06 0.78 0.92 1.00

Asterisk **" indicates without two samples with the highest concentration of Hg

taking into account all elements, with the exception of
mercury, the amounts bound to FA were smaller than to
humic acid or hydrophilic compound. The previously
found relation of Hg and S has only in the case of fulvic
acids an inverse character. This concerns all samples
even when the specifically contaminated samples 9
and 10 were excluded.

The relation of Mn and Fe was confirmed even in the
FA with the ¢. attaining the value of (0.61. Additional
significant link between Mg and Cu was found
(c.=0.75). Besides another aforementioned dependency
among Cu, Zn and Pb, no other reliable correlations
were revealed (Table 5).

3.4.3 Correlations Berween Elements Bound
to Hydrophilic Compounds in the Oveanic Matter

Table & represents the lack of stronger relafion of mercury
to other studied elements bound to hydrophilic compounds

Table 5 Comelation coefficients between elements in fulvic acids

of organic matter. Only a limited amount of these relations
might be observed. Nevertheless, it is important to men-
tion that in the majority of cases, the dependency had a
direct character. Taking all samples into account (without
excluding samples 9 and 10), only the relation to Cu
proved to be significant (c.=0.83). For the rest of the
elements, these two samples had to be neglected in order
to find some dependency. As in the previous compounds
of organic matter, the amount of Hg was correlated with
the amount of sulphur, but the dependency was weaker.
Higher comrelation coefficients were revealed in the case of
relation of Hg to Mg and Cu with the values of the ¢,
attammng 0.77 and 081, respectively.

In the case of S, similar relations were observed as
those found in HA and the total content in organic
matter. Namely, S was related to Cu, Zn and Pd with
¢, ranging from 0.69 to 0.85. Nevertheless, new possible
relation between S and Mg was discovered (c,=0.80).
Focusing on magnesium, in all compounds of organic

Hg Hg* 5 Mg Mn Fe Cu Zn Pb
Hg 1.00
Hg* 1.00 100
5 —0.86 —0.93 100
Mg 0.13 0.12 012 1.00
Mn -032 —0.40 042 0135 1.00
Fe —0.52 —0.53 047 0.14 0.60 1.00
Cu 0.14 —0.01 032 075 0.36 0.15 1.00
Zn 0.18 0.34 0.18 047 0.27 —0.08 0.91 1.00
Fh 0.07 0.09 032 026 0.07 -0.13 0.77 0.90 100

Asterisk **" indicates without two samples with the highest concentration of Hg

"g Springer



Water Air Soil Pollut (2013) 225:1802

Page 9 of 11, 1802

lable 6 Comelation coefficients between elements in hydrophilic compounds

Hg Hg* 3 Mg Mn Fe Cu Zn Pb
Hg 1.00
Hg* 1.00 1.00
8 017 0.62 1.00
Mg 0.24 0.77 0.80 1.00
Mn —046 —0.48 —0.03 0.26 1.00
Fe —0.12 —0.13 —0.46 —023 0.48 1.00
Cu 0.85 0.81 0.85 085 0.17 —0.02 1.00
Zn —0.1% 0.48 0.75 0.68 030 0.10 092 1.00
Ph —0.25 0.54 0.69 0.59 0.19 —0.01 083 0.96 100

Asterisk **" indicates without two samples with the highest concentration of Hg

matter, the relation with Cu was observed. However, the
relation is strongest in the case of hydrophilic com-
pounds. Newly established connection was observed
between magnesium and zinc having the ¢.=0.68. Con-
trarily, another relation observed in all compounds
conceming Mn and Fe is weakest in the case of hydro-
philic acids as the correlation coefficient equals only to
048, Aforementioned strong correlation among Cu,
Zn and Pb was also confirmed investigating hy-
drophilic compound. The correlation coefficients
are of the same magnitude as observed in total
organic matter.

3.5 Correlations Between Total Contents of Elements

Comparing correlations gained from the total contents
of investigated elements with the results from particular
compounds of organic matter, a good correspondence
among Hg and Cu, Zn and Pb was found (Table 7).
Maoreover, the relation of Hg to Mn and Fe has emernzed.

Table 7 Comelation coefficients between element total contents

The correlation coefficients are higher with samples 9
and 10 being a part of the analysis, and in all cases, the
relation was of a direct character.

In the case of sulphur, correlation coefficients are
significantly weaker and the relations to the rest of
studied elements were not observed. The relations
among Cu, Zn and Pb were also confimmed, and the
values of correlation coefficients comrespond to those
from organic matter. The most significant differences
between the correlations of total contents and those
gained from organic matter were found in the case of
Mn and Fe. For these two elements, the correlation
coefficients are higher in their total contents. Moreover,
Fe was always directly related to the rest of the elements.
Liaghati et al. (2003) reported the same character of Fe
relations. Cu correlations to other elements were com-
parable or higher. However, the aforementioned relation
with sulphur was not found. Similar relations were
described by many other authors (Salizzato et al. 1998;
Calace et al. 2005).

Hg ] Mg Fe Cu Zn Pb

Hg 1.00

8 0.56 1.00

Mg 022 —0.30 1.00

Mn 0.66 —0.18 0.31 1.00

Fe 0.54 0.20 0.16 0.68 1.00

Cu 083 0.25 0.20 0.86 0.81 1.00

Zn 0.83 0.08 0.21 0.92 0.58 0.93 1.00

P'b 0.99 0.13 —0.13 0.73 0.56 .86 0.87 1.00
@ Springer
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4 Conclusions

Most authors divide organic matter only into humic and
fulvic acids. However, in this study, organic matter is
considered as composed of humic acids, fulvic acids,
hydrophilic compounds and hydrophobic neutral. Mn,
Cu, Zn and Pb were bound particulardy to hydrophilic
compounds by an average of more than 87 %. Inthe case
of iron, the situation was different so that only a minor
portion of the element was bound to Hy and almost 80 %
was bound to HA. S and Mg were distributed equally
between humic acids and hydrophilic compounds and
only a small proportion was bound to fulvic acids. Hg
was distributed approximately uniformly in the organic
matter. Inall cases, amounts of elements bound to hydro-
phobic neutral organic matter were less than 0.4 % of the
total amount bound to the organic material.

Further, the relations of various strengths between
selected elements bound to individual fractions were
observed. Results of the analysis show that the Hg
content bound to the humic acids is inversely propor-
tional to the content of Mg, Mn, Fe and Cu. However,
this dependence was not confirmed by the samples with
the mercury content above 10 mg kg . In the case of
fulvic acids, the relationship between Hg and § was
observed and has again an inverse character. Correla-
tions of the sulphur content with Cu, Zn and Pb were
found also. They are pronounced in the total content in
organic matter and also in all fractions except fulvic
acids. Furthermore, strong relations were found among
Cu, Zn and Pb. Moreover, in hydrophilic compounds,
these elements are related to macronuirients (S and Mg).
Finally, high correlation coefficients (>0.94) among Mg,
Mn and Fe bound to humic acids were revealed.
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ABSTRACT

The potential bioavailability of Hg from soil might be estimated by a variety of chemical extraction procedures,
differing in the extraction agent, its concentration, the sample weight, and the time of extraction. In this study, a
comparative analysis of several extraction methods, commeonly used for obtaining the mobile and potentially mo-
bilizable phase of the mercury was carried out. Concentrated HNO,, 0.01 mol/L Na 5,0, 0.05 mol/L. EDTA and
0.11 mol/L. CH,COOH were used as the single extraction agents. Moreover, the sequential extraction was per-
formed. This procedure involved the following fractions: water soluble Hg, Hg extracted in acidic conditions, Hg
bound to humic substances, elemental Hg and mercury bound to complexes, and residual Hg. The results showed
that even strong acid HNO, is unable to release the mercury tightly bound to the soil matrix. This particular meth-
od with microwave digestion is commonly used for the estimation of anthropogenic pollution. Conversely, the low-
est mercury yield was obtained using the acetic acid as the single extraction agent. In this case, the concentrations
were below 0.15% of the total Hg content, which is a proportion generally defined as bioavailable to plants.

Keywords: bioavailability; extraction methods; inductively coupled plasma mass spectroscopy: advanced mercury

analyzer AMA-254

Mercury can be released from soil by different
extraction procedures. These procedures enable
the determination of particular species present,
the varying amounts of Hg bound to soil, and also
the bioavailability and toxicity. The least tightly
bound water-soluble fraction is obtained by the
simple extraction using deionised water (Rodrigues
et al. 2010). It estimates Hg portion present in soil
pore water. This fraction of mercury is usually
not in the form of the water-soluble ionic species
but as species bound to dissolved organic matter;
nevertheless, not directly on carbon (Biester and
Scholz 1996). The application of diluted CH,COOH
as an extraction agent belongs to the methods

simulating approximately composition of the soil
solution similarly as other mild extraction pro-
cedures such as CaCl, solution (Novozamsky et
al. 1993). The extraction solutions based on the
chelating agents such as EDTA or DTPA represent
another more efficient possibility. These agents
are able to displace metals from insoluble organic
or organometallic complexes in addition to those
adsorbed on inorganic soil components (Rao et
al. 2008). The other species are mercury fractions
bound on iron sulphides, manganese hydroxides
and carbonates, and Hg bound to the minerals. This

strongly bound mercury species can be obtained
by acids, e.g. HCI (Lechler et al. 1997).
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In soil, mercury can be bound very tightly to
sulphur forming the insoluble HgS (Boszke et al.
2008). This phase of mercury can be obtained
either by aqua regia extraction in a microwave
oven (Fernandes-Martinez and Rucandio 2003), or
using the saturated Na_5 solution from the residue
remaining after the extraction procedures (Revis
et al. 1989), The effect of the concentration of
Na 5,0, on the extraction efficiency was in detail
studied by lssaro et al. (2010).

The proportion of Hg, which is not firmly bound
to the silicate matrix of soil, is often obtained by
using HNO, as an extraction agent (Reis et al.
2010}). The mercury concentration in these extracts
enables an estimation of the amount of Hg from
anthropogenic sources. In some cases, concentrated
nitric acid combined with HCl { Teriic et al. 2011)
or H,50, (Mailman and Bodaly 2005) is employed
for total mercury content determination. It might
also be used in sequential extraction procedures to
obtain elemental Hg (Bloom et al. 2003). Sequential
extractions are suitable methods for the mercury
speciation analysis of solid samples. However, there
is no universal sequential extraction concerning
the individual Hg fraction determination. Several
approaches were demonstrated by many authors
(Renneberg and Dudas 2001, Sdnchez et al. 2005,
Han et al. 2006, Liu et al. 2008).

In this work, four various extraction agents as
well as sequential extraction were applied for the
assessment of Hg mobility and fractionation in
one anthropogenically contaminated soil.

MATERIAL AND METHODS

Samples. Ten soil samples were collected from
the former waste incineration plant in the suburb
of Hradec Krilové, Czech Republic. The selection
of sampling sites was based on the experiment of
Kacilkovi etal. (2009). Samples were collected in
the vicinity of points 3 and 5. The plot 3 represented
the average values of contamination {our samples
1-5), while extreme Hg content was measured in
the plot 5 closer to the plant (our samples 6-10).
Samples were taken from the top layer (0-30 cm),
air-dried, sieved < 2 mm and kept at 4°C for several
weeks. Following characteristics of soil were meas-
ured: PHeya, {(Novozamsky et al. 1993), organic
matter content (Sims and Haby 1971) and cation ex-
change capacity (IS0 1994). Total content of 8§ was
determined by X-ray fluorescence spectrometry

B8

(Spectro 1Q, Kleve, Germany), mercury analyser
AMA-254 (LECO model, Altec, Czech Republic,
Plzen) was used for total Hg determination. All
experiments were carried out in three repetitions.

Extractable fractions of mercury. Four extrac-
tion agents HNO,_, Na 8 O_, EDTA, and CH,COOH
were used to determine the mobile and mobilizable
phases of Hg. For determination of potentially mo-
bilizable mercury portions, 0.25 g of each sample
was decomposed in 5 mL of concentrated HNO _.
The reaction mixture was digested at 280°C dur-
ing 75 min by using microwave heating in MLS
ultraCLAVE IV system (Milestone, Leutkirch im
Allgdu, Germany) and then milli-q water was
added to a final volume of 50 mL. The mild ex-
traction procedures were performed as follows:
(i) Na,S,0, extraction proceeded overnight in
10 mL of 0.01 mol/L solution, which was added
to 1 g of the sample; (ii) 0.05 mol/L EDTA was
adjusted with NaOH to pH 7. Subsequently, 1 g
of soil was added to 10 mL of extraction solution
and shaken for 1 h; (iii) 0.5 g of sample was added
to 10 mL of 0.11 mol/L solution of CH,COOH and
shaken overnight. Subsequently, all the samples
were centrifuged for 10 min at 3000 rpm.

Hg content in all extracts was measured by
inductively coupled plasma mass spectrometry
{Agilent 7700x, Agilent Technologies Inc., Santa
Clara, USA). The isotope Hg(202) was measured
and Pt{195) was used as an internal standard
in concentration 10 pg/L. As reference mate-
rial, San Joaquin Soil (SRM 2709) was utilized
(theoretical Hg content is 1.4 £ 0.08 mg/kg;
obtained recovery was 98%).

Sequential extraction. The sequential extraction
procedure was designed by modifying the existing
extraction schemes (Bloom et al. 2003, Boszke et al.
2008). 0.1 g of each sample was leached into 10 mL
of chloroform, shaken for 3 h and centrifuged.
This step was considered as F0 and residue ob-
tained after the extractions was used in the next
procedure. The soil/liquid ratic was the same for
all extraction reagents. The extraction procedure
was performed on the bulk samples according to
the following scheme: F1 with redistilled water
— Hg leachable in water, F2 with 0.5 mol/L HCI
— Hg leachable under acidic conditions, F3 with
0.2 mol/L KOH — Hg bound to humic substances,
F4 with 50% HNO, — elemental Hg and complexes,
and F5 is solid residue. Experiments were carried
out at laboratory temperature on shakers GFL 3006
{Burgwedel, Germany) at 300 rpm and the extraction
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time was 18 hin all fractionation steps. Subsequently,
extracts were separated from a solid phase by cen-
trifugation for 10 min at 4000 rpm. The extraction
agents from each single step were used as blank
samples and the mercury content in all extracts
was determined by using the AMA-254 analyser.

RESULTS AND DISCUSSION

Soil characteristic. The pH_ ., of our samples
equalled 7.18 + 0.28 and the cation exchange capac-
ity was 131.7 = 3.8 mmol /kg. An oxidizable carbon
and sulphur content ranged between 1.2-3.4% and
0.28-0.56%, respectively. The organic matter com-
position and/or content as well as mercury affinity
to the individual fractions were described in the
other works (Kacdlkova et al. 2009, Sipkovi et al.
2014}). The measurements of the total Hg content
indicated that in the vicinity of the former waste
incineration plant there are places with relatively
low Hg concentration; however, the sample with the
amount of mercury reached even almost 29 mg/kg
(Table 1). Kacdlkova et al. (2009) reported the
same variability of the mercury content present in
the same area showing the concentrations ranging
from 0.15 to 12 mg/kg. Moreover, the highest or-
ganic matter content was observed in the samples
representing the highest Hg values.

Single extractions. The extraction yields by
individual extraction agents are shown in Table 1
and summarized in Figure 1 as relative Hg por-
tions extractable from the total content. HNO,
released around 50% of total Hg content in 8 of
10 samples. In the case of the most contaminated
sample the concentration was approximately 70%
and even 96%. Using Na 5,0, as an extraction

agent the mercury yield was also highest in the last
two samples. The average vield of these particular
samples attains approximately 20% of the total. In
other samples, the content of mercury ranged from
1.2% to 3.4%. Thus, it might be inferred that in
places with higher anthropogenic contamination,
the presence of mercury species bound to sulphur
is higher than in less contaminated samples. In
the case of the most contaminated site the rate of
extractable Hg using Na,5 0, corresponds with
the results reported by Issaro et al. (2010). They
showed that the extraction yield of Na,5,0; usually
reaches 50 £ 5% of Hg obtained by HNO, extrac-
tion from soils with high Hg levels from agricul-
tural processes near Paris, France. Moreover, they
showed that the rate of extractable Hgby Na § O,
is decreasing with decreasing total Hg content.
On the other hand, Subirés-Munoz et al. (2011)
obtained by this type of extraction approximately
20% of the total Hg content. Their soils originated
from the mining district of Almadén, Spain with
high background Hg levels and influence of an-
thropogenic activities.

Further, using chelating agent EDTA, the values
of extractable Hg ranged between 0.5% and 2% of
the total Hg content, in all the experimental sam-
ples. These results correspond to those reported by
Subirés-Munoz et al. (2011) who obtained less than
2% of the total Hg. This small variability suggests
that the amount of mercury, which might serve as
a source for plant uptake, is similar both in more
and less contaminated places. Coinciding results
were also obtained by extraction with a solution of
CH,COOH, which simulates natural conditions of
soil solution. The yields of CH_COOH were below
0.15% and confirmed no significant differences.
The low availability therefore seems to indicate

Table 1. Total and extractable contents of mercury after single extractions (pg/kg)

Sample Total HNO, Na,S,0, EDTA CH,COOH
1 1070 578 14.3 692 0.49
2 236 132 7.04 1.99 0.34
3 415 201 7.82 5.21 0.37
4 419 234 8.03 8.80 048
5 550 273 10.4 6.27 0145
6 2050 1132 52.1 0.37 073
7 396 123 135 295 0.44
B 580 oo 6.95 1904 0.7e
a9 28 200 20 108 877 481 11.3
10 10 500 10 040 2004 64.7 .64
89
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Figure 1. Extraction yield after single extraction using individual chemical agents

that mercury is strongly bound to sulphide phases
and/or to insoluble clay minerals and organic mat-
ter in the samples (Rodrigues et al. 2010).

Sequential extraction. Mercury contents ex-
tracted in each step (F1-F5) are reported in Table 2.
The sum of the amount removed by each extrac-
tion was in good agreement with the total amounts
obtained by AMA-254. Values of recoveries ranged
from 93% to 107%.

First fraction representing the total content
of organomercury compounds (F0) was below
the quantification limit (2 pg/kg) in all samples.
Maobile fractions F1 and F2 were also very low for
the majority of samples. Hg leachable in water
was detectable only in the samples No. 9 and 10,
containing the highest level of the total mercury
content. Rodrigues et al. (2010) found similar
value in samples from vicinity of chlor-alkali plant.
The mercury leachable under acid conditions was
measured in the aforementioned most contami-
nated samples and its content was less than 8%.
Such high mercury content discovered in soil from
the cinnabar refinery and mine by Miller et al.
(1995). Low amount of this Hg species was found

20

also in sample 6, which is the third site with high
mercury concentration.

In the case of F3, Hg species values obtained
were substantially higher. The semi-mobile mer-
cury contents ranged from 18% to 30%. These Hg
species bound to organic matter were regarded
as stronger complexes and thus have limited mo-
bility (Liu et al. 2006). Almost identical scale of
the mercury fractions observed in the study of
mercury mobility and bicavailability Boszke et
al. (2008). The organic carbon content was also
similar in this particular soil. Tersi¢ et al. (2011}
described mercury distribution in very contami-
nated soil from mining district of Idrija, Slovenia
and in their study, Hg bound to organic or min-
eral soil matter reached from 35% to 40% of the
total mercury content. These higher values can
be connected with acidic pH because mercury is
particularly bound to organic matter under the
low pH (Schwesig et al. 1999). On the contrary,
in our samples @ and 10 the percentage ratios of
this species were approximately 9% and differences
among the amounts of mobile and semi-mobile
fractions were relatively low.
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Table 2. Mercury contents in individual fractions after sequential extraction {pg/kg)

Sample F1 F2 F3 F4 F5
1 * * 270 610 150
2 * * 70 130 20
3 - . 120 250 =01
4 * * 120 240 f=0i ]
s * * 160 320 30
[ * 3o F60 1400 220
7 * * RO 280 30
B * * 130 350 70
Q 400 2300 2500 16 200 L300
10 160 G20 960 4900 3200

*data below the quantification limit (2 pg/kg). F1 - redistilled water; F2 — 0.5 mol/L HCL; F3 - 0.2 mol/L. KOH:

F4 — 50% HNO_; F5 - residue

The highest Hg content was found in the case
of non-mobile fraction, i.e. elemental mercury
and Hg bound to complexes (F4). Although the
sequential extraction by Lechler et al. (1997) was
carried out with distinct extraction agent, results
of Hg speciation showed the highest proportion
of elemental mercury in the soil samples from
former amalgamation milling of Ag-Au ores in
Nevada, USA. Reis et al. (2010} divided the mercury
species in a different way and their semi-maobile
fraction included also elemental mercury. Thus,
their values obtained from samples from the in-
dustrial complex and sulphide mine in Portugal,
were similar to the results obtained in this study
and the proportion ranged between 63% and 97%.

The content of mercury in solid residues after
the extraction was in the majority of samples be-
low 12%. However, in more contaminated samples
these values were higher. Obviously, the substantial
proportions of residues content are species bound
to silica or Hg sulphides. Liu et al. (2006) found
around 10% of Hg species bound to sulphur, which
corresponds to our hypothesis.

In order to describe the mobility and bioavail-
ahility of mercury, several extraction agents and
the sequential extraction described above were ap-
plied on soil collected near Hradec Krilové, Czech
Republic. In the area, several samples with high Hg
concentration were found and the highest amount
reached almost 29 mg/kg. Nevertheless, the total Hg
content mostly achieved less than 2 mg/kg.

Based on the results of analyses, only a low
amount of a mobile fraction, having the highest
toxicity, was determined. In the majority of sam-
ples, which originated from the surroundings of

the former waste incineration plant, less that 2%
of the total Hg content was found. The lowest
mercury vield was obtained using the acetic acid
as a single extraction agent, which is a proportion
generally defined as biologically available to plants
(Quevauviller et al. 1993). In all experiments, the
concentrations were below (.15%.

Conversely, elemental Hg and mercury complexes
were present in the highest amount and the propor-
tion of this fraction ranged between approximately
50% and 70%. In the case of Hg bound to humic
acids representing the semi-mobile species was
determined as the second highest. Contrarily,
higher Hg amounts were measured in the residu-
als of the two most contaminated samples. The
results of this study concern on specific site and
therefore the outcomes should not be taken as
general characteristics of all anthropogenically
contaminated soils.
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Both soil organic matter and sulfur (S) can reduce or even suppress mercury (Hg) mobility and bioavailability in soil. A batch
incubation experiment was conducted with a Chernozem and a Luvisol artificially contaminated by 440 mgkg ™" Hg showing
wide differences in their physicochemical properties and available nutrients. The individual treatments were (i) digestate from
the anaerobic fermentation of biowaste; (ii) fly ash from wood chip combustion; and (ifi) ammonium sulfate, and every treatment
was added with the same amount of 5. The mobile Hg portion in Chernozem was highly reduced by adding digestate, even after
1 day of incubation, compared to control. Meanwhile, the outcome of these treatments was a decrease of mobile Hg forms as a
function of incubation time whereas the contents of magnesium (Mg), potassium (K), iron (Fe), manganese (Mn), copper (Cu),
zinc (Zn), and phosphorus (P) were stimulated by the addition of digestate in both soils. The available calcium (Ca) contents were
not affected by the digestate addition. The experiment proved digestate application as the efficient measure for fast reduction of
mobile Hg at extremely contaminated soils. Moreover, the decrease of the mobile mercury portion was followed by improvement

of the nutrient status of the soils.

1. Introduction

Industrial activities have increased the proportion of Hg
in the atmosphere and oceans and have contaminated a
number of local environments [1]. From the ecotoxicological
point of view, critical limits of Hg (given as soil element
contents above which unacceptable effects are expected) are
substantially lower than values derived for other metals such
as Cd, Cu, Ni, Pb, and Zn [2]. Li et al. [3] compared the mobil-
ity and plant-availability of risk elements from industrially
contaminated soil where the soil-to-plant transfer coeflicients
were in the order of Cd > Zn > Cu > Hg > As > Ph, confirming
the relatively low availability of soil Hg for various vegetables.
Rodrigues et al. [4] observed the water-soluble contents of Hg
in highly contaminated sediment and soil samples (total Hg
contents even higher than 3000 mg-kg™") to be less than 1.2%
of the total Hg content. Boszke et al. [5] classified the divalent
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and elemental Hg bounds to humic matter/organic matter as
the “semimobile” element portion and observed low portions
of the water-soluble Hg species as well.

Luo et al [6] suggested that soil organic matter and
nitrogen were the important sinks for Hg in the soils. The
good capacity of Hg for adsorption and complexation in
the solid media resulted in limited bioaccessibility of this
element, which was reported by Hassen et al. [7]. Distribution
coefficients for Hgﬂ' binding by humic acids were determined
by Khwaja et al. [8], confirming that the calculated concentra-
tion of free Hg2+ at equilibrium is very low. Also, Heeraman et
al. [9] observed decreasing Hg mobility and plant-availability
in the organic matter-treated soil. The importance of soil
organic matter for Hg mobility and bicavailability in soil sam-
plesis known and well described [5,10]. As observed by Yao et
al. [11], the addition of humus can either suppress or promote
Hg bioavailability depending on the soil composition. In



this context, the effect of a particular humus fraction on Hg
bicavailability is related to its ability to convert Hg bound by
solid phases into soluble complexes, as well as the stability
of the released complexes. On the contrary, the presence
of dissolved organic matter (IDOM) can significantly reduce
maximum Hg adsorption capacity and even promote Hg
desorption from the soils [12].

Zagury et al. [13] evaluated the potential mobility and
plant-availability of Hg in the highly contaminated soils
by chlor-alkali plants, where the total Hg contents in soil
reached up to 11500 mg-kg_l. Although the water extractable
Hg portion was relatively low with regard to the high total
content, it represented significant concentrations correlating
with Hg uptake by experimental plants.

Reis et al. [14] observed that the presence of Hg in the
mobile phase could be related to Mn and aluminum (Al) soil
contents. A positive relation between Hg in the semimobile
fraction and the Al content was also observed. On the con-
trary, organic matter and S contents contributed to Hg
retention in the soil matrix, reducing the mobility of the
metal. Sulfide minerals are known to be effective adsorbents
for Hg(II) being the primary sink for Hg in the environment
[15]. In this context, Hesterberg et al. [16] demonstrated the
preferential binding of Hg{II) to reduced organic S sites. Sub-
sequently, similar observations were provided and described
in soils as mentioned by Remy et al. [17]. Concentration of
MeHg is negatively correlated with soil total organic matter
and total 5 and is influenced by the soil total Hg concentration
[17]. Akerblom et al. [18] highlighted that long-term chronic
SD,‘I' deposition at rates similar to those found in polluted
areas of Europe and North America increase the capacity
of peatlands to methylate Hg and store MeHg. Competitive
relationships between Hg and other metals in soil were
observed by Jing et al. [19], where desorption of adsorbed Hg
increased with elevated concentrations of added Cu or Zn.

In our investigation, a laboratory batch incubation exper-
iment was conducted with Chernozem and Luvisol differing
in their physicochemical parameters and the available nutri-
ent contents. Digestate, the bio-waste originating from biogas
production plants, was applied as a S-rich source of organic
matter. Alternatively, wood ash from biomass combustion
plants was applied as a different source of § and other macro-
and micronutrients. As proven by Ochecovad et al. [20], the
plant-availability of the risk elements in the contaminated soil
decreased after ash application, whereas the nutrient contents
tended to increase. To separate the effect of organic matter
and 5 in the soil, inorganic source of 5, ammonium sulfate,
(NH,),50,, was applied, as well. The main objectives of the
study were as follows: (i) to assess the ability of the individual
treatments to immobilize Hg in the artificially contaminated
soil and (ii) to evaluate the potential interactions between
Hg sorption in the experimental soil and the mobility of the
essential macro- and microelements in these soils.

2. Materials and Methods

2.1 Soils and Ameliorative Materials. The following two
snils. differine in their nhvsicorhemical characteristics. were
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TanLE 1: Main physicochemical characteristics of the experimental
soils.

Soil type Luvisol Chernozem
NRSC Soil Texture Silt loam Silt loam
Clay (<0.002 mm) [%] 5.38 218
silt (0.002-0.05mm) [%] 68.14 7180
Sand (0.05-2 mm) [%] 26.48 26.03

i S04 22N, 50°7'40" N,
Location W09 E 14722 33"E
Altitude (m as.l) A1 286
P Mehlich I11* (mgkg ") 100 a1
K Mehlich I11* (mgkg ™) &0 230
Mg Mehlich 111* (mg kg ™) 10 240
Ca Mehlich 11" (mgkg ™) 3600 5000

*Siphkovd et al. [23].

selected for the experiment: (i) uncontaminated Chernozem
with a cation exchange capacity (CEC) of 230 mmol kg™!,
a pH level of 75, and an oxidizable carbon content {Cox)
of 2.6%, and (ii) uncontaminated Luvisol with a CEC of
145 mmol kg, a pH level of 6.5, and a Cox of 1.7%. Nutrient
contents and other characteristics in both soil samples are
summarized in Table . Soils were sampled from a depth
of 20cm, immediately after which they were homogenized,
sieved through a 5mm diameter mesh, and kept at room
temperature. For the experimental incubation soils, samples
were sieved again using a 2 mm mesh and kept at 4°C until
use. The fly ash (pH 12.1) was produced by the combustion of
wood ash produced in two reactors (1.8 MW and 0.6 MW).
The digestate sample (pH 8.2) originated from a biogas
station (1732 kW/h), where the digested material consisted
of sugar beet pulp (50%), marc of fruit (42%). and silage
maize (8%). The macro- and micronutrient contents in both
ameliorative materials are summarized in Table 2. As an
inorganic amendment, solid particles of (NH,),50, were
used (Reagent from Fisher Scientific).

2.2, Experimental Design. For the experimental incubation
soils, 100 g of Chernozem and Luvisol soils were placed into
polypropylene bottles and immediately after were brought to
60% moisture saturation. Then, half of the soil samples were
artificially contaminated with Hg by adding 60 mg of HgCl,
to reach a concentration of 440 mg-l-:g_] of Hg. Subsequently,
organic and inorganic amendments: (1) ash, (2) digestate,
and (3) (NH,},50,, were applied both to contaminated
and noncontaminated soils. The rate of amendment was
calculated for 600 mg 5 per kg of soil as follows: (1) ash: 1.5g,
(2) digestate: 10 g, and (3) NH,50,: 0.25 g per bottle.

Soils that were contaminated and noncontaminated with
Hg were thoroughly mixed and incubated at 28°C for 21 days.
To evaluate the mobility of Hg in both soils and interactions
with macro- and micronutrients as well, soil samples were
collected after 1, 2, 3, 4, 7, 14, and 21 days of incubation. Three
renlicates were s#t nn ner treatment.
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TasLE 2: Nutrient contents in the dry matter of ameliorative
materials.

Element Fly-ash Digestate
P (%) 129 + 0.01 1.20 + 0.01
K (%) T4+ 0.02 212+ 0.0
Mg (%) 144 + 0.02 0.49 + 0.02
Ca (%) 134 +0.1 315+ 001
5 (%) 4.07 £0.01 0.60 + 0.01
Cu (%) 0.020 + 0.001 0.004 + 0.001
Fe (%) 179+0.0 (.18 + 0.01
Mn (%) 125 + 0,01 0.02 £ 0.00
Zn (%) 358 + 0.08 0.03 £ 0.00
2.3, Extraction of Soluble Portions of Hgy and Macro- and

Micronutrients. For the determination of bioavailable ele-
ment portions in soils during the experiment, 0.5g of
each sample was added to 10mL of 001 mollL.™ solution
of CH;COOH and shaken overnight [21]. Each extraction
was carried out in three replicates. For the centrifugation of
extracts, a Hettich Universal 30 RF (Germany) instrument
was used. The reaction mixture was centrifuged at 3000 rpm
(ie., 460 g) for 10 minutes at the end of each extraction pro-
cedure, and the supernatants were kept at 6°C prior to mea-
surements. Prior to the analysis, extracts were acidified with a
mixture of acids (HNO; : HC1 = 3:1). For the determination
of nutrient status in the experimental soils before the exper-
iment, the Mehlich III extraction procedure (0.2 molL™" of
CH,CO0H + 025mol L™ of NH,NO; + 0.013molL™" of
HNO, + 0.015mol Lt of NH,F + 0,001 mol L' of EDTA) at
the ratio of 1 g of soil per 10 mL of the extraction mixture for
10 min [22] was applied.

2.4, Determination of Hg. Hg content in the extracts was
measured by inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7700x, Agilent Technologies Inc., USA).
The auto-sampler ASX-500, a three-channel peristaltic pump,
and MicroMist nebulizer equipped the ICP-MS. Calibration
solutions were prepared in diluted single element ICP-MS5
standards as 0.1-100 ug L™ for Hg and the isotope Hg(202)
was measured. As an internal standard, Pt(195) was used at
the concentration of 100 pg L',

2.5, Determination of Macro- and Micronutrients. Inductively
coupled plasma-atomic emission spectrometry (ICP-OES,
Agilent 720, Agilent Technologies Inc., USA) equipped with
a two-channel peristaltic pump, a Struman-Masters spray
chamber, and a V-groove pneumatic nebulizer made of inert
material was applied for the determination of Cu, Fe, Mn,
Zn, P, and § in the extracts (the experimental conditions
were as follows: power of 1.2 kW, plasma flow of 15.0 L-min ",
auxiliary flow of 0.75 L-min "', nebulizer flow of 0.9 L-min "),
whereas flame atomic absorption spectrometry (F-AAS, Var-
ian 280FS, Varian, Australia; air flow of 13.5 L-min~", acety-
lene flow of 2.2 L-min"", burner height of 13.5 mL, nebulizer
uptake rate of 5 mL-min~") was used for Ca, Mg, and K

determination in the extracts.

53

2.6. Determination of Total Nufrient Contents in the Amelio-
rative Materials. For determination of total element contents
in the ash, nondestructive X-ray fluorescence (XRF) spec-
trometry (Spectro IQ), Kleve, Germany) was used; the target
material was palladium and the target angle from the central
ray was 90°. The focal point was a Imm x lmm square,
and the maximum anode dissipation was 50 W with 10 cfm
forced-air cooling. The instrument was equipped with the
Barkla crystal HOPG. The tested samples were pressed into
pellets; this involved mixing 4.0g of ash (particle size 15-
20 pm) with 0.9 g of the binding additive (HWC Hoechst
wax, Cermany) for 10 min with a pressing power of 80 kN.
The determination was performed in the Institute of Rock
Structure and Mechanics, Academy of Sciences of the Czech
Republic.

The digestate sample was decomposed by pressurized
wet ashing as follows: aliquots (~0.5 g) of air-dried samples
were decomposed in a digestion vessel with 10mL of Agua
regia (i.e., nitric and hydrochloric acid mixture in the ratio
1:3). The mixture was heated in an Ethos 1 (MLS, Germany)
microwave assisted wet digestion system for 33 min at 210°C.
ICP-OES and F-AAS were then applied as described in the
previous subchapter.

2.7 Statistics. The data obtained were subjected to Dixon’s
test for the identification of outliers (significance level @ =
0.05) using Microsoft Office Excel 2007 (Microsoft Corpora-
tion, USA). Subsequently, one-way analysis of variance was
used at the significance level @ = 0.05 using the Statistica 12
program (StatSoft, USA).

3. Results and Discussion

3.1. Changes in Hg Mobility in the Treated Soils. The mobile
Hg contents affected by the individual treatments and their
variability during the incubation experiment are summarized
in Figure 1. In the treatments without artificial Hg appli-
cation, the mobile Hg contents were under the detection
limit of ICP-MS. Similarly to our previous observations [23],
Ruggiero et al. [24] also documented that most of the Hg
in the long-term polluted soils was scarcely mobile and
available. The Hg contents in digestates and fly ash are usually
low as well [25, 26] and did not affect the mobile portions of
Hg in our experiment. The extractable Hg contents differed
according to the physicochemical parameters of the used
soils and to the individual treatments. In Chernozem, the
extractable Hg contents were low regardless of the treatment
at the beginning and end of incubation. Within the 3rd and
7th day of incubation, the mobile Hg portions increased i all
treatments (including control) except for the digestate. Simi-
lar course of Hg mobility changes were observed by Bower et
al. [27] in the experiments studying the mercury adsorption
onto pyrite indicating the formation of nonmobile sulfides
over time. In the Luvisol, the mobile Hg portions decreased
during the incubation, whereas they dropped to the levels
reached in Chernozem by the end of the experiment. As
stated by Miller et al. [28] soil Hg contamination can

ranse reduced microhial hinmass at the contaminated sites.
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Ficure I: The concentrations of Hg extractable with 0.1l mol L™ acetic acid within the incubation experiment {mgkg™') according to the

individual treatments.

However, some microorganisms have developed mechanisms
to adapt to Hg, that is, Hg-resistant bacteria. Thus, the
changes in Hg mobility observed throughout the experiment
could be partially attributed to different communities of soil
microorganism present in both Chernozem and Luvisol.

Therefore, among the individual treatments, digestate
was shown to be the most effective Hg immobilizing agent,
whereas fly ash seemed to be less effective, and no significant
difference was reported comparing the ammonium sulfate
treatment and untreated control except the faster increase
of mobile Hg content in 3rd and 4th days of the incubation
indicating potential role of increased portion of mobile sulfur
as mentioned below. The effectiveness of individual treat-
ments as well as the temporal changes in mobile Hg portions
were also affected predominantly by the soil where higher
sorption capacity and organic matter content in Chernozem
resulted in lower mobile portions of Hg in all the treatments
except increased mobility of Hg after ash application in 7th
and 14th day of the incubation. These results also indicated
that § content in the ameliorative materials was not the main
factor controlling the Hg mobility in the soils. Luo et al. [6]
reported a low relationship between 5 and Hg contents in
soils with low total organic carbon (~2%), as in our case,
where the carbon content was not increased by the addition of
ammonium sulfate and ash. In the opposite, the Hg behaviour
in soils strongly differed if digestate with high content of both
5 and total carbon content was applied.

Higher organic carbon content in the soil can enhance
both soil microbial activities and the retention of total Hg
and MeHg in soil [29]. Soil microorganisms need essential
metals for their metabolism, which are often required in low
concentrations and act as enzyme cofactors [30]. Therefore,
high contents of macro- and micronutrients in both ash and
digestate (Table 2) can be beneficial for the enhancement
of the microbial activity in soils. Limited Hg mobility via
complexation with soil organic matter was already described
[9]. Ravichandran [31] reviewed the formation of extremely
strong ionic bonds between Hg and reduced § sites in soil
organic matter supporting the importance of the mutual role

nf 8§ and oreanic matter in He immohilization in  snil.
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Therefore, the Hg desorption increased with elevating con-
centrations of dissolved organic matter [10]. In our case, the
dissolved organic matter after 1 day of incubation varied
between 71L.9mgkg! (control) and 1070mgkg™ (diges-
tate) in Chernozem and between 21.2 mg—kg'l {control) and
56.4 mg-kg ' (digestate) in Luvisol. Afier 7 days of incubation,
the DOM contents increased even 22-fold in the digestate-
treated Luvisol, whereas the maximum 1.5-fold increase was
observed in Chernozem. Therefore, our results indicate that
more complex factors can change the Hg mobility in soil than
solely the content and solubility of organic carbon in soil. For
example, the affinity of Hg to bind to metal oxides should be
taken into account [32]. Also, the role of some soil bacteria
which are able to degrade Hg compounds into metallic Hg by
the action of specific enzymes encoded by the mer genes and
then be released into the surrounding environment should
be considered [33]. Thus, the decrease of mobile Hg in soil
could be partially figured in the volatilization of this element
during incubation. This assumption remains to be verified in
further research. In our investigation, the experiments were
concerned on the description of potential decrease of mobile
Hg content without exact resolution between immobiliza-
tion/volatilization ratios after the individual treatments.

3.2. The Effect of Hg and/or Ameliorative Materials on Mobile
Contents of Macro- and Micronutrients in the Soil. 'The mobile
macro- and microelement contents affected by the individual
treatments and/or duration of incubation are summarized in
Tables 3, 4, 5, 6, 7, 8, 9, 10, and 11. The presence of digestate
showed a predominant effect on the mobile portions of most
of the elements among all the treatments. The mobile element
contents significantly increased after digestate application
for most of the determined nutrients, except Ca and Cu in
Chernozem (because of its low availability in the ameliorative
materials). More apparent increase of mobile element con-
tents after application of digestate was observed for Luvisol
compared to Chernozem due to higher sorption capacity

of Chernozem in accordance with their higher CEC lewvel.
For pxamnle. Tahle 4 shows S5-fold increase of maohile Mo
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TanLE 3: The concentrations of Ca extractable with 0.11 mol L™ acetic acid within the incubation experiment (mgkg™); the averages marked
by the same letter did not significantly differ at P < 0.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 7555+ 331 FESS 218 8390 +all¥ 9674+ 2190 9034 +238° 9856 + 1191 6040 + 270°
Contral + Hg 8074 + 260°  TE94 £ 350° 46T +£a677° 9607 £ 193° 8201+ T02®  B95] = 236% T8E5 + 983
Digestate 8282 £ 735°  B094 155 BO49+ac8T 10122 £206°  BR86 +362° 1004 +926° 12402 £ 2330%
Digestate + Hg 8108+ 232 9656+ 282° 78 +ad454° 1360+ 152 10104 +£205° 10232+ 499%F 11286 + 14%F
Ash B448 = S4F°  BM6+alRF R7T46+al7F  089B £ 213 9661+ 466% 9633 2203%  0R35 + 2134%
Ash + Hg Bl64 £ 921° BOT2+aSI1F  B7I7 +adll® 10910+ 898° 0862+ 300% 10599 £ 387F 9350 + 1118
(NH,),50, TIIOLSTE T409 a0 BOST +ad 10134 £1290° 8942+ 307°  B893 £ 990° 10045 £ 2115
(NH,,50, + Hy 8041796 7393 +a35¢° B350 +1151° 9820 =207° 8991+ 382° 10238+ 790F 7031+ 3008%
Luvisol Day 1 Day 2 Day 3 Dray 4 Day7 Day 14 Day 21
Control 1404 + 96 1401 £ 73 1372 + 56° 1691 £ 51% 1671 £ 90° 1764 + 223 1273 + 1257
Control + Hg 1450 £ 93° 1407 + 38° 1396 + 45° 1635 + 52 1575 + 107° 1655 + B9 1274 + 283°
Digestate 3558+ 121 2593 4 574° 2733 + 452" 4086 + 116 3776 + 264° 3204 + 380° 3757 + 428%
Digestate + Hg 3455+ 568" 3190+ 282%  3139+328% 38042613 446226445 39751 206° 4758 + 3270
Ash 2335 + 433 2382+ 197° 2281 + 121° 2540 £ 2345 2917 11647 2686 + 281° 2121 + 286a°
Ash + Hg 1981 + 254* 1908 + 149° 2044 + 161 2574 + 517 717 + 117" 3092 + 190% 2784 + 4677
(NH,},50, 1514 + 57* 1356 + 36* 1411 + 102 1651 + 697 1597 + 79° 1684 + 135° 1663 + 92
(NH,),50, + Hg 1655+ 54* 1577 + 2467 1431 + 59° 1742 + 108% 1616 + 32° 1666 + 124* 1690 + 107

TabLE 4: The concentrations of Mg extractable with 0.11 mol L™ acetic acid within the incubation experiment (mg-kg'); the averages marked
by the same letter did not significantly differ at P < 0.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Dray 14 Day 21
Contral 389 + 207 401 + 2 483+ 8° 562+ 18 503 + 48° 546 2 23° 371+ 50°
Control + Hg 347 + 112 406 + 207 447 + 30° 556 + 16 502 + 69° 505 + 34° 533 & 135%
Digestate 544 + 50F 544 = 30° 603 + 657 753 £ 53¢ 656 + T6% T8I + 54° 963 + 155
Digestate + Hg 519 + 37° 603 + 24° 610 + 45" 809 + 447 734279 742 + 220 859 4 77
Ash 447 + 4% 458+ 27° 522427 612+ 27% 566 + 56° 574 + 66° 636 + 1474
Ash + Hg 432 £ 57% 447 = 9 518 + 35 681 + 72 555 + 31° 626 + 62 585+ 122%
(NH, )50, 34+ 394 £ 16% 461 £ 13 572 £ 72° 506 + 59° 494 + 71° 626 + 1712
(NH,),50, + He 406 + 30% 390 + 10* 468 + 32° 566 + 10° 505 £ 45° 553 + 3¢ 489 + 119
Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Contral 655 T1+5 T2 89+ 7 120 + 47° 129 + 61° 89+ 19°
Control + Hg 70+ 4° 22 Tizl? 86 + 3° 108 + 43° 115 + 457 Bl 1"
Digestate 362+ 27° 259+ TOF 325+ 52° 446+ 5 408 + 40P 301 + 51 423 £ 1I°
Digestate + Hg 364 £ BF 336 + 38° 363 + 92° 460 + 54° 476 + 28° 416 + 33 366 + 90°
Ash 144 + 32 156 + 197 162 + 34T 176 + 21° 231 £ 51° 214 + 66° 174 + 407
Ash + Hg 116 + 18 121+ 4% 140 £ 21 178 + 47° 214 + 57° 243 + 31° 240 + 33
(NH, .50, Tizx0* 68 + 07 7245 g5+ 1 120 + 49° 114 + 43° 120 + 33°
(NH,),50, + Hg B5+9° 74+ 5 76 + 7 27 105 + 46° 119 = 50* 17 + 38*

contents in the digestate treated Luvisol compared to up to
40% increase of mobile Mg in Chernozem.

Moller and Muller [34] reviewed recent research about
nutrient availability after the field application of digestate and
stated that there is no available information concerning the
availability of 5, although digestate seems to be a good source
of § in soil; this was also observed in our case (Table 2) where
the 5 content in the digestate sample reached up to 0.6%.
Similarly, they stated that there were many published studies
describing the effect of anaerobic digestion on micronutri-
ent distribution and bioavailability in sewage sludge, but
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rarely any concerning digestates. Moreover, the availability of
micronutrients in the digestate can be affected by the wide
complex of various factors such as precipitation as sulfide,
carbonate, phosphates, and hydroxides, sorption to the solid
fraction, either biomass or inert suspended matter, and the
formation of complexes in solution with intermediates and
compounds produced during anaerobic digestion [34]. The
application of digestate results in an improvement of crop
yields compared to inorganic fertilizer. Moreover, analysis of
soil solution showed that there was less potential for the loss
of nutrients vig leaching [35] in the digestate treated soil.
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TasLE 5: The concentrations of K extractable with 0.11 mol L™ acetic acid within the incubation experiment (mgkg '); the averages marked
by the same letter did not significantly differ at P < (.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Diay 21
Control 68 + 5 7a+ 4 TBx 2 4+2 92+ 4 95 £ 0° 533
Control + Hg LR 76 £ 4° 7107 73 90 + 6° 943 76+ 12°
Digestate 2882 + 906" 2931 + 491° 3026+ 304° 3547+ 163" 3615+ [77° 3842+ 277° 4408 + 506°
Digestate + Hg 2461 + 510° 3163 + 128" 2961 + 261" 915+ 370° 70+ 164Y 3697+ 191 4283 + 367"
Ash 269 + 66° 284 + 40° 294 + 50° 317 + 78 374 + 359 362+ 18% 406 + 146°
Ash + Hg 260 + 61 305+ 77 310 + 47° 467 + 101 362 + 25% 446 + 63° 359 + 82
(NH,),50, 97 + 5 119 = 11° 107 + 6 130 + 13 126 + 6% 7 + 13 109 + 6
(NH,),50, + Hg 105 + 6° 109 + 4° 12+ 6 13522 130 + 5% 145 + 107" 1568 + 207°
Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Dray 14 Day 21
Control u7 +7* 126+ 7 117 + 3° 140 + 4° 138+ 2 47 + 9 12
Control + Hg 122+ 6 130 + 6° 125+ 4° 13924 138 +5° 146+ 3* 1222 21°
Digestate 3324 1 201 2684 + 425 3173 + 54* 3857 £ 252° 3936 + 37° 3665 + 83° 4063 + 418°
Digestate + Hg 3728 + 541° 3306 + 214 3351+ 540%  40652150° 3927 + 308° 3655 = 64° 3304 + 180°
Ash 431 + 146* 487 + 78 431+ 11 419 + 70° 548 + 66" 446 £ 71 387 + 18°
Ash + Hg 316 + 70° 343+ 41° 370 + 39° 454 + 102° 439 + 15" 546 + 66° 553 + 118*
(NH,),50, 15223 455 M43 1P 162+ 1° 161 + 5° 167 +9* 166 + 17°
(NH,),50, + Hg 159 + 6 158+ 9° 15224 629 169 + 4 162+ 4* 170 £ 14°

Tanvx 6 The concentrations of Cu extractable with 0.11 mol L™ acetic acid within the incubation experiment (mg-kg '); the averages marked
by the same letter did not significantly differ at P < (.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Dray 7 Dray 14 Day 21
Control 0,045 + 0.007*  0.030 + 0008 0.015 £ 0.003 0025+ 0.003° 0062+ 0018 0064 + 0013 0017 + 0.008°
Control + Hg 0047 +0.012* 0017 £ 000 0.007 + 0.004° 0023+ 0.003° 0039 +0.019° 0098 + 00250 0034 + 0.015
Digestate 0224+ 0.092° 0230 +0.098° 0187 + 0037 0299+ 0.010° 0362+ 005 0517 +0.085° 0911 £ 0.141°
Digestate + Hg 0120+ 0.010°  0.094 + 0026 0.08% + 0.028% 0166 + 0.038" 0264+ 0.031% 0334 +0.03° 0763 + 0.065°
Ash 0053 £ 0019 0059+ 0014 0032 +£0.007° 0054+ 0012  0.065£0.042% 0073 £ 0043 0148 £ 0.029°
Ash + Hg 0.079 = 0.01F  0.042 = 0003 0026+ 0.005° 0060 £ 0013 005520035 0085+ 0027° 0141+ 0.069°
(NH, .50, 0047 £0.035° 004800137 0018 £ 0,006 0022+ 0006 0.080+0.031%F 0091+ 0.038  0.090 + 0.060°
(NH,),50, + Hg 0,038+ 0.020°  0.029 + 0.007° 0.008 + 0.008° 0029 +0.002* 0029+ 0.013  0.066 % 0.048° 0379 + 0.093%
Luvisol Day1 Day 2 Day 3 Day 4 Day 7 Dray 14 Day 21
Control 0095 +0.003° 0084+ 0019 0061 +0.007  0.034+0.02° 0042 £ 0.047* 0226+ 0.008 0252 + 0.055°
Control + Hg 0128+ 0.020° 018+ 0.021% 0,098 £ 0.01° 0156 + 0.024%  0.164 + 0,062 0357+ 0.021% 0230 + 0.062°
Digestate 0284 + 0.085° 0268 £+0.022° 0316 £0.05° 0553 £0.087° 0534+ 0.136% 0785 £0.032° 1200+ 0.142°
Digestate + Hg 0166+ 0.022° 0095+ 0.012 0020 £ 0055 0031+ 0.092° 0019+ 0.015° 0594+ 0137 0,678 = 0,164
Ash 0196 + 0.026* 0161+ 0.036% 0145+ 0.023% 0269 + 0.051F 0220 = 0.045° 0542 + 0.046% 0493 = 0081
Ash + Hp 0.225 + 0.048% 0261+ 0.024" 0193 £ 0.016% 0298 £ 0.045° 0266 + 0.040° 0578 + 0.058°  0.900 + 0.042%
(NH, .50, 0101+ 0.022° 0191 = 0.048% 0078 £0.004° 0184+ 0.018° 0161+ 0024° 03080057  0.658 + 01037
(NH,),50, + Hp 0140+ 0027 01382 0.028° 0121+ 0.014" 0247 2 006" 0.193 £ 0.050° 0422 + 0.101°° 0555 £ 0.062°

Also, Freseth et al. [36] observed that the field application
of digestate contributed to higher soil aggregate stability.
According to Fernandez-Delgado Juarez et al. [37],amending
soils with digestate resulted in a higher nutrient content as
well as more efficient soil microbial community relative to
the variants treated with farmyard manure. Therefore, the
application of digestate seemed to be the effective measure for
immobilization of Hg in soil together with increase of mobile
nutrients in these soils.

The application of wood fly ash as a potential source
of available nutrients in the soil is widely discussed in the

literature [38, 39]. The benefits on the growth of the plants
as the result of an increase in available P, Ca, Mg, K, and
B and a decrease in Al toxicity was described [38]. Steenari
et al. [40] tested the release of macro- and microelements
from various ash samples, whereas low leaching rates were
observed for the important plant nutrients P and Mg, as
well as for Fe, Mn, Cu, and Zn, up to 50% of total K was
released during the batch leaching test. In our case, the
extractable element contents in the ash amended samples
differed according to the experimental soil, where Ca, Fe,
and Cu levels remained unchanged compared to the control.
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TasLE T: The concentrations of Fe extractable with 0.11 mol L™ acetic acidwithin the incubation experiment {mg-kg "} The averages marked
by the same letter did not significantly differ at P < (.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day7 Day 14 Day 21

Control 154 £ 038 2047 +626°  R49:070° 028 +0.00° 0.48 £ 0.11° 452024 025+ 0.06
Control + Hg 140 + 0.09* 8.20 + 2.34° 1076 £ 802 018003 020+ 003 2.90 + 1.05° 0.24 + 0.04
Digestate 493 2 9.4° 95.4 + 17.0° 105.9 + 2.6° 1425+ 117 102.4 £2.7° 324253 487 + 6.4
Digestate + Hg 70+ 4.2 619+ 15.2° 771+ 28.8° 731+ 107 69.4 +55° 480 +142° 48.3 + 967
Ash 131 + 0.16° I8.78 + 5867 6.87 +1.97° 0.26 + 0.10° 035 + 0.11° 153+ 017 0.90 + 0.24
Ash + Hg L16 + .46 817 + 2.01° 758 + 4.58° 0.30 + 0.11° 0.28 + 0.04° 107 + 0.10° 0.06 + 0.03
(NH,),50, 1.29 + 0.15° 1720 + 5.83* 553 = 1197 035 + 017 0.26 + 0.06° 391 132 0.15 = 012
(NH,),50, +Hg  113+028° 10.53 + 3.15° 721+ 297 0.14 + 0.09° 0.23 = 0.03* 153 = 0.19° 2.37 + 0.36°
Luvisol Day 1 Dhay 2 Day 3 Day 4 Day 7 Day 14 Day 21

Control 388+ 217 20.08 + 6.85° 735 + 1.27° 131+ 018 104 + 0.14° 717 + 2.64° 113 + 0.66°
Control + Hg 2.21 £ 0327 1002 +4.37 1224+ 219° 138 + 0.3 0.91 + 0.08° 599+ 0768 (.67 = 047
Digestate 100.8 + 33.1° 519+ 25.4° 676 + 40.6% 447 +14.3F 774+ 145 425 = 13.0° 1735 = 7L.0P
Digestate + Hg 080 +387% 3409+823° 3294:704Y 41375285 48472972 065 +540" 3154+ 638
Ash 2.80 + 0.70° 16.71 + 3.74* 15.41 + 3.44° 1.82 + 0.59° L58 + .77 744 £ 2.07° 186 + 143
Ash + Hg 2.56 + 0.27° 15.88 + 9.53° 1124 + 4.10° 121 + 0.44° 0.99 + 0.18° 2.94 + 1.18° 0.59 + 0.05"
(NH,),50, 3.07 = 0.09° 8.82 +0.53 7.06 + 2.55° L6l £ 0.21° 128 + 0.07° 5.68 £ 115 164 + 0.30°
(NH,),50, +Hg  3.01+032* 1036 +£232* 1456 + 2.55° 159 + (.21 139 + 0.24° 247 £ 0.47° L02 £ 027

TabLE 8: The concentrations of Mn extractable with 0.11 mol L™ acetic acid within the incubation experiment (mg-kg™'); the averages marked
by the same letter did not significantly differ at P < 0.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 195 £ 1.7 19.9 + 0.7 122+ L 35.0 = 6.1* 139+ 09 467 + 16.0° 347 + 8.7
Control + Hg 14 + 4.4 220 + 3.4% 20.7 £ 3.9 362 + 4.8° I6.6 + 0.3 373 £ 5.0° 78 + IL6°
Digestate 168 + 22° 168 + 12 177 + I0°F 232+ 4° 204 + 4° 28+ 1P 301 = 68
Digestate + Hg 152+ 4° 181 + & 168 £ 4° 229 + 23 04+ 5 208+ ¥ 266 + 30°
Ash 424 +7F 387 +98° 575+ 217 70.2 + 85% 66.3 + 10.6° 66.9 + 14.0° 1015 £ 53.7%
Ash + Hg 385+92° 400+44"  461+702" 968+ 18.0° 739 65 931+£155% gi0s 323
(NH, )50, 238+ 15 241+ 1.6% 270 £ 0.7° 467 + 507 697 + 16,67 M31+£197 1256+ 360F
(NH )50, + Hr 264 + 85 280 + 74% 30.3 +93% 39.2 + 5.5 407+ 0.8 56.5 + 13.9° 70.8 + 367
Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 270 + L0 303 £ L0° 336 + 164 55.9 = LOP 508+ 9.3 64.1 £ 14.0° 347+ 78
Control + Hg 436085 4332100 451+70% GTas51® 615+ 6.7 774+ 85% 8+ 71
Digestate 161+ 9% 142 + 23 169 + 84 191 + ¢ 198 + 25° 189 + 1F 301 + 30°
Digestate + Hg 148 + 9¢ 176+ 2 180 + 54 222 + 10¢ 223+ 11 229 = 1t 266 + 81°
Ash 549 +10.4° 504 = B.8° 53.2 + 9.0% 870 + 14.2° 134+423 1402238 1015 + 34.1°
Ash + Hg 544177 5862 24" 58.9 + 4.8 86.0+ 1.7 819+ 585 108.9 + 0.8 83.0 + 69.1°
(NH, 1,50, 278 + 05" 285+15 29017 50.3+ 83 428 + 6.6° 60.9 + 12.4° 1256+ 32"
(NH,),50, + Hp  465+46  469:52"  426+32°  624+124° 659+ 6.0° 3.6+ 297 70.8 +5.2°

On the contrary, the extremely high Zn level in the ash
(Table 2) resulted in the significant increase in the extractable
Zn portion of the ash-treated soil regardless of the soil type
(Table 11). A similar pattern was reported for Mg, where the
increase in the extractable Mg portion was more apparent
in Luvisol (Table 4). Whereas in the Luvisol the mobile Mg
contents increased twice after ash application, the mobile
portion of Mg in Chernozem rised only by 10-15%. The low
mobility of micronutrients in various ash samples was also
confirmed by Szikova et al. [41]. The K, Mn, and P extractable
levels tended to increase compared to controls (significance of
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the differences at F < 0.05 was unambiguously proved only
in the case of Mn, see Table 8) but were significantly lower
compared to digestate application, not confirming the high
K leachability from ash samples observed by Steenari et al.
[40]. Although the total 5 contents added via the individual
treatments were comparable, the mobile portions of ash-
derived 5§ were lower compared to those after the application
of digestate and ammonium sulfate. Ochecovd et al. [20]
observed increasing mobile portions of Ca, P, K, Mg, and Mn
in the fly ash-treated soil after a 3-year model pot experiment.
However, the effects were significant for the 3-6 fold higher
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TanLE 9: The concentrations of P extractable with 0.11 mol L™ acetic acid within the incubation experiment (mg-kg ) the averages marked
by the same letter did not significantly differ at P < 0.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Dhay 21
Control 90.9 + 6.3 B89 =249  1123+33F 1093 + 70 536+ 75 BBE+ 11T 559 + 6.5°
Control + Hg B5.0 = 178° BE +19° 084+19.0° 1278+ 143 912+47 981+ 14.1° 793 + 139
Digestate 1500 +50.0°  269.0+495"  2352+632°  3209+605"  1800+235° 278613050  246.0+599°
Digestate + Hg 2509+ 624" 2856+ 283" 2616+ 404"  3610+142°  293.6+125° 27452517 25354518
Ash W71+ 6.2 1021 + 171° WL7+28 1300+181° 154+ 175 98.9 = 9.7° 123.3 + 30.4*
Ash + Hg 1042 +75° 1016 + 57 W055+64 13832119 U84+280° 1532600 966+ 196
(NH, )50, 969 + 10.0° 613 + 1.7° 934 + 131 104+ 4.8 944+ 17 022+126° 1168+ 156"
(NH,),S0, + Hg  B43+47 902 + 43 179 + 2.3 187 + 171 554+ 3 S8 + 79° 106.5 + 374°
Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Dhay 21
Control 629+ 5.8 619 + 6.3 612+ 111 70.8 + 0.6* 65.8 + 16.3° 56.627 +* 389 +3.8°
Control + Hg 66.8 + 9.6 634 +05 5.6 + 10.4* TL5 + 8.6 62317 674 £57° 437 + 12.0°
Digestate 3237+262%  202+676° 203445870 3234+143"  2903+300" 24584568 2540+ 240°
Digestate + Hg 3296+ 829" 2865+ 406" 2463+772° 35002448 34862904 2622:287° 1307 2489t
Ash B5.0+ 5.5 B4.4 2 BB B05 £ 13.° 906 + 14.1° 916 = 74° 783 + 4.8° 55.6 + 6.10°
Ash + Hp 76.4 + 6.3 737 £ 4.7 75.8 + 3.6° 507 £12.4* Bld + 15° B6.S + 4.0° 687 = L6
(NH,),50, BlL3+ L1 583+ 3.6 573+ 400 691+ 8.2 59.4 + 4.8 593420 606 +£92°
(NH,),S0, + He 604+ 16 729 +13.7° 59.6 + 1.8 69.5 +12° 633+ 4.1° 58.8 + 2.5 58.7 + 0.6°

TabLE 10: The concentrations of § extractable with 0.11 mol L™ acetic acid within the incubation experiment (mg-kg ™'} the averages marked
by the same letter did not significantly differ at P < 0.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 8.8+ LIP 97+ 0.9 12356 149 +5.0° 77+ 2.1° 161+ 4.1° 0.0+ 2.7
Control + Hg 93+ 0.6 962 0.6 96415 13.0+2.4 151+ 4.3 152437 155 + 4.6°
Digestate 2550+ 140 19954548 1290+37% 897 +203® 661235 1322:529% 2131939
Digestate + Hg ~ M14+304"  2206+296"  1627+462° 1981+ 6367  9L6+67"  13642490% 3076+ 10.8%
Ash 1381+ 376"  M0B+329°  M392330° 15384303 1681+ 120% 1654 +160F 20019+ 627
Ash + Hg 13822028 1589475 15524219 2436+ 418%  1926+33"  205.0+287° 2025 +547
(NH, )50, 3440+ 820° 4943115365 45451796 G062 1455 4836 +552° 5284+ 0917 5196+ I046°
(NH;)-50, + Hr 3663+ 667° 445.8+046° 3867 +131° 6606+ 1893° 483241623 7665+ 7870 4297 +123.6%
Luvisol Day 1 Day 2 Day 3 Day 4 Dhay 7 Day 14 Day 21
Control 46+ L0° 49+ 107 53+ 86223 111+ 36 118 + 6.3 91133
Control + Hg 50+ LIP 47403 5704 98+ 6.1 114155 0.2+ 49 70+ 0.6°
Digestate 2964+ 274% 226+275%  2755+322% 4205+ 1224%  3291+6209 220341200 2649 + 1004
Digestate + Hg 2732 +£556" 2059+ 197 2342+ 462" 2207+485%  803+266° w49:1l" 62529320
Ash 1832+ 752" 183.2+200°  2145+640" 20822156 2236+ 138" 1983+ 140° 15LO+270°
Ash + Hg 1345+ 216"  136+1L8°  1528+212% 290+272% 23344345 2287:406° 20341 368"
(NH, )50, 4435+ 963 4030+ 960° 4666+ 878 5904+ 1308°  4303:9750 5052+ 10865 5708+ 185
(NH,);50, + Hp 5361+6L6°  5641+302° 5410+ 780° 6876 + 879" S601+248° 564447265 TOLE+3LE

ash rate compared to our experiment. Thus, the increase of
mobile nutrient contents in soils will manifest at higher ash
rates compared to our experiment.

The interrelationships between soil Hg and other soil
element contents described by Reis et al. [14] indicate that the
presence of Hg in the mobile phase could be related to Mn and
Al s0il contents. Furthermore, an antagonistic effect of Mn
against Hg is suggested. Our data tended to increase of mobile
Mn contents during the incubation (Table8) as related
to decreasing mobile Hg (Figure 1). Similarly, Sierra et al.
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[42] observed negative significant correlation between the
available Mn in the rhizosphere and Hg content in plants.
On the contrary, 5 content contributed to Hg retention in
the soil matrix, reducing the mobility of the metal [14]. In
our case, the changes of Hg mobility in soils (Figure 1) did
not reflect the changes in mobile portion of 5 during the
incubation experiment (Table 10). In contrast, the presence
of sulfates seems to favoer Hg uptake by the plant. There
was a positive significant correlation between the sulfate
concentration in the rhizosphere and the Hg within the
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TasLe 11: The concentrations of Zn extractable with 0.11 mol L™ acetic acid within the incubation experiment (mg-kg™); the averages marked
by the same letter did not significantly differ at P < 0.05 within individual columns; data are presented as mean + standard deviation (n = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control L34 + 0.07 L37 £ 0.08° 0.87 + 0.03 157 £ 019 1.42 £ 0.40° 132 £ 026 059 £ 0.02°
Control + Hg 143 +0.29° 127 + 0.06° 0.88 + (.15 136 + 0.19° 128 = 008 128 = 016 0.97 + 0,33
Digestate 656 + 0.81° 6.60 + 121 602+ LI 902 + 093 744 + 0.26° 1L06 + 1.22° 1251 £ 137
Digestate + Hg 5.23 £ 1.36° 5.74 £ 0.82° 5.21 + 0.84° 776 + 0.34° 6.69 + 026 7.89 = 017 9,98 + 151
Ash 1083+ 232% 5201+ 200° 858 + 21.8F 939+ 237" 1029 +12.2° 7722173 126.6 + 32.9%
Ash + Hg 516+ 25.8° 471+ 10.4° 815+ 21.4° 153.8 + 257 085+ 316" 13762224 1543+ 288"
(NH,),50, 1.57 + 0.29° 155+ 0.15* L12 + 0.09° L67 + 0.07° L66 + 0.20° 2.29+ 027 2.27 £ 0.3
(NH,),S0, + Hg 165+ 0.6 1.39 + 0.08° L15 + 018 144+ 013 145+ 013 156 + 0.06° 5.02 +0.35°
Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 2.66 + 0.10P 292 +0.19° 246+ 021 345 + 0.19° 3+ 017 305+ 0,10 2.02+ 039
Contral + Hg 294+ 0068 299+ 0.30° 2.64 + 015 484+ 217 305 + 0.04* 326 + 0.06° 2.41 = 0.89°
Digestate 1158 + 0.67° 813 + 2.0 BS3+ 157 1404 +043 1307+£099° 1249+ L14° 14.68 + 1.98*
Digestate + Hg 902 + 1.29° 833 + LO4° 786+ 0690  1024+05*  998=07F 11.85 + 1.90° 6.8 = 438
Ash IBLE£307"  1729+288% 16L4+328° 164623008 21422245 1556+258° 1158+ 230°
Ash + Hg 112.4 + 31L.8° 922 +12.9 121.1+233% 1658+ 346" 1626 + 4.6° 019 +3575 2309+ 387
(NH,),50, 305 £ 0.18° 36 £ 073 165 + 0.04° 374 £ 027 338+ 003 3.98 £ 0.50° 439 + 147
(NH,),50, + Hg 3372024 307 + 0,28 295 + 0.24° 4.18 + .08 318 0310 344 + 0.07° 346+ 0.35°

aerial and root parts of plants [42]. However, only total
§ extracted with the 0.11mol L™ solution of CH4COOH
was determined by the ICP-OES and a portion of mobile
sulfates in the extract was not determined in our case
and requires further research. The competition between Hg
and Cu and Hg and Zn in soils described by Jing et al
[19] was not confirmed in our case. For Fe, Mehrotra and
Sedlak [43] and Rhoton and Bennett [44] highlighted Hg
immobilization vig sorption and/or the complexation of Hg
with Fe compounds in soil. This statement seems to be
confirmed for Chernozem, whereas the opposite pattern was
observed in Luvisol. In Chernozem, the mobile portions of
Fe decreased significantly after digestate application on the
Hg amended samples compared to the unamended ones.
In Luvisol, the mobile Fe contents increased in the Hg +
digestate amended samples since 2Znd day of incubation with
maximum at 7th day suggesting competitive relationships of
Fe and Hg in this case. The complexity of Hg sorption on
Fe/Mn oxides was documented by Liang et al. [45], where
the role of amorphous/crystalline Fe and Mn hydroxides,
humic acids content, and also chlorine concentrations were
mentioned. Sipkovi et al. [46] observed a negative correlation
between Hg content bound to the humic acids and the content
of Mg, Mn, and Fe. Therefore, the more detailed information
concerning soil components, humic acid portions in the
digestate, as well as the importance of the application of
HgCl, compared to the other Hg compounds remains to be
elucidated in further research.

4, Conclusions

Although the response of Hg contaminated soils in different
ameliorative materials was affected by the individual param-
eters of the soils, especially by the different soil sorption
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capacity and organic matter contents in these soils, digestate
proved to be the most effective for the immobilization of
Hg in soil. Contrary to the other S5-bearing measures such
as wood fly ash and ammonium sulfate, in the case of
digestate, the Hg immobilizing effectiveness resulted from
the cooperation of various factors such as 5 and organic
matter content. Moreover, the digestate application can result
in an improvement in the macro- and micronutrient status
of the soil, where mobile and theoretically plant-available
portions of these elements increased in particular. Thus,
the field application of organic matter-rich biowaste such as
digestate seems to be reasonable for the disposal of this type
of material, leading to a decreased environmental risk of Hg
contamination in soil.
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ABSTRACT
The precise characterization of the behavior of individual microorganisms in the presence of indeased
mercury contents in soil is necessary for better elucidation of the fate of mercury in the soil environment.
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In our investigation, resistant bacteral strains isolated from two mercury contaminated soils, represented M'E' 'u':,'mm:mm
by Paenibacillus alginolyticus, Burkholderia glathei, Burkholderia sp., and Pseudomonas sp, were used. Two o0 i mohiling:
differently contaminated soils (0.5 and 7 mg kg " total mercury) were chosen. Preliminary soil analysis thizbon, spaciation.

showed the presence of methylmercury and phenylmercury with the higher soil mercury level Modified
rthizobox experments were performed to assess the ability of mercury accurnulating strains to deplete the
mobile and mobilizable mercury portions in the soil by modification; microbial agar cultures were used
rather than the plant reot zone. A sequential extraction procedure was performed to release the following
mercury fractions: water soluble, extracted in acidic conditions, bound to humic substances, elemental,
and bound to complexes, HgS and residual. Inductively coupled plasma mass spectrometry (ICP-MS) and a
single-purpose atomic absorption spectrometer (AMA-254) were applied for mercury determination in the
samples and extracts. Gas chromatography coupled to atomic fluonescence spectrometry (GC-AFS) was
used for the determination of organomercury compounds. The analysis of the microbial community at the
end of the experiment showed a 42% abundance of Poenibadlius sp. followed by Acetiibro sp.
Brevibacilius sp, Cohnelln sp, Lysinibacilius sp, and Clostridium sp. not exceeding 2% abundance. The
results suggest importance of Poenibadlius sp. in Hg transformation processes. This genus should be
tested for potential bioremediation use in further research.

Introduction levels of Hg generally depress microbial activity. However, the

Biological methods of soil remediation represent cost-effective
and environmentally friendly methods to decrease the level of
risk elements in soils. In the case of Hg, phytoremediation stud-
ies are still being conducted within the laboratory setting. Until
now, no typical mercury hypersccumulating plant has been
described "' Plant species characterized by and increased ability
to accumulate mercury, such as Rumex scutatus ssp. Induratus,
Marrubium vulgare, and several crops such as Hordeum spp.,
Lens culinaris, Cicer arietinum, Lupints polyphyllus, and Triti-
cum aestivum have been mentioned ¥ However, the phytoex-
traction efficacy of these species is relatively low, requiring a
long period of time to achieve a substantial decrease in the mer-
cury content of the soil.

Investigations describing the role of soil microbial commu-
nities in mercury accumulation and/or transformation are rela-
tively rare, and the precise characterization of the behavior of
individual microorganisms in the presence of increased mer-
cury contents in soil is still unclear in many aspects. Increasing

effects of Hg on soil microbial activity depend on the soil type
and composition, particularly the organic matter content. Some
bacteria are able to resist heavy metal contamination through
chemical transformation by reduction, oxidation, methylation,
and demethylation.” The genetic system that evolved as the
“mer operon” is in fact the only well-known bacterial metal
resistance system, allowing for the transformation of its toxic
target into wolatile nontoxic forms. Both organic (CHsHgX)
and inorganic (HgX) forms of mercudal compounds pass via
MerC and MerT inner membrane proteins into cytosol where
the action of the enzyme MerA results in volatilization and cel-
lular release of only Hg" or both Hg” and CH, respectively.®
These mechanisms enable the microorganisms to survive even
in an extremely Hg contaminated environment'”) and have
been observed in plasmids, chromosomes, transposons, and
integrons of both Gram-negative and Gram-positive bacteria,®

The bicavailability of nutrents as well as potential risk ele-
ments and other pollutants is predominantly driven by soil
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conditions in the rhizosphere. Root exudates play an important
role in this process, as they consist of a mixture of organic
acids, chelates, vitamins, amino acids, purines, nucleosides, and
inorganic ions!? For a detailed investigation into the processes
in the rhizosphere, soil thizobox ﬂpeer;ents'ml can be done to
assess changes in soil properties up to several millimeters from
plant root surfaces. Instead of the depletion of nutrients and for
changing the mobility of risk elements and other pollutants in
rhizosphere soil, these experiments are applied for the investi-
gation of changing microbial activity in the rhizosphere soil as
affected by the risk element level'™" the interrelationship
between soil nutrients andfor organic matter transformations,
and the soil microflora."* " Frequently, rhizobox experiments
are provided as experiments describing the potential effects of
various phytoremediation measures.” '™ The efficacy of the
bicdegradation of organic pollutants wa both plants and soil
microflora in rhizosphere soil can be investigated wsing the rhi-
zobox approach *%27

In our study, the potential effect of resistant bacteria in mer-
cury contaminated soil on the mobility, volatilization, and spe-
clation of mercury was evaluated in a rhizobox experment.
The resistant bacterial strains isolated from mercury contami-
nated soils and identified preliminarily as the most resistant
bacteria in contaminated soil (more details metioned below)
were used for bicaugmentation of the soil in our experiment.
The main objectives of the study were i) to assess rhizobox
application for microbiclogical experiments using agar instead
of plant roots for the culture of soil bacterial strains and i) w
evaluate the ability of Hg-resistant microorganisms Lo accumu-
late and transform Hg with regard to their potential bioremedi-
ation use.

Material and methods
Experimental design

The mining and smelting district of PHbram, Czech Republic is
known for its Pb-Ag-Zn polymetallic mineral deposits which
were mined and processed from the Middle Ages until the
1970s. Emissions from primary and secondary lead smelters
are responsible for high concentrations of metallic contami-
nants (Ph, Cd, and Zn) in soils *¥ Increased Hg contents, espe-
cially in forest soils, have been observed in this area as well.
Organic phenyl-mercury chloride, called Agronal, has also
been used for protecting seeds from fungal diseases. The
employment of this process was prohibited in the 1990s, and a
newly developed seed dipping process has replaced it However,
the warehouse where dipping was performed is in the vicinity
of PHibram, and represents an additional source of soil Hg con-
tamination in this area

Preliminary analysis of these soils has shown low contents of
mobile Hg forms (water-soluble and plant-available fractions),
but the location can be considered as hazardows to the environ-
ment due to the high content of total Hg (varying between 0.85
and 9.8 mgikg) and potential oceurrence of organometallic
compounds.™' The maximum permissible limits of elements
in the soils of the Czech Republic is publically availabley;!*
according to this notice, the total Hg concentration is set as
0.8 mg kg ', confirming the high contamination level in our

sampling area. Therefore, this area was chosen for sampling of
representative soil samples for the model rhizobox experdment
At the time of this study soil pH was 7.0, the oxidizable carbon
content (C,y) was 324% and the cation exchange capacity
(CEC) was 175 mMU/kg. Conceming the contents of available
nutrients, the contents of elements extractable with the Mehlich
Il extraction procedure™ were: 0.04 + 0.00% of P, 0,62 +
007% of K, 0.31 + 0.00% of Mg 0.26 + 0.03% of Ca, and
007 £ 0.01% of 5.

The microbial community isolated from these soil samples
was cultivated in liquid agar culture amended with a solution
of HegCl; to reach the final Hg concentration in the medium
0.1 mol L7, The bacteria being able to survive and grow in this
medium were identified as the genera Rhodanobacter, Frateu-
ria, Luteibacter, Mycobacteriwm, Bacllus, Bradyrhizobium, Bei-
ferinckia,  Staphylococcus,  Sphingomonas,  Paenibacillus,
Burkholderia, and Peewdomonas. The methods applied for the
analysis of the soil microbial community are deseribed next.

Two sets of modified rhizobox experiments with two soils
colected at the area of interest with different levels of soil Hg
(0.5 and 7 mg kg ' total mercury as determined before start of
the experiment and labeled as Experiment 1 - lower level, and
Experiment 2 - higher level of Hg, respectively), each with five
thizobox units, were provided to assess the ability of mercury
accumulating strains to deplete the mobile and mobilizable
mercury portions from soil. The soils were collected at the area
of interest according to previous experiments,”¥ air-dried,
sieved through 2 mm diameter mesh and thoroughly
homogenized.

Before start of the experiment, soil moisture was set up at 60%
of the maximum water holding capacity (MWHC) using deion-
ized water and kept at this level for whole experiment. No sterili-
zation of the soil was provided to keep the natural microbial
community in the soil and to estimate the potential ability of the
organisms to pendrate the nylon membrane and the agar layer.
Special designed rhizoboxes ' allowing sampling of the soil rhi-
zosphere vertical profile in a thickness of 1 mm per layer, were
modified to apply microbial instead of plant root zone ailtures
as follows: the root zone of the thizobox was flled up with the
agar inoculated by the four organisms, Paenibacillus alginolyti-
cts, Burkholderia glathei, Burkholderia sp., and Pseudomonas sp.
in the comparable amount of the organisms,

These organisms were chosen from the organisms isolated
from the contaminated soil (see above) because of their best
growth characteristics among the genera able W grow for a
long-time in the medium containing 0.1 mol L' Hg, The agar
layer was in contact with the “rhizosphere soil compart-
ment"" 1ia the nylon membrane. The “thizosphere soil com-
partment” of the rhizobox with the agar layer was kept in the
dark to avoid potential photochemical reactions. The “soil-
plant compartment” was filled with the contaminated soil, as
well to simulate the real conditions. The duration of the experi-
ment was 90 days. The experiment was carred out in the green-
howse under controlled conditions at 20°C. At the end of the
experiment, the soil was cut without freezing into root-parallel
sections according to the distance from plant roots using a spe-
clally designed slicing device,'™ freeze-dried and homogenized.
The agar layer with the microbial colonies was separated from
the membrane and freeze-dred as well.
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Analytical methods

For the determination of the bisavailable element portions in
soils, 0.5 g of each sample was added to 10 mL of 0.11 mol L™’
solution of CH5COOH and shaken overnight'™! Each extrac-
tion was carried out in three replicates. For the centrifugation
of extracts, a Hettich Universal 30 RF (Germany) instrument
was used The reaction mixture was centrifuged at 3000 rpm
for 10 min at the end of each extraction procedure, and the
supernatants were keptat 6°C prior Lo measurements,

The sequential extraction procedure releasing the particular
fractions of Hg bound to individual soil components was per-
formed as follows: 0.1 g of each sample was leached into 10 mL
of extractant and the residue obtained after the extractions was
used in the next step. The soil/liquid ratio was the same for all
extraction reagents. The extraction procedure was performed
on the bulk samples according to the following scheme: F1 with
redistilled water—Hg leachable in water, F2 with 05 mol L'
HCl-Hg leachable under acidic conditions, F3 with 0.2 mol
L' KOH-Hg bound to humic substances, F4 with 50%
HMO;-elemental Hg and complexes, FS with a saturated solu-
tion of Na,S-mercury sulfide, and Fé-solid residue. Experi-
ments were carried out at laboratory temperature on shakers
GFL 3006 (Burgwedel, Germany) at 300 rpm and the extraction
time was 18 h in all fractionation steps. Subsequently, extracts
were separated from the solid phase by centrifugation for
10 min at 4000 rpm. ™

Inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7700x, Agilent Technologies Inc, Wilmington, DE,
USA) with an ASX-500 auto-sampler, a three-channel peristal-
tic pump, and MicroMist nebulizer and an AMA-254 single-
purpose atomic absorption spectrometer (LECO model, Altee,
Czech Republic) were applied for mercury determination in the
individual samples and extracts. Agar from the microbial cul-
ture was dissolved in 6 M HCl and Hg was determined using
the AMA-254,

For speciation analysis of organomercury compounds, 0.5 g of
the sample was placed in a glass vial and extracted with 10 mL of
& mol/L HCl using a GFL 3006 redprocating shaker for 12 h.
Then, 5 mL of bquid extract, after centrifugation on an EBA 20
Hettich centrifisge at 3500 rpm, was placed in a 40 mL pglass vial
and 17 mil of 4 mol/L sodium acetate was added to reach pH 5.
The vial was closed immediately after the addition of 1 mL of
hexane and 1 mL of 2% sodium tetraethylborate (NaBEL,) and
shaken on TKA Vortex Genius 3 shaker for 5 min. After phase
separation, 2 uL of the extrad were injected into the column of
the chromatograph. Gas chromatography coupled to atomic
fluorescence  spedrometry  (GC-AFS; Aglent Technologies
6890 N Network GC System with a PSA 10750 fluorescence
detedor) was used for the determination of organomeraury com-
pounds, ie, methylmercury (MeHg) and phenylmercury
(PhHg). The GC separations were performed on a 30 m =
032 mm LD. HP-5 capillary column. Optimized GC parameters
were: splitless injection mode; injection port temperature, 220°C;
argon flow, 2 mL/min; oven lemperature programme, from 50°C
to 130°C at ramp rate 15°Cimin; from 130°C to 230°C at ramp
rate 30°C/min; oven final temperature, 230°C; final time, 1 min.

Gaseous elemental mercury Hg” was measured at 2537 nm
by a portable single-purpose Lumex RA-915+ mercury
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analyzer (Lumex Ltd., St. Petersburg, Russia). The analyzer is
based on Zeeman atomic absorption spectrometry with high-
frequency modulation of light polarzation. The radiation EDL
source (mercury electrodeless discharge lamp at 4 = 2537 nm)
absorhs only gaseous Hg'. The measurements were repeated
twice during the incubation, one and two months after the
beginning of the experiment

For microbial community analysis, DINA was extracted
using the modified method of Miller™ and purified as
described previously.™"! The V4 region of bacterial 165 rRNA
was amplified as a service by the Argonne National Laboratory
with the barcoded primers 515F and 806R."* Amplicons were
sequenced on an Hlumina MiSeq. The amplicon sequencing
data were processed with SEED 1.2.1.7% Briefly, pair end reads
were merged, chimeric sequences were deleted, and the remain-
ing sequences were clustered using UPARSE™ positioned at a
97% similarity level. Consensus sequences were constructed,
and the closest hits at the genus or species level were identified
using BLASTn search against the GenBank database. Full tax-
onomy was assigned to the identified hits using the SEED 1.2.1
permanent magnetic field

Results and discussion

The high total Hg contents found in our anthropogenically
contaminated soils did not differ from their contents in other
industrial areas. For instance, Bloom et al. ™! determined soil
Hg contents in various industrial locations reaching up to
73 mg kg . Similarly, Millén et al. ™ determined the soil Hg
contents up to 1710 mg kg " in the vicinity of a cinnabarite
mine Total contents of Hg in the individual rhizobox sections
(Fig. 1} did not show any unambiguous changes with distance
from the agar layer for both soil contamination levels. For ace-
tic acid extractable Hg, the first experiment with lower total Hg
content led to a similar conclusion, most probably due to the
low extractable Hg contents falling close to the detection limits
of the analytical method However, at the higher Hg level in
experiment 2, the results suppested a slight decrease in mobile
Hg in the soil segments closest to the agar layer.

Similarly, Li et al'™! investigated dynamic changes in the
thizosphere properties and antioxidant enzyme responses of
wheat plants ( Triticum aestivim L) grown in three levels of
Hg-contaminated soils and found that the soluble Hg in the
thizosphere soil solutions of the wheat plants decreased over
time, especially in the highly Hg polluted soil compared to the
slighty Hg polluted soil. They explained these changes by the
decreasing pH in rhizosphere soil due to plant root activity. In
our case, the effect of the exudates of the microbial community
can be speculated on in this context.

The results of detailed Hg fractionation in the individual soil
segments are summarized in Tables 1 and 2. As for total Hg,
the results suggest ambiguous behavior of the Hg fractions as
affected by the distance from the microbial culture, most prob-
ably due to the low mobile mercury pool in the soil regardless
of the anthropogenic source of contamination. Water soluble
Hg, mimicking the bioavailable Hg pool in soil, was low in
accordance with other investigations where the most mobile
Hg portions in industrially contaminated soils represented up

65



4 (W) 1 SEAKOVAETAL

- - to 5% of the otal Hg*® The distribution of Hg in the soil seg-
’ Al ments differed with the different soil contamination levels.
With a lower Hg content in experiment 1, Table 1) the predom-
inant Hg fraction was F3, Le., the fraction representing the low
mobile Hg pool bound o humic substances. In the more con-
taminated soil, the Hg was distributed predominantly among
three fractions in the order F4 = F3 = F5. Thus, the most abun-
dant Hg fraction was the semi-mobile elemental pool, as wsu-
ally observed in highly contaminated industrial soils*? The
high Hg pool was bound to sulfides, according to Liv et al, ¥
presenting a sulfidic Hg pool of arcund 10%.
The speciation of mercury in soils affected by industrial
A o activity connected with a chlor-alkali plant in the Thur River
1 7 3 4 5 & basin (Alsace, France) was investigated by Remy et al.'*! Con-
Dvistariee from agae layer (mem) centrations of MeHg reached up 1w 0,027 mg kg " and total Hg
~o-Tatal Hg ~ —8 0L11 mol/L CH3COOH eximctnble Hg up to 29 mg kg ', confirming the low proportion of organo-
mercury compounds in soils. In our case, detectable concentra-
W - e tions of organomercury compounds were observed only in
B experiment 2 with a higher soil Hg content (Fig. 2). The results
show low levels of MeHg with no apparent trend according to
B . e the distance from the agar layer, whereas the PhHg levels
tended to decrease with the distance from the agar layer. It has
already been shown that the organic forms of mercury are
more mobile than inorganic forms, and thus more toxic and
more readily bio-accumulated. ") Thus, we can speculate on
the role of microbial exudates resulting in the mobilization of
organic Hg species. The presence of PhHg is not surprising in
the vicinity of a seed-dipping warehouse where phenylmercury
chloride was applied, as documented by Hintelmann et al, 1
" - . T % 6 . The volatile pool of Hg was also detected in experiment 2
- . - with the higher Hg level. The concentrations of volatile Hg”

Dristance: from ogar layer (mm)

“O-Total g -@= 011 melL CHICOUH extrctable Hg determined above the upper part of the rhizoboxes varied

Figure 1. The totsl and mobis . N . o between 13 and 20 ng m ~ in the first measurement and from
re 1. a i oontents g in sodl according to distance m 3 el _
agar layer; A experiment 1, B experiment 2: data are presented 2 mean + starr- 16t 19 ngm ™~ in the second one, whereas the Hg” concentra

dard deviation,n = 5. tions in the ambient air varied from 5 to 12 ng m ™. Although
abiotic reduction in soils occurs with the help of reductants

(electron donors) such as Fe*t and humic and fulvic com-

06k - 4 20

Toanl He img/kgl
Extractable He (pgkg)

Toaal Hy {mpkg)
Extractable Hg (pgikg)

Table 1. Mercury contents in individual fractions after sequential ewtraction — experiment 1; F1 - Hg leachable in wiater, F2 - Hg leachable under acidic conditions,
F3 - Hg bound to humic substances, F4 - sementl Hg and @mplaxes, F5 - menowry sulfide, and F& —residual H.

Dismne from swuface (mm] Fimag'kg F2 ma/kg F3 makg Fa maulg F5 mo'kg F& mavkg Recovery %
1 T ] L35 + QOa7 029 + 002 Q105 + 0021 U070 + Qa2 U015 £ a7 G55 + 35
2 R T ] L0 + @014 030 + @03 Q100 + 04 0065 + o1 L5 + D65 + 21
3 R T ] L0 + 014 031 + 006 LOES + 0U021 U080 + Q028 L5 + T NS5+ 211
4 T ] L0A0 + Q014 030 + @06 OO0 + 0.1 4 U060 + Q028 U015 £ a7 965 + 35
5 R T ] L5 + Qa7 028 + 06 0105 + 0,007 U050 + Q14 L0 + Q000 G0+ 7
] R T ] 050 + 14 027 + 003 0135 + 049 0120 + QO8S L0 + Q000 G0+ 14

Table 2. Mercury contents in individual fractions after sequential ewtraction — experiment 2; F1 - Hg leachable in water, F2 - Hg leachable under acidic conditions,
F3 - Hg bound to humic substances, F4 - demental Hg and @mplexes, F5 - mercwry sulfide, and F6 —residual Hg.

Dismne from swuface (mm] F1 makg F2 ma'kg F3 ma/kg F4 ma/kg F5 mavkg Fs ma/kg Recovery %
1 L6 £+ Q006 U062 + 043 295 + 058 38+ 1M 1040 £ @52 034 + 0,004 9348+ 41

2 LES + Q006 A7 + 36 230+ 0.50 338+ 097 116+ @70 035 + 0,006 07+ 26
3 002 + Q008 LBE2 + Qo2 230+ 0.49 335 + 085 112 + Q85 049 + 0,009 926+ 70
4 LECLE T L] 042 + 034 2,15 + 042 329+ 094 106 + @77 LT ES T 903 + 68
5 01 £ Q0D L4 + Q025 215+ 035 3.48 + 086 103 £ Q78 05 + 0N 904 + 14

] LB + @il L3 + Q028 215+ 05 3.48 + 085 047 £ 072 OS5 + 0o 955+ 104
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Figure 2. The contents of organomercury compounds (MeHg and PhHg) in sodl
according to distance from agar layer — expenment 2 data are presented as
mean + standard deviation, n = 5.

pounds, ! the potential role of various soil microbial strains
has been widely investigated. Under model laboratory condi-
tions, organisms such as Pseudomonas putida, Acidithiobacillus
Sferrooxidans, or Lysinibacillus fusiformis are able to volatilize
from 50% to almost 100% of Hg.[#-*

For the estimation of Hg accumulation in the microbial bio-
mass, the exposed agar layer was analyzed at the end of the
experiment The total Hp contents varied in the range from
0.11 to 0.36 mg kg " at the end of the first experiment and
from 2.09 to 157 mg kg " after the second experiment (the
pure agar contained 00034 mg kg™ ' of Hg). In the second
experiment, detectable values of organomercurials were found,
ranging from 2.2 to 12.1 pg'kg of MeHg, and from the levels
below the detection limit o 84 ug kg ' of PhHg. Therefore,
the microorganisms showed a high ability to accumulate Hg,
especially in highly contaminated soil. Karunasagar et al =
investigated the Hg and MeHg biosorption ability of Aspergillus
niger where the accumulated Hg contents reached up to 3.2 mg
g ! of the sorbent without any toxicity symploms for the
microorganisms. Similary, the high Hg accumulation capacity
of Peeudomonas sp. and Bacillus sp. was observed by Grassi and
Netti'®® in extremely Hg contaminated coastal water,

To describe more precisely the soil microbial community at
the agar layer in the end of the second experiment, the diversity
of the individual strains was analyzed. The organisms repre-
senting 27 phyla were identified; those with more than 1%
abundance are summarized in Fig. 3 Sorkhoh et al*® identi-
fied Gammaproteobacteria, Actinobacteria, and Firmicutes as
the dominant mercury-resistant phyla. In our case, Firmicules
was the predominant phylum at the end of the experiment, and
the detailed analysis of these organisms showed 42% abun-
dance of Paenibacillus sp. followed by Acetivibrio sp., Breviba-
cillus sp, Cohnella sp., Lysintbacllus sp., and Clostridium sp.
where their abundances varied between 0.5 and 1.8%. Other
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Fgure 3. Relative abundance of indvidual phyla (for phyla representing = 1%
abundance within the community) of microongandsms in the agar layer identified
in the end of rhizobo: experiment; data are presented as mean + standard devia-
tion, n= 5.

genera of Firmicutes did not exceed 0.6% of the total amount of
the organisms.

Within the Paenibacillus genus, Paenibacillus agaridevorans
was the most abundant slpa_ms. with abundance ranging from 7
to 32% of sequences”™ The characteristics of the microbial
community before start of the experiment and after 90 days of
cultivation are substantially different. Among the four microor-
ganisms inoculated to the agar layer Paemibacillus sp. abun-
dance exceeded the remaining organisms where the abundance
of Pseudomonas sp. (Gammaproteobacteria) reached 3.5%, and
Burkholderia sp. (Belaproteobacteria) only 0.1%. Comparing
the agar-dwelling microbial community with the community
identified in the soil before start of the expedment, from the
organisms able to grow in the 0.1 mol L™ solution of Hg, only
Luteibacter (Gammaproteobacteria), Mycobacterium (Actino-
bacteria), Bacillus (Firmicutes), Staphylococcus (Firmicutes),
Bradyrhizolium (Alphaproteobacieria), and  Sphingomonas
(Alphaproteobacteria) in abundance between 001 and 06%
were identified. Therefore, only Paenibacillus sp. proved to be
the predominant organism growing for a long time in the spe-
cific conditions of the rhizobox experiments. The evaluation of
the microbial strains behavior without presence of dominating
Paenibacillus sp. should be provided in further research to
assess which organisms are able o replace it.

Conclusions

Paenibacillus sp. are Gram-positive, aerobic or facultatively
anaerobic, spore-forming bacteria and are known as promising
organisms for the bioremediation of soil contaminated by poly-
aromatic hydrocarbons (particulardly naphtalene) in soil '
However, their potential ability to accumulate and transform
Hg in soil has never been tested. Microorganisms suitable for

67



6 (W) JSTAKOVAET AL

bioremediation should be charactedzed by developed resistance
mechanisms against the target pollutant, thereby avoiding
potential cell damage.'™™ Simultanecusly, the bacteria should
be able to absorb the pollutant and transform it into volatile
compounds, For mercury, this represents the reduction of
Hg™" to He” followed by passive volatilization without a loss of
energy.”™”

In such cases, the microbial biomass worls as a catalyst
without mercury accumulation in the biomass. In this context,
Dédnococcus geothermalis, Cupriavidus metalidurans, Entero-
bacter cloacae, Alkaligenes faecalis, and Peeudomonas putida
has been suggested as promising organisms afier model labora-
tory experiments, ™ Our results suggest that Paenibacillus
sp. should be tested for potential bioremediation use as well.
However, their ability to accumulate, transform and potentially
volatilize mercury needs to be investigated in further research.
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Abstract

Purpose The interaction of mercury with organic matter was
smdied on three soils with distinct physical-chemical composi-
tions (Fluvisol, Luvisal, and Chernozem) and three
vermicomposts based on various bio-waste materials (digestate,
kitchen waste with woodchips, and garden bio-waste).
Marerials and methods Laboratory batch experiments, in
which organic matter composition was modeled by adding
graded doses of vermicompost to individual soils, were car-
ried out. The composition of organic matter in these
vermicomposts was assessed via fractionation ofhumic acids,
fulvic acids, hydrophilic compounds, and possible hydropho-
bic neutral organic matter. Furthermore, the samples were ar-
tificially contaminated with inorganic and organic mercury.
Prepared samples were stored under constant temperamre of
25 *C. The incubation experiments lasted for 36 days, in
which the samples were taken ten times. During the experi-
ments, the changes in mercury mobile phase amount were
observed, and the influence of the source of contamination
was evahiated.

Results and discussion The amount of mobile mercury -
creased and then decreased during the time. In most of the
soils and vermicompost combinations, the content of mercury
bound to the soil was stable after 21 days. The effects of the
mercury source on the exchangeable portion of Hg in the soils
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were most obvious in samples without added vermicompost.
MNevertheless, differences between mobile inorganic and or-
ganic forms of Hg were lower in the case of Fluvisol com-
pared to other soils. Moreover, in this soil, the content of
available mercury was higher than from others.

Conclusions In general, the smallest differences between mo-
bile inorganic and organic forms of Hg were observed in the
case of soil with the highest content of organic matter. Also
higher doses of vermicomposts decreased the amount of mer-
cury mobile phase available. Additionally, the largest positive
influence of vermicompost dose on Hg mobility was mea-
sured in soils combined with vermicompost with the highest
portion of humic acids.

Keywords Bioavailability - Incubation experiments -
Mercury - Organic matter - Vermicompost

I Introduction

Because of the potential toxic influence of mercury on the
environment, the most accurate evaliation and description of
mercury sorption by soil is essential. Sources of anthropogen-
ic contamination could be miscellaneous, e.g., mining and
smelting activities (Femandez-Martinez etal. 2005), industrial
production, waste incineration, and agriculure (Cattani et al.
2008; Kacilkova et al. 2009). The fate of mercury in soil
depends on its physicochemical parameters such as mineral
compositions and pH (Schliiter 1997; Rodrigues et al. 2006).
In particular, the quantity and quality of soil organic matter are
important for Hg mobility and bioavailability. However,
chemical affinity to individual fractions of organic matter is
different (Milne et al. 2003) and depends on the complexing
capacity and complex stability of these fractions (Yao et al.
2006). Organic matter consists of high molecular-weight
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hydrophobic compounds, collectively termed humic sub-
stances. They are comprised ofhumic acids ( HA), falvic acids
(FA), simpler low-molecular weight hydrophilic compounds
{Hy), and hydrophobic neutral (HON) organic matter
(Stevenson 1994). In general, hydrophilic compounds account
for the complexation of around 50 % of leached metals, with
variable contributions of humic and fulvic acids (Laborda
et al. 2009). Humic acids have a weak complex capacity for
Hg but high complex stability, thereby cansing a decrease in
its mobility (Yao et al. 2006). The strong interaction of mer-
cury with humic acids was explained by Chai et al. (2012) as a
result of the abundant O-ligands present. The stability of
fulvic acid complexes may be ascribed to its relatively high
content of carboxylic groups. Nevertheless, compounds with
fulvic acids can be comparatively soluble (Wallschlger et al.
1998). This implies that fulvic acids are important early in the
process of stabilizing mercury. Additonally, the amount of
mercury mobilized is reduced at pH <3 and at pH =12, due
to the extremely high buffering capacity of humics both in
acidic and alkaline states (Wallschlger et al. 1996; Kabata-
Pendias and Pendias 2001). In acidic soils, Hg binds primarnly
to humic substances ( Schwesig et al. 199%). Nevertheless,
mercury cannot be bound directly to C but will bind to func-
tional groups in organic matter, particularly sulfur (Xia et al.
1999). Moreover, these thiol binding sites associate stronger
with Hg than they bind other heavy metals such as Cd or Zn
(Mousavi 201 5).

Creneral by, mercury is present in numerous chemical forms
with different mobilities and toxicities. Non-mobile Hg is
found, e.g., in mining soils with higher sulfur content
(Martinez-Coronado et al. 2011; Gosar and TerZié 2012), be-
canse the Hg is tied mainly to the sulfur and constitutes insol-
uble HgS (Boszke et al. 2008). In the case of elemental mer-
cury, these forms are less hazardous because of their reduced
mobility and potential toxic impact on the environment.
However, inorganic forms can be converted into organic mer-
cury, especially methy| mercury, one of the most toxic com-
pounds known with high bioaccumulation as well (Miretzky
etal. 2005). Insoils with low organic matter content, mercury is
more reactive and prone to methylation (Skyllberg et al. 2006).
The transformation of mercury among individual forms is sig-
nificantly influenced by the source of the contamination and
terms of exposition. Han et al. (2006) showed that Hg bound
to sulfir is the major solid phase fraction in HgS-contaminated
soil, while organical by bound mercury is present in soil freshly
contaminated with sofuble Hg compounds.

The main goal of this study was to assess the influence of
different sources of contamination as well as the amount and
composition of organic matter on the fraction of mobile mer-
cury. Better description of the influence of'soil characteristics,
mercury binding, and mobility could help to define patterns of
Hg immobilization at contaminated sites or determine the
most suitable remediation strategy. For instance, specific
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resins, amalgamating filters (Bollen et al. 2008), iron sulfide
nanoparticles (Xiong et al. 2009), or the addition of reduced 5
in order to form HgS (Piao and Bishop 2006) may be applied.
Moreover, cheap and swongly sorbent organic matter
can be emploved (Zhang et al. 2009). Decreasing the
mobility of mercury is associated with a reduction
its toxic effects on other environmental components,
e.g., groundwater or atmosphere.

2 Materials and methods
1.1 Samples

Surface soil samples with different physical-chemical compo-
sitions were used in this study. Fluvisol and Luvisol were
collected from Pistany and Hnévieves, respectively, in the
Czech Republic. Chemozem originates from an ex perimental
field near the Czech University of Life Sciences in Prague. All
areas of interest were uncontaminated anthropogenically by
mercury. Three types of vermicompost were prepared in
a specially adapted laboratory under comtrolled condi-
tions (temperature 22 *C, relative humidity 80 %) using
earthworms of the genus Eisenia (Hané and Vaiak
2015). These vermicomposts were based on various
bio-waste materials with a high organic matter content
inchiding digestate (V1), kitchen waste with woodchips
{(V2), and garden bio-waste (V3).

1.2 Characteristics of soil and vermicompost samples

Measurements of pH were made using samples mixed with a
0.01 M solution of CaCly 1:10 (wh) by a WTW pH 340 i
meter (WTW, Germany), and organic matter content was de-
termined colorimetrically in a0.33 M solution of K Cry 04 and
H;530y. The cation exchange capacity (CEC) is defined asa
sum ofthe extractable Ca, Mg, K, Na, and Alin0.1 M BaCl.,.
The concentrations of these elements were determined by in-
ductively coupled plasma atomic emission spectrometry (ICP-
QES, Varian, VistaPro, Australia).

1.3 Fractionation of vermicompost organic matter

The humic acid (HA), fulvic acid (FA), hydrophilic com-
pounds (Hy), and hydrophobic neutral organic matter
{(HON) composition of each vermicompost was determined
using the Superlite™ DAX-8 (SUPELCO Analytical, USA)
according to Van Zomeren and Comans (2007). This slightly
polar resinis comprised of a poly(methyl methacrylate) matrix
with the following characteristics: particle size =40-60 mesh,
pore size=225 A and surface area=160 m” g '. Somption as
wellas desorption of individual organic matter fractions on the
resin were observed.
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1.4 Incubation experiments

Allthree different soils and three vermicomposts with variable
composition were submitted to incubation experiments. Each
dried soil sample was mixed with three different dosages of
each vermicompost. The first of three vermicompost dosages
corresponded to that ordinarily recommended batch for soil
(3.5 gkg "), the others were twofold (7 g kg ') and threefold
larger (10.5 g kg™ '). Moreover, soils without any
vermicompost were also used in incubation experiments for
a comparison. Altogether, thirty combinations of soils and
vermicomposts were evaluated (3 soils * 3 vermicomposts = 3
vermicompost dosages and 3 untreated soils). Concermning
these vermicomposts, organic matter fractionation was exe-
cuted primarily; therefore, additions of individoal fractions
were characterized. In all soil samples, the maximum water
holding capacity was determined by gravimetric method and
afterwards moistened to 60 % of this vahe.

Further, the samples were spiked with mercury. In
this study, two main anthropogenic sources of mercury
in the Czech Republic were compared: waste incinera-
tion (morganic Hg) and dipping seeds (organic Hg). In
the first case, inorganic mercury chloride was employed.
Subsequently, organic phenyl-mercury chloride was used
in the second case. Materials based on this compound
were formerly used for dipping seeds called Agronal
The application of this kind of dipping seed was
prohibited in the 1990s, and newly developed dipping
seeds have replaced it. However, phenyl-mercury
remained m soil for a long time after its use (Szakova
et al. 2016). The amount of mercury added artificially
was equal o 12 mg kg". This dose corresponded to the
highest concentration of Hg found in a former waste in-
cineration plant in the suburb of Hradec Kraloveé,
Czech Republic (Kacalkova et al. 2009). Soils without
any addition of vermicompost were used as control sam-
ples. Both forms of mercury (inorganic or organic) were
supplemented to soil dissolved in water used for samples
moisturizing. A large volume of solution suppressed prob-
lems with homogeneity. Moreover, all combinations were
carried out in three repetitions, and relative standard de-
viation was less than 14 % in all cases.

The prepared samples were stored in the dark in
sealed plastic vessels under a constant temperature of
25 *C. The incubation experiments were continued for
56 days. Samples were taken ten times during the entire
perind of the experiment, and they were subsequently
subjected to following procedures.

1.5 Extraction of the mercury mobile phase

For the determination of portions of mobile mercury, the
method of Cuevauviller et al. (1993) was used. 0.5 g of
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Table 1  Main physicochemical charactenistic of expenmental soils,
pH, total carbom (TC), imorganic carbon (), organic carbom ((4C)
contents, and cation exchange capacity (CEC)

Sail Fhaviscl Luvisal  Chemozem
Sail texture Clay-loamy smd  Silt loam  Silt loam
Clay (<0002 mm) (%) 11.63 4.36 218

Silt (0.002-0.05 mm) (%) 22,93 T4 7180

Sand (0.05-2 mm) (%)  65.43 15.65 26.03

pH 6.8 56 72

TC (%) 49 2% 42

IC ) 0.2 0l 03

00 (%) 47 27 kY]

CEC (mmol kg™ 201 7 255

each sample was added to 10 mL of a 0.11 M solution
of CH;COOH and shaken ovemight Subsequently, all
samples were centrifuged for 10 min at 3000 rpm, and
the extracts were acidified with a mixture of acids
(HNO; @ HCI=3 @ 1)

In all extracts, mercury contentwas measured by inductive-
ly coupled plasma mass spectrometry (1CP-MS, Agilent
T700%, Agilent Technologies Inc., USA) employing an auto-
sampler ASX-300, a three-channel peristaltic pump and a
MicroMist nebulizer. Calibration solutions of mercury, iso-
tope Hg(202), were prepared as dilutions of single element
ICP standards, 0.1-10 pg L. Detection limit of ICP for mer-
cury was 0.08 ug L Pt 193) was used at a concentration of
10 ug L' as an internal standard. For interference suppres-
sion, the collision cell was applied. Moreover, the method of
standard additions was used to verification of potential inter-
ferences and/or accuracy of the measurements. Differences in
slopes between external calibration and standard addition
modes did not exceed 3 % in any case.

Table 2 Chamcteristics of vermicomposts: pH, total carbon (TC),
imorganic carbom (C), onganic carbon (O0C) comtents and disribution of
individual organic matier fractions in vermicompost: humic acids (HA),
fibvic acids (FA), hydrophilic compounds (Hy), and hydmophobic neutral
organic matter (HOM)

Vemmicompost Vi V2 Vi
pH 73 81 73
TC (%) 335 133 337
I (%8) 01 0.7 03
O (%) 334 6 334
HA (%) 50.6 454 573
FA (%) 13.3 16.7 123
Hy (%) 150 26.8 212
HOM (%6) 1nz 10.8 93
&) Sorinver
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Fig. 1 Comparison of inorganic and organic menoury sources and their influence on the amount of mobile Hg m soils without added vermicompost. a

Flrvisol, b Livisol, ¢ Chemozzm

3 Resulis and discussion
3.1 Characteristics of soils and ver micomposts

Elementary chemical properties of all the soil samples are
recorded in Table 1. The soil samples had neutral to slightly
acidic pH and low organic matter content. The highest cation
exchange capacity was measured in the case of Chemozem; in
contrast, the lowest was found in Luvisol. Another important
factor is represented by an oxidation state of the smdied soils.
Although the redox-potential was not measured, we assume
that it was certainly positive. Since all soil samples were
moistened to 60 % of the maximum water holding capacity.
Concermning the binding abilities of specific samples, the max-
imum sorption capacity of all soils and vermicomposts ranged
berween 85 and 130 mg g'. The thorough description of the
sorption properties of all samples will be an object of our
future interest.

The omganic matter composition of the vermicomposts is
summarized in Table 2. Only minor variations concerning the
organic matter fractions in all the vermicomposts were noted.
In the case of garden bio-waste vermicompost (V 3), the
highest content of humic acids and the lowest content of fulvic
acids were determined, approximately 57 and 12 %, respec-
tively. In confrast, the vermicompost prepared from kitchen
waste with woodchips (V2) contained only 45 % humic acids

and the highest level of fulvic acids. In samples prepared from
digestate and kitchen waste with woodchips, the hydrophobic
neutral organic matter content ranged around 11 %. In
the third vermicompost, hydrophobic neutral organic
matter represented a slightly lower portion of the total
organic matter. A similar trend was also observed in the
case of hydrophilic compounds. In all samples, soils and
vermicomposts, the mobile mercury contents were under
the detection limit of ICP-MS.

3.2 Comparisons of inorganic and organic mercury
sources and individual soils

The effects of the mercury source on the exchangeable portion
of Hg in the soils were most obwvious in samples without added
vermicompost (Fig. 1). The mnitial values representing the mo-
bile mercury portion released at the first day of incubation.
The smallest differences in the amount of mercury released
from inorganic and organic compounds were observed in the
case of Fluvisol. This soil has the highest contents of oxidiz-
able carbon and clay. This smallest grain size fraction (<2 pm)
associates with the highest concentration of Hg (Boszke etal.
2004; Chakraborty et al. 2014). In the case of Chemozem,
differences were measured during the incubation, especially
in the control soils. Mevertheless, their mercury contents were
similar atthe end ofthe experiment (Fig. 1). In these two soils,

Fig.2 Fhvisol treated with three 1000 - 1000 —
dosages (1,2, 3jof o vt L
vermicompost—a comparison of _— g & VI_2 || g oo * V12
the amount of mobile mencury :a',' e Vi3 L] @ VI3
released during the experiment 2 e0 -
5 5 5 wa
from a inorganic and b organic = o § oe
SOUMEE .
40928 . 400 1
5 . B w s 0 38
L] o
2 4 § §8 8 0|, g% § @3
A B
e i e : . 0 s e —
1234 714 2 2B 35 42 49 56 1234 T 14 21 28 35 42 48 56
Day Day
& Springer

74



1 Soils Sedments
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the differences between inorganic and organic Hg did not
exceed 130 ug kg ' (in 75 % of samples up to 90 ug kg ).
In contrast, the greatest difference was found in the case of
Luvisol, where the variability in Hg content ranged between
105 and 155 ug kg™' (only in one case, the value was
85 ug kg ). The amounts of mobile mercury portion released
during the entire experiment are plotted in Figs. 2, 3, and 4 for
all three soil samples in combination with selected examples
of vermicomposts. Figure 2 shows the combination of
Fluvisol with vermicomposts from digestate (V1).
This figure demonstrates the overall lowest differences
between released mobile mercury amount from inor-
ganic and organic compounds, which concerned
Fluvisol soil sample. Hence, this soil exhibit similar
behavior both with (Fig. 2) and without (Fig. 1) the
addition of vermicomposts. In contrast, Fig. 3 shows
Luvisol treated by vermicomposts from kitchen waste
with the highest different. The lowest measured organ-
ic mercury content at the end of experiment was ob-
served in this soil. Thus, the difference between re-
leased organic and inorganic Hg was most pronounced.
In 80 % of cases, the values were less than
60 pg kg '. This may be explained by the lowest pH
being measured in Luvisol, due to the high adsorption
of mercury onto organic matter under acidic conditions

(Schwesig et al. 1999; Zhang et al. 2015). Moreover,
at low pH walues, the highest formation of insolble
mercuric sulfide can lead to a low solubility of mercu-
ry (Winfrey and Rudd 1990).

During the experiment, the amount of mobile mercury
increased and then decreased. In most of the soils and
vermicompost combinations, the content of mercury bound
to the soil was stable after 21 days. Bower et al. (2008) ob-
served a similar timeframe in their experiments focusing on
mercury adsorption onto pyrite. Organic matter complexes
strongly with Hg and reduces its mobility (Wang et al.
1997), 50 that over time non-mobile sulfides may be formed
(Schuster 1991; Himer et al. 2000). Because of the anaerobic
conditions and slightly acidic pH, methylation can also occur
(Himer et al. 2000). The difference between inorganic and
organic Hg sources was seen as a shift in the maximum Hg
released. With organic compounds, the maximum amount of
mercury was released a few days later as seen for instance in
Fig. 4 in the case of Chemozem in combination with
vermicomposts from digestate. Moreover, lower Hg contents
were observed at the end of the experiment, especially in the
case of Luvisol, with the lowest pH. This was plotted in Fig. 5
on example of Luvisol in combination with vermicomposts
from digestate. These variations might be explained by differ-
ent reactions of individual mercury species in soil. While the
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can have a positive influence on the microbial population
(Kiikkild et al. 2001), and mercury can be mobilized by com-
plexation with biomolecules of microbial metabolites (Camillo-
Gonziles et al. 2006). Another explanation might be represent-
ed by the competition between organic matter and Hg on the
adsorption sites on soil (Yang et al. 2008; Miller et al. 2009).
This may reduce the mumber of Hg adsorption sites and there-
fore decrease the mte of mercury adsorption on soil. In the case
of higher doses of vermicomposts, the effect of organic matter
was more significant, and the amount of mercury released was
reduced due to greater sorption.

4 Conclusions

The quantity and quality of the organic matter play an impor-
tant role in mercury mobility in soil. The smallest differences
in the amount of mercury released fiom inorganic and organic
compounds were observed in the case of Fluvisol, with the
highest content of organic matter. The largest positive influ-
ence of vermicompost dose on Hg mobility was measured in
soils combined with vermicompost V3 from garden bio-
waste. Conversely, the smallest differences were found in
vermicompost V2 from kitchen waste with woodchips. The
highest amount of bound mercury was found at low pH and
high humic acid content.
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Abstract In this study, the effectiveness of mercury (Hg) sorption by three different soils
(Fluvisol, Luvisol, and Chernozem) and three vermicomposts was assessed. The kinetics of
Hg sorption onto the materials was studied by static sorption experiments employing two
basic models of sorption isotherms - Langmuir and Freundlich. The results showed that
Chernozem had the best sorption properties among the studied soils, with the highest cation
exchange capacity. The greatest amount of Hg was adsorbed by the vermicompost originating
from garden bio-waste. This vermicompost contained the most humic acids and the smallest
amounts of other organic matter fractions. The experiment showed that the soils had greater
Hg sorption ability than vermicomposts, probably due to the mutual effects of clay minerals
and soil organic matter. In the vermicomposts, Hg seems to be bound into less stable organic
compounds (such as thiol groups) and the detailed description of these associations in further

research will be necessary to better understand the fate of Hg in such materials.

Key words Mercury; Sorption Experiments; Organic Matter; Soil; Vermicompost

Introduction

The amount of Hg in the environment has increased because of industrial, mining and
agricultural activities. Its mobility in soil depends on the Hg species and the soil properties,
especially the pH and organic matter content (Tipping et al., 2010). Organic matter (OM)
interacts very strongly with Hg, affecting its speciation, solubility, mobility and toxicity (Xu
et al., 2015). Many organic compounds have a high affinity for Hg by means of their
functional groups, such as hydroxyl-, carboxylic-, aromatic- and S-containing ligands. The
percentage of Hg mercury bound to organic matter can range from 2.34 to 73.70 % of the
total mercury and can be correlated with the amounts of clay and Fe oxides, depending on the
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soil properties (Rozanski et al., 2016). As reported by Boszke et al. (2008), the sorption
capacity of OM depends on its characteristics. On the one hand, immobilized OM soil
particles may provide additional sorption sites, which may enhance Hg immobilization, while
on the other hand, OM can increase Hg mobility in soil through the formation of dissolved
OM (Xu et al. 2015). Soil OM consists of hydrophobic compounds; humic acids (HA) and
fulvic acids (FA); simpler low-molecular weight hydrophilic compounds (Hy); and
hydrophobic neutral (HON) organic matter (Stevenson, 1994). The size of OM particles
affects the abundance of the functional groups where the alkyl hydrophobic components are
mainlydistributed in the largest molecular-size-fraction, whereas the amount of oxidized
carbons increased with decreasing size of fractions (Conte et al. 2007).

A high proportion of fulvic acids can intensify Hg volatilization, while the presence of
humic acids can decrease Hg mobility in soil because of the high stability of their complexes
(Yao et al., 2006). Slightly more Hg tends to bind to humic acids than to fulvic acids,
comprising around 45 % of the Hg content, while bonds to fulvic acids and hydrophilic
compounds constitute the rest (Laborda et al., 2009; Sipkova et al., 2013). Lower molecular-
weight compounds, such as fulvic acids and hydrophilic compounds, can remain in the soil
solution and thus increase the mobility of their bound metals (Naidu and Harter, 1998). In
general, organic matter may enhance Hg binding by providing additional sorption sites, but it
may also reduce Hg sorption in soil through the formation of stable Hg-organic matter
complexes in the soil solution (Skyllberg et al., 2000). Moreover, soil organic matter,
especially humic acid, is thought to be the dominant factor influencing the spatial distribution
and depth distribution of soil Hg (Zhang et al. 2015). Fernandez-Martinez et al. (2014)
determined both humic and fulvic acids, as well as elemental Hg, as the primary variables
controlling Hg methylation in the soils.

Because of the relatively low plant-availability of Hg in soil (Liu et al., 2010),
bioremediation is not a suitable method for minimizing the negative influence of Hg on the
environment. Immobilization may be a more appropriate method. Adsorption on mineral
surfaces, formation of stable complexes with organic matter, electrostatic interactions, and
ion-exchange were identified as the main mechanisms responsible for changes in Hg mobility
in soil (Boszke et al., 2008; Yang et al., 2008; Calace et al., 2009). The most common
mechanism for sorption onto the solid phase is the formation of stable insoluble inorganic and
organic complexes (Schuster, 1991). Decreased soil Hg mobility followed by suppressed
plant uptake have been documented in organic matter amended soils, as well as the high Hg
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sorption ability of soil organic matter (Heeraman et al., 2001; Linde et al., 2007; Zhang et
al.,2009). Moreover, the mobility of Hg is affected by interactions between the mineral and
organic phases (do Nascimento and Masini, 2014).As sources of organic matter, bio-waste
and composts or vermicomposts can be used. Hg mobility is also affected by pH, being
reduced at pH < 3 and at pH > 12 because of the high buffering capacity of humic compounds
both in acidic and alkaline states (Yin et al.,, 1996; Kabata-Pendias and Pendias, 2001;
Miretzky et al., 2005). In acidic soil, adsorption on humic materials is favorable (Schwesig et
al., 1999). At higher pH, Hg is predominantly bound to clay and oxides (McBride, 2004). Hg
is also mainly bound to minerals in soils with a low content of organic matter (Biester et al.,
2002).

In previous work, incubation experiments with three soils, Fluvisol, Luvisol, and
Chernozem, treated with three different vermicomposts were carried out (Sipkova et al.
2016). Better sorption properties were obtained in the case of soils without vermicompost
addition, although composts are generally considered to reduce the mobility and plant-
availability of Hg (Restrepo-Sanchez et al., 2015). Therefore, this study concerned the
effectiveness of Hg sorption in these individual soil samples and vermicomposts, studied
separately to assess their sorption behavior. Kinetic and equilibrium sorption experiments
were used to evaluate the potential of the individual vermicomposts to adsorb Hg as affected

by their organic matter composition.

Materials and Methods
Samples

For this study, three soil samples with different physical-chemical compositions were
used. Fluvisol (F) and Luvisol (L) were collected from Pistany and Hnévceves, respectively,
in the Czech Republic. Chernozem (Ch) originated from an experimental field near the Czech
University of Life Sciences in Prague. Samples were taken from the top layer (0 — 30 cm, air-
dried and sieved to obtain a fraction < 2 mm in diameter). These areas were not affected by
Hg contamination. Additional samples are represented by three vermicomposts based on
various bio-waste materials with a high organic matter content including digestate (V1),
kitchen waste with woodchips (V2), and garden bio-waste (V3). These vermicomposts were
prepared in a specially adapted laboratory under controlled conditions (temperature 22 °C,

relative humidity 80 %) using earthworms of the genus Eisenia (Han¢ and Vasak, 2015).
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Sample characterization

In soil samples, measurements of pH were performed using a WTW pH 340 i pH meter
(WTW, Germany) in a 0.01 M solution of CaCl»1:10 (w/v, Novozamsky et al. 1993).In the
case of vermicomposts, pH was measured in samples mixed with deionized water (1:10 w/v,
Han¢ and Vasak 2015). The cation exchange capacity (CEC) was determined as the sum of
the extractable Ca, Mg, K, Na, and Al in 0.1 M BaClzsolution(w/v = 1+20 for 2 hours, ISO
1994). The concentrations of these elements were measured by inductively coupled plasma
atomic emission spectrometry (ICP-OES, Varian, VistaPro, Australia).Total carbon content
was determined by thermal decomposition at 680°C and inorganic carbon by decomposition
at 280°C. The inorganic carbon samples were acidified with phosphoric acid. After
decomposition, CO2 was detected using an NDIR detector (Shimadzu SSM 5000, Japan). The
organic carbon content was calculated as the difference between the total and inorganic
carbon. For the determination of total sulfur in soils and vermicomposts, a CHNOS Vario
MACRO cube (Elementar Analysensysteme GmbH, Germany) analyzer was applied.

The composition of the used vermicomposts was further evaluated by fractionation of
humic acid (HA), fulvic acid (FA), hydrophilic compounds (Hy), and hydrophobic neutral
organic matter (HON). The fractionation was performed using Superlitt™ DAX-8 resin
(SUPELCO Analytical, USA) according to van Zomeren and Comans (2007).

The characteristics of the soil and vermicompost samples were presented and discussed in
a previous paper (Sipkova et al., 2016). The most important characteristics of the materials
are summarized in Table 1; the properties of the vermicomposts and the proportions of
individual fractions of organic matter are shown in Table 2.

Kinetic and equilibrium sorption experiments

The effect of time on Hg sorption onto the materials of interest was investigated using
batch sorption experiments. Samples were exposed to the solution of HgCl, of defined Hg
concentration of 12 mg kg*for times ranging from 10 minutes to 36 hours(0.16; 0.5; 1; 3; 12;
18; 24; 36 h.). In all cases, 0.4 g of sample was added to 40 mL of Hg solution and agitated
(250 rpm) at room temperature for the appropriate time. A 0.01 mol.L! solution of
NaNOswas used as background electrolyte. Samples were prepared in duplicate for each
tested time interval. After exposure, the samples were centrifuged at 3600 rpm for 15 min and
filtered (0.45 um). Hg content in the solutions was determined by inductively coupled plasma
mass spectrometry (ICP-MS).
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The experimental kinetic data were fitted to the commonly applied pseudo-first-order and

pseudo-second-order equations. These equations can be written as follows:

In(qe _qt)zlnqe _klt (1)
ENEY
q. k. Q. (2)

where ki (min?) is the first order rate constant of adsorption, k. (g mg™* min?) is the
second order adsorption rate constant, ge (mg g*) the Hg adsorbed on the sorbent at the
equilibrium time and q: (mg g) is the Hg amount adsorbed at time t (Mohan et al., 2011).

The percentage of Hg removed from the solution at concentration equilibrium was

calculated according to the following equation:

Hg, sorption (%) = C‘gce -100 3

where Ciis the initial Hg(ll) concentration and Ce is the Hg concentration at equilibrium
(mg L).

All solutions were acidified with a mixture of acids (HNOs : HCI = 3 : 1), and the Hg
content was determined by inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7700x, Agilent Technologies Inc., USA). An ASX-500auto-sampler, a three-channel
peristaltic pump, and a MicroMist nebulizer equipped ICP-MS comprised the experimental
setup. A calibration curve was constructed using aqueous solutions with Hg concentrations of
0.1-10 pg Lt and the isotope Hg(202) was measured. Pt(195) at a concentration of 10 pg L™
was usedas an internal standard.

Based on the kinetic sorption experiments the time necessary to reach the concentration
equilibrium was determined and used for equilibrium batch experiments. Samples were
prepared in duplicates by mixing 0.4 g of each sample with 40 mL of initial solutions with
varying Hg concentrations between 1 and 21 mg kgL and agitated on 250 rpm under room
temperatureuntil the equilibrium time. Equilibrium concentration values were measured by
ICP-MS in the solution after sorption and the calculated values for Hg content per kilogram of
soil or vermicompost were plotted. Two basic models of sorption isotherms— Langmuir and

Freundlich — were used to evaluate the Hg sorption properties. These equilibrium isotherms
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were constructed from the obtained data using nonlinear least squares regression (Bolster and
Hornberger, 2007; Bolster, 2008).

The Langmuir isotherm is expressed as:

_ QuubC,

Qeq -
1+bC,, @)

where Ceq is the equilibrium Hg concentration (mg 1Y), Qeq is the amount of Hg adsorbed
on a sorbent at equilibrium (mg g), Qmax corresponds to the maximum sorption capacity and

b is a Langmuir constant related to the energy of adsorption.

The Freundlich equation can be expressed as:

foir

Qeq = KFC (5)

where Qeq is the amount of Hg adsorbed per unit of biomaterial (mg g?), Ceq is the
equilibrium concentration of Hg (mg L), Kr a constant indicative of the relative adsorption
capacity of the adsorbent (mgg™) and the constant 1/b indicates the intensity of the adsorption
(Mohan and Pittman, 2006).

Results and Discussion
Kinetic experiments

The Hg concentrations as a function of time when vermicompost or soil samples are
brought into contact with the initial Hg solution are shown in Figure 1 and Figure 2,
respectively. In general, the sorption process can be divided into two phases: i) a very rapid
(minutes) sorption of the majority of the Hg resulting in a substantial decrease in Hg
concentration in aqueous solution; followed by ii) a slower sorption of the remaining Hg
lasting 12-18 hours, depending on the soil or vermicompost type. This pattern can be
explained as a rapid initial phase where Hg ions easily occupy the available space and bind to
functional groups and a subsequent slower phase where Hg ions might be hampered in their
diffusion into the deeper pores (Zeroual et al., 2003; Wang et al., 2006; Wang et al., 2014).No
desorption was observed during the Kkinetic batch experiments. Zhang et al. (2012)
investigated the effect of ionic strength on Hg adsorption by soils and showed no effect of

sodium nitrate solution, or sulfate ions, whereas the presence of chloride ions significantly
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decreased the adsorption capacity of Hg on soils. Moreover, the effect of chloride ions varied
according to the soil type. A similar effect of chloride was observed by Miretzky et al. (2005).
Thus, sodium nitrate solution was chosen as the background electrolyte to avoid the potential
side effect of the other equilibrium solutions. Table 3 shows the kinetic parameters of the
adsorption of Hg onto vermicomposts and soils. The results suggest that a pseudo-second
order equation best describes the kinetic data in all cases. This model assumes that the
chemical sorption is the rate-limiting process and that the reaction rate is directly proportional
to the number of active sites on the adsorbent surface (Bayramoglu et al., 2006; Farooq et al.,
2010).

The second phase was more noticeable in the case of vermicomposts. The concentration
equilibrium time occurred at about 18 hours. Among the used vermicomposts, the lowest
sorption capacity was observed in the case of vermicompost V2 (kitchen waste and
woodchips), in which the lowest TOC was measured. The other two vermicomposts had
approximately the same TOC, nevertheless vermicompost V3 (garden bio-waste) exhibited
stronger sorption for Hg. This vermicompost contained the most humic acids. Zhang et al.
(2009) investigated the different surface structures of HA, FA, and the complexes involved in
Hg-humic substances, which can help to explain the complexation behavior of Hg on these
humic substances. HA have a higher adsorption capacity and lower desorption ration for Hg
than other organic matter compounds (Zhang et al., 2009).0n the other hand, the Hg sorption
onto soils reached a concentration equilibrium after approximately 12 hours suggesting that in
a sample with a higher organic content, a longer time is needed for the reaction to reach
equilibrium (Yin et al., 1997).

The differences in the amount of Hg adsorbed onto the soil samples were small, and the
sorption equilibrium was reached after a couple of hours. The lowest values of bound Hg
were determined in the case of Luvisol, which had the lowest content of organic matter.
Conversely, the best sorption capability was observed in Chernozem, which had the highest
CEC and a high organic matter content. Zhu and Zhong (2015) described soil organic matter-
clay mineral cooperativity in the Hg sorption process, where various clay minerals exhibit
different binding affinities toward Hg due to their different characteristics e.g. specific surface
area, cation exchange capacity, and mechanism of organic matter or Hg sorptionon these
minerals (such as cation exchange or complexation). Thus, the soil type is the determining
factor responsible for Hg sequestration in soil (Zhang et al., 2015), as also confirmed also by
the present study. In the case of composts, Hg sorption onto the components of organic matter
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plays the most important role. For better understanding of the different mechanisms of Hg
sorption on the soils and/or composts more detailed description of individual Hg species
bound onto particular functional groups of the vermicompost derived organic matter will be
necessary.

One of the most important agents in Hg binding, dissolved organic matter (DOM) could
also be one of the determining factors affecting the fate of Hg in soil and vermicomposts.
DOM may enhance Hg sorption by providing additional sorption sites. However, it may also
reduce Hg sorption via the formation of stable complexes in soil solution (Skyllberg et al.,
2000).Thus, the addition of DOM-rich vermicompost into a soil can alter the fraction of
mobile Hg in the amended soil. Zhang et al. (2014) assessed the effect of dissolved organic
matter from wheat straw and swine manure on Hg adsorption in the different soils, in which
the maximum adsorption capacity of Hg decreased after DOM addition. The effect of
different DOM concentrations on Hg adsorption depended on the soil type and DOM source;
the effect of DOM from wheat straw on Hg adsorption in the soils was higher than that of
swine manure. In agreement with these findings, Sipkova et al. (2016) measured the largest
positive influence of vermicompost dose on Hg mobility in soil treated by vermicompost V3,
based on garden bio-waste. Thus, although the DOM content in the vermicomposts was not
determined in the present experiment, it can be speculated that DOM content will be at least

partially responsible for the higher mobility of Hg in vermicomposts compared with soils.

Equilibrium sorption experiments

The results showed that the Hg(ll) adsorption isotherms fitted well the Freundlich
equation. Freundlich-type adsorption is considered to be a multi-layer process in which the
amount of adsorbed solute per unit of adsorbent mass increases gradually. However, the
application of the Langmuir equation resulted in a very low correlation coefficient in most
cases. For this reason, the parameter Qmax, Which represents the maximum sorbent capacity,
could not be calculated for V2 and Fluvisol, so these materials could not be compared in
terms of Qmax. The parameters of both models can be found in Table 4. A strong tendency of
Hg(ll) for sorption has been shown in previous research (Miretzky et al., 2005; Liu et al.,
2010; Xue et al., 2013). In this study, more than 98 % of the Hg was removed from solution
in the case of V1, V3 and the three types of soil; and 93% of the Hg was removed by V2.
Although the V1 and V3 samples originated from different feedstocks, their fate in contact
with Hg was similar. HA has a higher adsorption capacity and lower desorption ratio for Hg
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than FA (Zhang et al. 2009). The lower percentage removal in the case of V2 can be linked to
its lower organic carbon content. It can be assumed that the adsorption of Hg on the surface of
adsorbents took place in multiple layers and that sorption intensity is higher in soil samples
(which also corresponds with the faster kinetics, as mentioned above).

However, the literature shows that the sorption ability of Hg on organic matter
components can be affected by many other factors. Canellas et al. (2010) separated humic
matter of different molecular dimensions and evaluated the relationships between the
chemical properties and size-fractions. They found that larger nominal molecular size-
fractions contained larger relative amounts of aromatic C, while the smaller size-fractions
were predominantly composed of oxidized carbons and less aromatic C compounds.
Moreover, Conte et al. (2007) suggested that the HA and its larger molecular-size-fractions
are composed by few hydrophobically stable aggregates with poor mutual molecular mobility,
while the smaller fractions contained a larger number of hydrophilic and mobile molecular
associations. Ma et al. (2015) showed that the dominant C components for Hg complexation
in DOM were aromatic C, O-alkyl C, alkyl C, and carboxyl C. Thus, the particle size of the
vermicomposts and soils are among the factors affecting the Hg sorption parameters. Whereas
the soil samples were homogenized and sieved through a 2 mm diameter mesh, the
vermicomposts were milled to the fine particles of undefined size. These differences could
also result in different sorption parameters of soils vs. vermicomposts.

The desorption of Hg as affected by oxalate and cysteine, representing ligands with
carboxylic and thiol groups with different affinities for Hg, was investigated by Senevirathna
et al. (2011). They found that oxalate did not affect the desorption of Hg from kaolinite, but
cysteine strongly inhibited the desorption, where at all tested pHs the inhibition became less
prominent in the later stages of the desorption tests. They explained the effect of the organic
acids on Hg sorption and desorption by the formation of ternary surface complexes involving
the mineral, ligand, and Hg. Concerning the fate of Hg in contaminated soils, Leterme and
Jacques (2015) showed that the critical parameters are dissolved organic matter (DOM)
concentration in soil solution, the binding constant for DOM thiol groups, and Hg sorption to
humic and fulvic acids in solid organic matter. The sequestration of Hg in crystalline Hg
sulfides or bound to thiol groups in macromolecular natural organic matter was considered as
impossible in the oxidative conditions. However, Manceau et al. (2015) showed that that Hg
sulfide forms from thiol-bound Hg alone in contact with air. Additionally, thiol-containing
organic acids can significantly affect Hg mobility in soils (Gondikas et al., 2010;
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Senevirathna et al., 2011; Szakova et al., 2016).In the present experiment, the individual
vermicomposts differed in sulfur content, where the total S was 0.590 + 0.045 %, 0.335 +
0.013 %, and 0.403 £ 0.006 % for V1, V2 and V3, respectively. The vermicomposts can be
suggested as S-rich materials compared with the soils, of which the highest S content was
determined in Fluvisol (0.128 + 0.001 %).Thus, the interaction of Hg with thiol groups in the
vermicomposts will result in a different distribution of bound Hg in the vermicomposts

compared with the soils.

Conclusions

Our study showed that the adsorption of Hg on the surface of adsorbents took place in
multiple layers and that the sorption intensity is higher in soil samples compared with
vermicomposts. An assessment of the Hg bonds in the vermicomposts seemed to be more
complex due to the variable character of the vermicompost organic matter, where a detailed
description of the organic matter composition will be necessary to fully understand the
mechanisms of sorption/desorption of Hg on these materials. Thus, the potential application of
vermicomposts for immobilization of Hg in the contaminated soil needs to be associated with
detailed description of the vermicompost characteristics to estimate the potential sorption
ability of this material in the soil.
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Table 1 Main physicochemical characteristics of experimental soils,pH, total carbon (TC),
inorganic carbon (IC), organic carbon (OC)contents and cation exchange capacity (CEC)
(Sipkova et al. 2016)

Soil Fluvisol Luvisol Chernozem
Soil texture Clay-loamy sand Silt loam Silt loam
Clay (<0.002 mm) [%] 11.63 4.36 2.18
Silt (0.002-0.05 mm) [%] 22.93 76.99 71.80
Sand (0.05-2 mm) [%] 65.43 18.65 26.03
pH 6.8 5.6 7.2

TC [%] 4.9 2.8 4.2

IC [%] 0.2 0.1 0.3
OC [%] 4.7 2.7 3.9
CEC [mmol kg 201 79 255

Table 2 Characteristics of vermicomposts (Sipkova et al. 2016): pH, total carbon (TC),
inorganic carbon (IC), organic carbon (OC) contents and distribution of individual organic
matter fractions in vermicomposts: humic acids (HA), fulvic acids (FA), hydrophilic

compounds (Hy), and hydrophobic neutral organic matter (HON).

Vermicompost V1 V2 V3
pH 7.3 8.1 7.3
TC [%] 335 23.3 33.7
IC [%)] 0.1 0.7 0.3
OC [%] 33.4 22.6 33.4
HA [%] 50.6 45.4 57.3
FA [%] 13.3 16.7 12.3
Hy [%] 25.0 26.8 21.2
HON [%] 11.2 10.8 9.3
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Table 3 The kinetic parameters of the adsorption of Hg onto vermicomposts and soils.

Vermicomp Pseudo-first-order kinetic Pseudo-second-order Kkinetic
Soil model model
Qe, EXP k1 Qe, cal R? ko Qe, cal R?
mg g min-* mg g gmgmin?t  mgg?
V1 29.677 | 0.0016 1.015 0.882 0.0128 29.676  1.000
V2 27.999 | 0.0023 2.783 0.749 0.0061 28.000 0.999
V3 29.748 | 0.0016 0.469 0.821 0.0309 29.742  1.000
Fluvisol 29.750 | 0.0033 1.234 0.960 0.0363 29.762  0.998
Luvisol 29.909 | 0.0025 0.344 0.915 0.0962 29.912  0.999
Chernozem 29.959 | 0.0025 0.235 0.946 0.1426 29.961 1.000
Table 4 Fitted isotherm models for adsorption of Hg in vermicomposts and soils.
Langmuir Freundlich
Vermicompos - O . ) ; 2 Kq
Soil g g —_
vi 100.30 0.920 0.001 0.950 0.944 108.4
V2 e e e 0.861 0.947 58.23
V3 93.50 0.884 0.003 1.07 0.980 123.2
Fluvisol e e e 1.46 0.940 163.8
Luvisol 84.47 0.877 0.002 1.63 0.925 140.1
Chernozem 130.7 0.674  0.002 2.38 0.967 195.8
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480 Fig.1 Hg concentration during the sorption experiment by individual vermicomposts.
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6. SUMARNI DISKUZE

Tato Kkapitola shrnuje nejvyznamnéjsi vysledky studie speciace rtuti, urceni
jednotlivych specii a vliv zdroje kontaminace pidy Hg. Podrobné vysledky jsou shrnuty

v prilozenych rukopisech.

6.1 Frakcionace a speciace Hg v kontaminovanych pudach

Extrahovatelnost Hg zavisela na pouzitém extrakénim ¢inidle. Pomoci HNO3z bylo
u 8 vzorki z 10 ziskdno 50 % z celkového obsahu Hg, v piipadé¢ dvou nejvice
kontaminovanych pak 70 % a dokonce 96 %. Jednalo se o mnozstvi potencialné
mobilizovatelnych specii rtuti. Také pii pouziti NaS203 byl vytézek nejvyssi u dvou
nejkontaminovangjSich vzorkd, a to pfiblizné 20 % z celkového obsahu Hg. U ostatnich
vzorkd se hodnoty pohybovaly mezi 1,2 a 3,4 %. Z toho lze usuzovat, ze v mistech s vyssi
antropogenni kontaminaci je mnozstvi rtuti vazané na S vyS$§i nez v mistech méné
kontaminovanych. V ptipadé nejvice kontaminovanych vzorkd podil Hg extrahovatelny
Na2S,03 koresponduje s vysledky, které publikovali Issaro et al. (2010), kde toto mnozstvi
kleséa s celkovym obsahem Hg.

Pti pouziti chelata¢niho ¢inidla EDTA se mnozstvi ziskané rtuti pohybovaly od 0,5 do
2 % ve vSech vzorcich. Takové hodnoty byly pozorovany i ve studii Subirés-Munos (2011) na
pidach pochazejicich z tézebni oblasti Almadén, Spanélsko s vysokymi obsahy Hg. Tato
nizka variabilita naznacuje, ze podil Hg, kterd by potencialné mohla byt dostupné rostlinam,
je velice podobny v mistech s vysokou i1 nizkou mirou kontaminace Hg. Také v ptipadé
roztoku CHsCOOH byly vytézky extrakce ve vSech piipadech velice podobné
a nepiekracovaly 0,15 % z celkového obsahu rtuti. Nizk& dostupnost Hg extrakci simulujici
pudni roztok nasvédCuje tomu, ze rtut’ je v pudé silné¢ vdzand na slouceniny siry nebo
ptipadné nerozpustné jilové mineraly a organické latky (Rodrigues et al., 2010).

Vytézky sekvencni extrakce potvrzuji vysledky jednoduchych extrakci. Obsah rtuti
v prvnim kroku extrakce reprezentujicim organické slouceniny Hg byl pod detekénim limitem
AMA-254 (2 pg.kg?). Také frakce F1 a F2 byly velmi nizké. Rtut’ rozpustni ve vodé byla
detekovana pouze u dvou nejvice kontaminovanych vzorki. Specie rozpustné v kyselinach
byly naméfeny také v téchto dvou vzorcich a jejich obsah byl mensi nez 8 % z celkového

mnozstvi Hg. Podobné hodnoty rozpustnych podiltt Hg ziskali také Rodrigues et al. (2010)
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a Miller et al. (1995) v okoli dolu na rumélku. Nizké koncentrace této frakce byly nalezeny
také u vzorku se tietim nejvys$sim celkovym obsahem Hg. Mnozstvi semimobilnich frakci Hg
(F3) se pohybovala od 18 do 30 %. Jednd se o rtut’ siln¢ vézanou na organickou hmotu
s nizkou mirou mobility v pudé (Liu et al., 2006). Témét stejny podil Hg nalezli také
Boszke et al. (2008), ktefi se zabyvali mobilitou a biodostupnosti Hg v pudach. Zastoupenim
rtuti v jednotlivych ptdnich frakcich ve velmi kontaminované ptde z téZebni oblasti Idrija ve
Slovinsku se vénovali Tesi¢ et al. (2011). Zde podil rtuti vdzané na organickou hmotu
a mineraly dosahoval i 35 az 40 % z celkového obsahu. Tyto vy$§i hodnoty mohou byt
spojeny s kyselym pH, protoze rtut’ se na organickou hmotu vaze zejména pii nizkém pH
(Schwesig et al., 1999). V naSich experimentech byly naproti tomu obsahy této frakce
v nejvice kontaminovanych vzorcich jen ptiblizné 9 % celkoveého obsahu a rozdily mezi
mobilnimi a semimobilnimi speciemi byly relativné nizké.

Nejvyssi obsah Hg byl nalezen v ptipadé nemobilni frakce, tj. rtut’ elementarni
a vazana v komplexech (F4). Obsah rtuti v pevnych zbytcich po extrakci byl ve vétsing
vzorkll niZs§i nez 12 %. U vice kontaminovanych vzorkd vSak byly tyto hodnoty vyssi. Je
ziejmé, Ze podstatné ¢asti rezidui jsou formy rtuti vazané na oxid kiemicity nebo sulfidy (Liu
et al., 2006).

Dale bylo sledovano rozlozeni rtuti a nékterych vybranych prvka (S, Mg, Mn, Fe, Cu,
Zn a Pb) v jednotlivych frakcich organické hmoty a piipadné korelace mezi nimi. MnoZstvi
rtuti vazané na organickou hmotu nepfesahlo u zadného vzorku 8 %. Organicka hmota byla
rozd€lena na 4 frakce, huminové kyseliny (HK), fulvokyseliny (FK), hydrofilni slou€eniny
(HS) a hydrofobni neutralni organickou hmotu (HN). Pies 45 % Hg bylo vazano na HK,
témet 40 % na FK a 15 % na HS. V piipadé HN nepiesahlo mnozstvi navdzané rtuti ani
ostatnich sledovanych prvkl 0,4 % z celkového obsahu, vétSinou to vSak bylo méné nez
0,1 % a pro korelace nebyla tato frakce hodnocena.

Pti hledani korelaci mezi mnozstvimi prvkil navazanych v organické hmot¢ celkové
byl nalezen vyznamny vztah mezi rtuti a Pb nebo Zn, kde korela¢ni koeficienty (r)
dosahovaly hodnot 0,95 - 0,99. Také v piipad¢ siry byla zaznamenéna silné zavislost, kde
r = 0,84. To koresponduje s faktem, ze v organické hmoté neni Hg vazana pfimo na uhlik, ale
siru (Xia et al., 1999). U ostatnich prvka (Mg, Mn a Fe) byly r se rtuti nizsi nez 0,5, pokud
ovsem byly z vypoctl vylouceny dva prvky s nejvyssi mirou znecisténi, korelacni koeficienty

se zvysily na hodnoty v rozmezi od 0,82 do 0,87 a vztahy byly nepfimo umérné. MnozZstvi
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siry vyznamné korelovalo s jiz zminénou Hg, ale také Cu, Zn a Pb. Korela¢ni koeficienty byly
vys$$i nez 0,8, coz odpovida tomu, Ze tyto prvky jsou vazany predev§im na S (Thornton,
1981).

V pfipadé¢ huminovych kyselin byly nalezeny velice podobné vztahy jako pfi
hodnoceni organické hmoty celkové. Pouze korelace rtuti se sirou byla méné silna (0,53).
Naproti tomu u fulvokyselin byl nalezen vztah Hg pouze se S, jednalo se ovsem 0 z&pornou
korelaci (-0,86). Malo vztaha rtuti s ostatnimi prvky bylo objeveno také v hydrofilnich
sloucenindch organické hmoty. Vyznamny byl pouze s médi (0,85), u ostatni prvka
nepiekrocil 0,5.

Porovnanim korelaci mezi celkovymi obsahy jednotlivych prvka byl zjistén vztah
mezi Hg a Cu, Zn a Pb s korela¢nim koeficientem r = 0,83, v ptipad¢ olova dokonce r = 0,99.

Stejné vztahy byly nalezeny taky v pracich Salizzato et al. (1998) a Calace et al. 2005).

6.2 Vliv aditiv na mobilitu Hg v padé
6.2.1 Inkubaéni pokusy

Byly provedeny dvé sady inkubacnich pokusti. Prvni studie byla zaméfena na vliv
jednotlivych slozek organické hmoty na mobilitu rtuti v ptidé a vliv zdroje kontaminace, ta

druhd pak hodnotila zvlasté vliv siry.

Vliv zdroje kontaminace rtuti byl nejvice patrny ve vzorcich pud bez ptidavku
vermikompostu. Nejmens$i rozdil v mobilni frakci rtuti uvolnéné z organickych nebo
anorganickych latek byl pozorovan u fluvizemé. Je to pida s nejvySsim obsahem uhliku
a zaroven jilu. Na tuto frakci s velikosti zrna mensi nez 2 um se vaze nejvice rtuti (Boszke et
al. 2004; Chakraborty et al. 2014). U ¢ernozemé byly rozdily naméteny, ov§em na konci
experimentu byly obsahy mobilni rtuti velmi podobné. Nejvétsi rozdily byly pozorovany
u luvizemé, kde se koncentrace Hg lisily v rozmezi od 105 do 155 pg.kg™. To by mohlo byt
organickou hmotu v kyselych podminkach (Schwesig et al, 1999; Zhang et al. 2015). Navic

se pii nizSich hodnotach pH tvoii vice nerozpustného sulfidu rtutnatého (Winfrey a Rudd,

1990).
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Béhem experimentl mnozstvi mobilni rtuti stoupalo a poté klesalo. Ve vétSiné
kombinaci pid a vermikompostl byl vSak obsah rtuti vazané v ptd¢ stabilni po 21 dnech.
Podobny ¢asovy prub¢h pozorovali také Bower et al. (2008) v préci, ktera byla zam¢fena na
adsorpci rtuti na pyrit. Rozdil mezi anorganickym a organickym zdroje rtuti se projevil také
v posunu maxima uvolnéné rtuti. V ptipadé organické slouceniny k nému dochazelo o nékolik
dni pozdgji. Navic byly na konci pokusu pozorovany niz§i obsahy mobilni rtuti pravé
v piipadé organického zdroje. Lze to vysvétlit riznymi reakcemi jednotlivych specii Hg
v pudé. Zatim co mobilita anorganické rtuti je zéavisla predevSim na tvorbé komplexi
s organickou hmotou, rozpustnost organické Hg zavisi vice na iontové vymeéné (Schliiter,
1997). Kromé toho mikroorganismy zpracovavaji spise organické slouceniny, coz mize byt
také divod niz§iho mnozstvi rtuti uvolnéné na konci inkubaénich pokusu.

Pfi porovnavani jednotlivych vermikompostl na mobilitu rtuti byl nejvyssi vliv
pozorovan u vermikompostu ze zahradniho bioodpadu (V3), ktery obsahoval nejvice
huminovych kyselin a to 57,3 %. Naproti tomu u vermikompostu V2 (kuchynsky odpad
a Sté€pka) byly nalezeny nejmensi rozdily. Tento vermikompost obsahoval jen 45,4 % HA. To
lze vysvétlit jak rozd€lenim rtuti mezi jednotlivé frakce organické hmoty, tak vlastnostmi
téchto frakci. Vyznamny je pfedevsim vyssi podil biologického rozkladu u sloucenin s nizsi
molekulovou hmotnosti a nizkou mobilitou huminovych kyselin (Milne et al., 2003).
Fulvokyseliny a hydrofilni slouceniny, tedy slozky s niz§i molekulovou hmotnosti, mohou
také spiSe zlstavat v pidnim roztoku a tim zvySovat mobilitu navazanych kovi (Naidu

a Harter, 1998).

Ve druhé studii byly hodnoceny zmény v mobilité rtuti v pidé s piidavkem sloucenin
obsahujicich siru. U ¢ernozemé byl obsah extrahovatelné Hg nizky ve vSech variantach bez
ohledu na pfidané latce a to na zacatku i na konci experimentu. Tieti a sedmy den ovSem bylo
pozorovano zvyseni mnozstvi uvolnéné rtuti, podobné jako v nasi predchozi studii. V piipadé
luvizemé klesal obsah extrahovatelné rtuti v pribéhu pokusu a na jeho konci se dostal na
uroveni dosazenou u Cernozemé. Znecisténi pudy rtuti mdze snizit mikrobialni biomasu,
nicméné nekteré bakterie se dokazi na tyto podminky pfizptsobit (Muller et al., 2001).
Znamena to, Ze pozorované zmény v mnozstvi mobilni rtuti v pribéhu experimentu mohou
byt pfiéteny riznym komunitam Zzijicim v jednotlivych pudach. Na jejim konci se pak

biomasa ustali a s ni i mnozstvi mobilni Hg.
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Po pfidani digestatu bylo pozorovan nejrychlejsi pokles mobility Hg, a to jiz béhem
prvniho dne, u popilku byl vliv niz§i. V ptipadé¢ siranu amonného nebyl ve srovnani
s neoSetienou pudou zaznamenan vyznamny rozdil, kromé rychlejSiho nartstu mnozstvi
mobilni rtuti ve 3. a 4. dnu inkubacnich pokust, coz by mohlo byt vysvétleno vlivem
zvySeného mnoZzstvi mobilni siry. U ¢ernozemé byl vliv pfidavkt na mobilitu rtuti niz$i nez
vliv samotné pudy, kterd ma vyss$i sorpéni kapacitu a obsah organické hmoty. Z téchto
vysledkii plyne, Ze obsah S v pfidanych slouceninach nebyl fidicim faktorem imobilizace
rtuti. Luo et al. (2009) pozorovali jen slaby vztah mezi mnozstvim S a Hg v pidach s nizkym
obsahem celkového organického uhliku (~2%), jako tomu bylo v naSich pudach. To muze
také vysvétlit jen maly vliv pfidani siranu amonného, diky kterému se obsah uhliku
nezvysuje.

Mira desorpce Hg se zvySuje s mnozstvim rozpusténé organické hmoty — DOM (Linde
et al., 2007). V nasi praci se ovSem obsah DOM m¢hnil velice vyrazné, v ptipadé luvizemé
osetfené digestatem se sedmy den inkubace zvysil 22 krat. Naproti tomu u ¢ernozemé bylo
pozorovano pouze 1,5 krat zvyseni. To ukazuje, ze mobilitu Hg v ptidé neovlivituje jen obsah
a rozpustnost organického uhliku v pad¢. Dulezitd je i1 afinita Hg k oxidim kovl (Kabata-
Pendias, 2001), role pidnich mikroorganismt (Mathema et al., 2011) nebo piipadné tékani

rtuti béhem pokusu.

6.2.2 Sorpcni experimenty

V réamci louzicich experimentl byla pozorovana velice rychla sorpce, prvni faze trvala
fadoveé minuty a béhem ni byla nasorbovana vétSina Hg. Ve druhé fazi byla sorpce pozvolna
a po 12 az 18 hodinach jiZ sorpce téméf neprobihala, bylo dosaZeno rovnovazného stavu.
V ptipad¢ fluvizemé a luvizemé byla rovnovdha pozorovana jiz b&hem prvnich hodin.
Vysvétlenim miize byt, ze v rychlé pocatecni fazi ionty Hg snadno obsadi volny prostor
a navazi se na funkcéni skupiny. V nésledujici pomalejsi fazi mohou byt ionty Hg
zpomalovany difazi do hlubsich péra (Zeroual et al., 2003; Wang et al., 2006; Wang et al.,
2013). Vysledky naznacuji, Ze reakce pseudo-druhého fadu popisuje kineticka data ve vsech
ptipadech lépe. Tento model ptedpoklada, Ze chemicka sorpce je proces omezujici rychlost
a 7e reakéni rychlost je pfimo Umérnd poctu aktivnich mist na povrchu adsorbentu
(Bayramoglu et al., 2006; Farooq et al., 2010). Druha faze byla vyraznéjs$i u vermikomposta.

Doba dosazeni rovnovéahy byla ptiblizné 18 hodin. Z pouzitych vermikompostii byla nejnizsi
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sorp¢ni schopnost zjisténa u V2 (kuchynsky odpad a dievéné $tépky), u kterého byla zméfeno
nejméné TOC. Zbyvajici dva mely pfiblizné stejné TOC, nicméné u vermikompostu V3
(zahradni biologicky odpad) byla pozorovana siln€jsi sorpce Hg. Tento vermikompost
obsahuje nejvice huminovych kyselin. V pfipadé¢ pud bylo rovnovazné koncentrace Hg
dosazeno po priblizné 12 hodinéach, coz naznacuje, ze pti vys$im obsahu organické hmoty je
Cas potiebny k dosazeni rovnovahy delsi (Yin et al., 1997). Nejméné navéazané rtuti bylo
sorpéni schopnost byla zjisténa u Chernozemé s nejvysSim CEC a vysokym obsahem
organickych latek.

Vysledky vsadkovych experimentd ukazaly, ze pro naSe vzorky se lépe hodi
Freundlichiiv model a adsorpce Hg na povrch sorbentii probihala ve vice vrstvach. U dvou
vzorkl,, vermikompost V2 a fluvizem, nebylo mozné LangmuirGv model vibec pouzit.
Intenzita sorpce byla vyssi u vzorkd vermikompostl, coz odpovida také rychlejsi kinetice
pozorované i u louZicich pokusi. Nicméné sorpce Hg na slozkky organické hmoty muze byt
ovlivnéna fadou faktorti. V praci Canellas et al. (2010) byla organickd hmota rozdé¢lena a byl
hodnoceny vlastnosti jednotlivych velikostnich frakci. Bylo zjisténo, ze vétsi frakce obsahuji
veétSi mnozstvi aromatické C, zatimco menSi velikostni frakce byly sloZeny ptevazné
z oxidovanych uhlikti a mén¢ aromatickych sloucenin C. Ma et al. (2015) ukazaly, ze pro
tvorbu komplextt Hg v organické hmoté jsou dominantni slozky obsahujici aromaticky C,
O-alkyl C, alkyl C a karboxyl C. Velikost ¢astic vermicomposti a pud tedy patii k faktorim
ovlivitujicim sorpci Hg. Zatimco vzorky pudy byly homogenizovany a prosévany sitem
o pruméru 2 mm, vermicomposty byly rozemleté na jemné Castice S nedefinovanou velikosti.
Tyto rozdily by mohly vést také k rozdilnym sorpénim parametrim pid a vermikompostu.
Urcujicim faktorem je také mnozstvi thiolovych skupin ve vzorcich, které mohou ovlivnit
pohyblivost Hg (Székova et al., 2016). Jednotlivé vermikomposty se lisily obsahem siry, kdy
mnozstvi S se pohybovalo mezi 0,335 a 0,590 %. V pfiipad¢ pad bylo nejvice siry zjisténo
v ptipad¢ fluvizemée (0,128 %).

6.3 Vliv pidy kontaminované Hg na spolecenstva piidnich mikroorganismii

V posledni praci byl hodnocen vliv mikroorganismti na mobilitu rtuti. Celkovy obsah

Hg v jednotlivych segmentech rhizosferni pidy se nelisil u obou Urovni kontaminace,
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u varianty s niz§im obsahem Hg pak ani mnozstvi mobilni rtuti, extrahovatelné kyselinou
octovou. Nicméné v experimentu s vy$§im obsahem rtuti byl pozorovan mirny pokles smérem
k agarové vrstvé. Frakcionace Hg v jednotlivych segmentech rhizosferni piady pak byla
ovlivnéna obsahem Hg v jednotlivych ptidach. U experimentu 1, s niz§im obsahem Hg, byla
pfevladajici frakci F3, tedy semimobilni rtut vazand na huminové kyseliny. Ve vice
znedisténé pude byla rtut’ rozdélena predevsim mezi frakce F4 > F3 > F5. Nejvice tedy bylo
rtuti elementarni a vazané na komplexy, coz byva pozorovano u vysoce kontaminovanych
prumyslovych puad (Covelli et al., 2009). Vysoky podil Hg byl také vazan na sulfidy. Liu et al.
(2010) se domnivaji, ze tato frakce muze piedstavovat az 10 % z celkového obsahu Hg.
V experimentu 2 byla nalezena také fenylrtut,, coz neni vzhledem k blizkosti byvalé mofirny
osiva, piekvapujici. Jeji obsah klesal se vzdalenosti od agarové vrsty. To by mohlo byt
vysvétleno vlivem mikrobialnich exudati na mobilizaci organické Hg. Dale byla u pokusu
s vys$i obsahem Hg zjisténa tékava frakce rtuti, jejiz koncentrace se pohybovala mezi 13 a 20
ng.m=,

Na konci experimentu byla analyzovana vrstva agaru a bylo zji§téno, Ze celkovy obsah
Hg v experimentu 1 se pohyboval v rozmezi od 0,11 do 0,36 mg.kg™, u experimentu 2 to bylo
od 2,09 do 15,7 mg.kg?. Je tedy zfejmé, ze mikroorganismy dokazaly akumulovat Hg
zejména v pudach s vysokou mirou kontaminace. Mikroorganismy jako Pseudomonas putida,
Acidithiobacillus ferrooxidans nebo Lysinibacillus fusiformis jsou schopny vypafit az
50 - 100 % rtuti (Cabral et al., 2013; Gupta et al., 2012; Takeuchi et al., 2001). N nasem
ptipadé byl podrobnou analyzou spolecenstva mikroorganismti jako ptevladajici kmen
identifikovan Firmicutes, kde 42 % bylo Paenibacillus sp. nasledované Acetivibrio sp.,
Brevibacillus sp., Cohnella sp., Lysinibacillus sp., a Clostridium sp.. V ramci rodu

v

Paenibacillus byl nejhojnéjsi Paenibacillus agaridevorans.
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7. ZAVER

V této praci bylo zkoumano rozloZeni rtuti v pudach, jeji mobilita a mira sorpce a také
vliv néktery anorganickych a organickych aditiv. Na zéklad¢ vysledku jednoduchych
i sekven¢nich extrakci bylo pro dal§i méfeni vybrana extrakce 0,11 M roztokem kyseliny
octové pro hodnoceni mobility Hg. K podrobnéjsimu popisu rozlozeni Hg v pudé pak
sekvencni extrak¢ni postup popsany v publikovanych pracich.

Déle byla zkoumana distribuce rtuti v organické hmoté, kde je rtut’ vazana piedevsim
na huminoveé kyseliny, a to az 45 % z celkového obsahu. Na rozdil od vétsiny kovu je z velké
casti, pfiblizn¢ 40 %, vazana také na fulvokyseliny, zbytek pak na hydrofilni slouceniny. Jen
méné nez 0,4 % je vdzan na hydrofobni neutralni organickou hmotu. Vysledky analyz
ukazaly, Ze mnozstvi rtuti vazané na huminové kyseliny je nepfimo umérné obsahu Mg, Mn,
Fe a Cu, ovSem pouze v piidach s mnozstvi rtuti do 10 mg.kg™. V ptipadé fulvokyselin byla
nalezena zaporna korelace mezi Hg a S (r = -0,86), ovSem pti hodnoceni organické hmoty
jako celku m¢l vztah mezi témito prvky pozitivni korelaci (r = 0,84).

Mnozstvi a kvalita organické hmoty hraji dilezitou roli v mobilité rtuti v pudé.
Z vysledkl inkubacnich pokust se ukazalo, ze nejmensi rozdily v mnozstvi rtuti uvolnéné
z anorganicky a organicky sloucenin byly pozorovany v piipadé fluvizemé. Tato puda
obsahovala nejvice organické hmoty. Z porovnani jednotlivych vermikomposti byly pak
nejvetsi rozdily v mobilité rtuti zméfeny po ptidani vermikompostu ze zahradniho bioodpadu,
nejmensi u vermikompostu z kuchynského odpadu a $tépky. Jednalo se o vermikomposty

V dalsich experimentech hodnoticich vliv siry na sorpci rtuti bylo zjisténo, ze nejvétsi
imobilizaéni G¢inek z hodnocenych sloucenin obsahujicich S mélo ptidani digestatu. Na
rozdil od popilku a siranu amonného zde k navazani Hg doslo nejenom diky zvySeni mnozstvi
S v pudg, ale také vysokému obsahu organické hmoty.

Pro odhad akumulace Hg v mikrobialni biomase a nalezeni vhodnych mikroorganismi
pro bioremediaci kontaminované pudy byly provedeny pokusy s upravenymi rhizoboxy.
Vysledky experimentu ukézaly, ze u Paenibacillus sp. by bylo vhodné dale testovat jejich
schopnost akumulovat, transformovat, odpafovat Hg a ptipadné vyuziti k bioremediacim
formou bioaugmetace pidy témito organismy.

Nasimi experimenty bylo potvrzeno, ze adsorpce Hg na povrch adsorbentti probiha ve

vice vrstvach a u plid je intenzita sorpce rtuti vysSi nez v piipadé vermikomposti. Na
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mnozstvi navazané rtuti mélo vliv také pH. Nejveétsi mnozstvi vazaného rtuti bylo zjisténo pti
nizkych hodnotach pH a vysokém obsahu huminovych kyselin. Ukazalo se, Zze na chovani
rtuti v pudach maji vétsi vliv jednotlivé parametry pudy nez slou¢eniny obsahujici siru
pouzité k jejich oSetfeni, zejména sorp¢ni kapacita pudy a obsah organické hmoty. Takeé vliv
pfidavku vermikompostu byl vyraznéjsi az po pridani nasobnych davek, nez jsou obecné

pfidavany, mobilita rtuti vSak diky nim byla sniZena.
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