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1 Uvod

Zivotni prostiedi predstavuje podle Listiny zakladnich prav a svobod Ceské republiky
jednu z nejvysSich hodnot lidské spole¢nosti, proto je nezbytné dbat na jeho ochranu a
udrzitelnost, jelikoz kazdy méa pravo na pfiznivé Zivotni prostiedi (Cesko, 1993). Z
dlouhodobého hlediska je ziejmé, ze vyuzivani obnovitelnych zdroju energie je nezbytnou
podminkou trvale udrzitelného rozvoje. ZvySovani podilu obnovitelnych zdroji energie na
vyrobé tepla a elektrické energie spalovanim biomasy je vyhodné zejména z hlediska
snizovani podilu celkovych emisi sklenikovych plynt (Hustad et al., 1995; McKendry, 2002).

Avsak Morf et al. (2002) uvedli, ze nedokonalé spalovani biomasy piedstavuje riziko
tvorby a emisi perzistentnich organickych polutanti, mezi které fadime i polycyklické
aromatické uhlovodiky (dale jen PAU). Tyto organické slouceniny se mohou vyznamné
akumulovat i ve vznikajicim popelu po spalovani biomasy (Janvijitsakul et Kuprianov, 2007
Enell et al., 2008; Straka et Havelcova, 2012; Freire et al., 2015; Masto et al., 2015; Orecchio
et al., 2016; Rey-Salgueiro et al., 2016; Garcia-Alonso et al., 2017; Li et al., 2018).

Jednotlivé PAU mohou byt karcinogenni, mutagenni nebo teratogenni (Lewtas, 1993).
benzenova jadra (cykly) v molekule je nejvice akutné toxicky. Dale naptiklad
vysokomolekularni benzo[a]pyren s péti cykly ve slouceniné je prokazany karcinogen
¢loveka. Dalsich sedm sloucenin z 16 prioritnich PAU je povazovano za mozné karcinogeny
clovéka (King et al., 2004; Bojes et Pope, 2007). Avsak, krom¢ organickych polutant se
v popelu mohou akumulovat i rizikové prvky (As, Cd, Cr, Cu, Ni, Pb), které také mohou
piedstavovat vazné riziko pro zivotni prosttedi (Szakova et al., 2013).

Vznikly popel po spalovani biomasy se vyuZzivd v mnoha odvétvich primyslu
(Ahmaruzzaman, 2010). Z davodu pomérné vysokého obsahu mineralnich Zivin, pfedevsim
Ca, K, Mg a P, Ize popel z biomasy za uréitych podminek vyuzivat i v zemédélstvi jako padni
aditivum za ucelem navraceni zivin z popelu zpét do pudy (Park et al., 2012; Ochecova et al.,
2014; Ochecova et al., 2016; Mercl et al., 2016; Perna et al., 2016; Ochecova et al., 2017;
Mercl et al., 2018). V soucasné dobé je aplikace popelu na zeméd¢lskou pudu legislativné
upravovana (Johansson et van Bavel, 2003a). V Ceské republice (dale jen CR) je, mimo jiné,
limitni obsah PAU v popelu z biomasy stanoven ve vysi 20 mg/kg suché hmotnosti (dale jen
jednotky) popelu (MZe CR, 2014).



Popel s vysokym obsahem PAU je mozné ukladat na skladky nebezpecného odpadu,
vitrifikovat nebo vyuzit jako pfisadu pii vyrobé cementu (Demirbas et al., 2009; Sarenbo,
2009). Vysoky obsah PAU v popelu brani jeho vyuziti v zemé&délstvi (Reijnders, 2005). S tim
souvisi I potieba hledat mozZnosti, jak tyto nebezpecné latky z uvedené matrice odstranit nebo
snizit a pfitom vyuzit ziviny obsazené¢ v popelu (Pitman, 2006; James et al., 2012). V
soucasné dobé popel s vysokym obsahem PAU je remediovan pouze fyzikaln¢ — chemickymi
metodami, které jsou obecné povazovany za nakladné a neSetrné k zivotnimu prostiedi
(Hustad, 1995; Sarenbo, 2009).

Na remediaci PAU v popelu by mohly byt aplikovatelné nékteré bioremediaéni
techniky, které jsou bézné vyuzivané pro Setrné odstrannovani PAU z Zivotniho prostiedi nebo
které vedou ke zmirnéni jejich vlivu na jednotlivé slozky zivotniho prostiedi (Gan et al., 2009;
Ram et Masto, 2014). Béhem bioremediace Se vyuziva pusobeni biologickych procest, které
jsou schopny degradovat PAU az na kone¢né produkty oxid uhli¢ity a vodu (mineralizace
PAU). Nicméné, ucinnost biodegradace se odviji od vlastnosti kontaminované matrice,
faktort prostiedi a dané struktury PAU (Gerhardt et al., 2009). Mezi konkrétni bioremediacni
opatieni, které by mohly byt pouzitelné v piipadé popelu kontaminovaného PAU, mizeme
zatadit zejména: 1) fytoremediace PAU po aplikaci popelu do pady, 2) kombinované vyuziti
fytoremedace pidy kontaminované PAU s piidavky kompostu, vermikompostu nebo substratti
obsahujicich ligninolytické houby, 3) bioremediace PAU v popelu béhem kompostovani a
vermikompostovani (Newman et Reynolds, 2004; Antizar-Ladislao et al., 2007; Di Gennaro,
2009; Winquist et al., 2014).

Pro tuspésné zvladnuti fesené problematiky bylo potiebné ziskat poznatky 0 mozném
obsahu PAU v popelu z riznych druhil biomasy vzniklych za realnych podminek spalovani a
nasledné zjistit vliv vybranych bioremedia¢nich metod na zménu obsahu PAU piitomnych v
popelu po spalovani biomasy. Piedkladana disertacni prace je souborem komentovanych

publikovanych ¢lank, které vznikly na zékladé¢ feSeni dané problematiky.



2 Literarni prehled

2.1 Spalovani biomasy

Naroky spole¢nosti na zivotni Groven se neustale zvySuji. S tim souvisi i rostouci
produkce a spotieba energie. Mezi hlavni zdroje energie stale patii spalovani fosilnich paliv.
Vyroba energie spalovanim fosilnich paliv je spojena s vyznamnym negativnim vlivem na
zivotni prostfedi vcetné bioty. Spotiebu fosilnich paliv I1ze snizit vyuzivanim obnovitelnych
zdroji energie (OZE), mezi které fadime i biomasu. Vyuzivani OZE je povazovano za jeden
ze zakladnich pfedpokladt pro zachovani trvale udrzitelného hospodaistvi (Jenkins et al.,
1998; Forbes et al., 2016). K hlavnim vyhodam vyuZzivani biomasy k energetickym uéelim
patii zmirnéni negativnich dopadl na Zivotni prostiedi z hlediska neutralni bilance tvorby
sklenikovych plynt a Setrného hospodaieni v krajiné (Gil et al., 2010).

Kvantifikace souc¢asného celosvétového vyuziti OZE je znac¢né odlisna (van den Broek
et al., 1996; Dare et al., 2001; Michel et al., 2017). V CR je dle Narodniho akéniho planu z
roku 2012 cilova hodnota podilu energie z OZE na celkové konecné spotiebé energie v roce
2020 stanovena na 15,3 % (MPO CR, 2016). Podil obnovitelnych zdrojil energie na koneéné
spotiebé ¢inil v roce 2016 podle mezinarodni metodiky vypoctu 15,1 %. Na spotiebé elektiiny
se OZE podilely 14 %, na spotieb¢é v dopravé 6 % a na konecné spotiebé pii vytapeéni 20 %
(MPO CR, 2017b). Spalovanim biomasy pro energetické ucely se dle Saidur et al. (2015)
rozumi zejména piimé spalovani biomasy a spoluspalovani biomasy s fosilnimi palivy za
ucelem vyroby elektrické energie nebo uzitkového tepla, ale 1 za i¢elem kombinované vyroby
elektfiny a tepla. V roce 2016 podil pfimého vcéetné¢ kombinovaného vyuziti biomasy na
vyrobé elekttiny z OZE tvotil 22,0 % a na vyrobé tepla 86,4 % (MPO CR, 2017a).

Mezi paliva z biomasy vyuzivana v elektrarnach a teplarnach pro energetické ucely se
fadi zejména: palivové diivi, dievni $tépka, kira, piliny, dfevni odpad a poskliziové zbytky,
brikety a pelety z rychle rostoucich dievin nebo bylin, ostatni biomasa a jiné biologické
materialy (Skoblia et al., 2006). Nevyhodou spalovani biomasy mohou byt procesy spékani,
koroze a aglomerace popelovin tvofici nespalitelnou anorganickou ¢ast paliva ve spalovacim
zatizeni. Déle emise nespalenych latek uvolnované pii nedokonalém spalovani biomasy, které
mohou vést kK negativnimu vlivu na zivotni prostiedi a ke snizeni efektivity vyroby energie z
OZE (Di Blasi, 2008).

Uginnost spalovaci technologie dosahuje pfiblizné 90 % z celkového mozného zisku

energie ze spalovani biomasy a je vyznamné ovliviiovana typem pouzivané¢ho spalovaciho



zafizeni, vlhkosti biomasy, vyhfevnosti paliva, podilem tékavych latek a prchavé hotlaviny
vznikajicich pifi spalovani, obsahem alkalickych kovi a popelovin v biomase nebo jejich
rezidui ve spalovacim zatizeni (Demirbas, 2005). Nehotlava ¢ast paliva je tvofena zejména
vodou a popelovinami, které obecné snizuji vyhievnost paliva. Béhem spalovani muze
dochazet k aglomeraci popelovin ve spalovaci komote. Spékani popelovin béhem spalovani
zpusobuje nerovnomérny pfistup vzduchu k palivu s nasledkem nedostate¢ného spaleni
organické hmoty (Werther et al., 2000; Garcia et al., 2015).

Existuji dva zakladni druhy primyslovych kotli na spalovani biomasy — zafizeni pro
spalovani biomasy na pevném lozi (ro$tové spalovani) a zafizeni pro spalovani biomasy S
fluidnim lozem (fluidni spalovani). Rostové spalovani v rozmezi 500 — 900 °C je vhodné pro
spalovani biomasy S vys$i vlhkosti, riznou velikosti a S vysokym obsahem popelovin
(Koornneef et al., 2007; Yin et al., 2008). Béhem fluidniho spalovani pii teplotach vyssich nez
650 °C se biomasa spaluje spole¢né s inertnim materialem tvoticim fluidni loze, které je Casto
slozeno z kiemicitého pisku nebo dolomitu. Spalovaci vzduch je do fluidniho spalovaciho
zatizeni vhanén zespod a uvadi tak do pohybu smés biomasy s fluidnim lozem (Latva-Somppi
et al., 1998; Steenari et al., 1999; Chirone et al., 2008).

2.1.1 Popel ze spalovani biomasy

V elektrarnach a teplarnach, vybavenymi roStovymi nebo fluidnimi kotly, které spaluji
biomasu, se jako odpadni produkt spalovaciho procesu tvoii popel. V zatizenich na spalovani
biomasy vybavenymi jak roStovymi, tak i fluidnimi kotly, mizeme obvykle rozlisit dva
zakladni druhy popelu: rostovy a tuletovy. Rostovy popel je Casto tvoien speCenou smési
anorganickych latek a hrubou frakci mineralnich necistot spalovanych spole¢né s biomasou,
jako je napiiklad pisek nebo zbytky pidy. Uletovy popel je tvofen jemnou frakci
anorganickych latek smichanou s nespalenymi organickymi ¢astmi paliva. Nejvyssi produkce
roStového popela je v zafizenich s rostovymi kotly, kde se popel hromadi ve spodni ¢asti kotle
pod pevnymi rosty (Vassilev et al., 2010). V piipadé roStovych kotli s obcasnym nebo
trvalym pohybem spalované biomasy je popel odvadén do strusky. Uletové popele v rodtovych
kotlich se zachytavaji zejména na multicyklonu (filtru spalin) a nasledné jsou odvadény do
kontejneru. V zatizenich s fluidnimi kotly je produkce rostovych popeltt minimalni, avSak
mozna. Tyto popele se ukladaji jako specené ve spodni porovité ¢asti fluidniho kotle na tzv.
fluidnim lozi (Vassilev et al., 2014). Z vice nez 90 % ve fluidnim kotli vznika uletovy popel,

ktery muze byt deponovan uvniti spalovaciho zatizeni na vlaknitém, eletrostatickém nebo
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cyklonovém precipitatoru (filtru spalin). Uletové popele se také mohou zachytivat na
ckonomizéru a chladici spalin (Lanzerstorfer, 2015).

Vznikajici popel v zdvislosti na parametrech spalovani, efektivit¢ spalovani, typu
kotle, druhu biomasy, mize tvofit 1 — 10 % pivodni hmotnosti biomasy. Ro¢ni celosvétova
produkce popela z biomasy byla v roce 2010 odhadnuta na 476 milion tun a v Evropské unii
(dale jen EU) byla odhadnuta v roce 2009 na 5,6 milionu tun s moZznym narustem produkce az
na 15,5 miliont tun v roce 2020 (Obernberger et Supanic 2009; Vassilev et al., 2010). Odhad
roéni produkce popela z biomasy se v CR v roce 2012 pohyboval kolem 70 tisic tun a v roce
2016 piiblizné 112 tisic tun (Tlustos et al., 2012; MPO CR, 2017a).

Se zvySujici se spotiebou biomasy pro energetické tcely se zvySuje 1 produkce popela.
S tim souvisi také otazka nakladani se vzniklym popelem a jeho mozného dalSiho vyuziti.
Popel obsahuje pomérné vysoké mnozstvi Ca, Si, ale také mlze obsahovat P, K, Mg a jiné
prvky, proto mnozi autofi popisuji popel z biomasy jako cenny zdroj mineralnich Zivin.
Mnohé studie se zabyvaly moznou aplikaci popela na lesni a zeméd¢lské pudy. Popel se muze
pouzivat i jako piimés rozlozitelnych organickych materiali ur¢enych ke kompostovani (Basu
et al., 2009; Vamvuka et Kakaras, 2011).

Hlavnim duvodem recyklace popela v zeméd¢lstvi je kompenzace ztraty zivin, uspora
vyuzivani mineralnich hnojiv, tprava hodnot pH pudy, meliora¢ni schopnosti a zajisténi
dlouhodobé udrzitelného hospodaistvi (Ram et Masto, 2014). Rozdily v kvalité¢ popela se
hodnoti dle fyzikalnich a chemickych vlastnosti — zejména hodnoty pH a vyluhovatelnosti
makro a mikro zivin (Demeyer et al. 2001). Byla popsana fada alternativnich moznosti vyuziti
popela v primyslu, ve stavebnictvi nebo pii stavbé silnic a dalnic (Rajamma et al., 2009).
Vyuziti popeld je vyhodné také z ekonomického hlediska, protoze v ptipad¢ jejich vyuziti v
zem&délstvi by provozovatelé zatizenich na spalovani biomasy k energetickym ucelim
nemuseli vynakladat vysoké finanéni prostiedky spojené s jejich ukladanim na skladky
odpadi (Jala et Goyal, 2006; Tlustos et al., 2012).

Mezi limitujici faktory ovliviiujici kvalitu popela a jeho vyuziti v zemédélstvi patii
vysoké pH, mozny vyskyt vysokého obsahu rizikovych prvkl (zejména As, Cd, Cr, Ni, Pb) a
mozny vyskyt vysokého obsahu organickych polutanti — piedev§im polycyklickych
aromatickych uhlovodikt (Ribbing, 2007; Szakova et al., 2013; Nabeela et al., 2015; Masto et
al., 2016; Magdziarz et al., 2016; Li et al., 2018).



2.3 Polycyklické aromatické uhlovodiky (PAU)
2.3.1 Zakladni charakteristika a vlastnosti PAU

Polycyklické aromatické uhlovodiky jsou organické polutanty, které vznikaji a jsou
nasledné¢ emitovany do prostiedi predevSsim pifi nedokonalém spalovani organickych
materiali. Do prostfedi se PAU mohou dostavat jak z pfirodnich, tak i antropogennich zdroju

(Abdel-Shafy et Mansour, 2016).

Mezi vyznamné piirodni zdroje emisi PAU se dle Ravindra et al. (2008) fadi:
1) vulkanicka ¢innost, lesni a prérijni pozary
2) sedimentované horniny v mistech té€zby fosilnich paliv
3) chemicka syntéza PAU mikroorganismy

4) pusobeni kosmického zafeni v atmosféte a jiné

Mezi vyzmamné antropogenni zdroje emisi PAU se dle Ravindra et al. (2008) fadi:

1) zdroje nedokonalého spalovani nebo pyrolyza organickych materialt:

(a) stacionarni zdroje: elektrarny, teplarny, spalovny odpadti, domaci topeniste a jiné

(b) mobilni zdroje: automobilova, letecka doprava a jiné
2) primyslové zpracovavani fosilnich paliv, metalurgicky a difevozpracovatelsky primysl:

(a) zpracovani ropy, zkapaliiovani a zplynovani uhli, koksarenstvi

(b) vyroba hliniku, barviv, plastt a jiné
3) vyuzivani materialt obsahujicich PAU:

(a) ropa, zemni plyn, dehty, asfalty a jiné ropné derivaty

(b) cistirenské kaly, rybni¢ni a i¢ni sedimenty, pidy a jiné

Slouceniny typu PAU se v Zivotnim prostfedi nejCastéji vyskytuji jako smési
jednotlivych skupin PAU rozliSitelnych dle poctu cyklickych struktur, které tvoii danou
slouceninu. PAU se mohou skladat ze dvou az sedmi kondenzovanych sloucenin (cykll)
obsahujici benzenova jadra v linearnim, klastrovém nebo angularnim uspotadani. Benzenova
jadra jsou spojena do konjugovanych systémi isomerniho charakteru s moznosti substituce
riznymi funkénimi skupinami. Aromatické oznaceni se vztahuje pouze ke struktuie a
chemické stabilit¢ molekuly benzenu (Gan et al., 2009).

Struktura PAU je nejcastéji tvoiena pouze uhlikem a vodikem, ale benzenova jadra

mohou byt také substituovana dusikem, sirou nebo kyslikem. Existuji stovky sloucenin typu
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PAU a jejich derivatl, proto agentura United States Environmental Protection Agency —
Agentura ochrany zivotniho prostiedi spadajici pod federdlni vladu Spojenych stata
americkych (US EPA) stanovila seznam 16 prioritnich polutanti PAU (16 US EPA PAU)
zivotniho prostiedi (Liu et al., 2001).

Nazvy jednotlivych sloucenin typu PAU byly dle US EPA (1999) vytvofeny organizaci
Mezinarodni unii pro cCistou a uzitou chemii (International Union for Pure and Aplied
Chemistry). Piehled 16 prioritnich PAU, jejich nazvy a zkratky, strukturni vzorce, ¢islovani

fetézcu a relativni hmotnosti jsou uvedeny na Obrazku 1 (strana 8).

Na zéakladé molekulové hmotnosti 1ze jednotlivé PAU dle Eisler (2000) rozdélit do skupin:

1) Nizkomolekularni PAU (NM PAU) — naftalen, acenaftylen, acenaften, fluoren, fenantren a
antracen s 2 az 3 cyklickymi fetézci ve slouceniné.

2) Stiednémolekularni PAU (SM PAU) — fluoranten, pyren, benz[a]antracen a chrysen se 4
cyklickymi fetézci ve slouceniné.

3) Vysokomolekularni PAU (VM PAU) - benzo[b]fluoranten, benzo[k]fluoranten,
benz[a]pyren, indeno[1,2,3-c,d]pyren, dibenz[a,h]antracen a benzo[g,h,i]perylen s 5 az 6

cyklickymi fetézci ve sloucening.

Fyzikaln¢ — chemické vlastnosti PAU se odviji od jejich molekulové hmotnosti a
chemické struktury dané latky. Za standardnich podminek se jedna o bezbarvé, bilé aZ jemné
zluté pevné krystalické latky (Liu et al., 2001). Rozpustnost PAU ve vod¢ je velmi nizka,
jejich rozpustnost se zvySuje v organickych rozpoustédlech, kdy nejvySsi rozpustnosti
dosahuji v nepolarnich rozpoustédlech — hexanu, toulenu, dichlormethanu nebo jinych
(Wilson et Jones, 1992). V polarnich rozpoustédlech je nejvice rozpustny naftalen, zatimco se
zvySujicim se poctem cyklll ve slouceniné a rostouci molekulovou hmotnosti PAU se jejich
rozpustnost ve vodé¢ snizuje. Diky omezené rozpustnosti ve vode jsou PAU povazovany za
lipofilni (hydrofobni) latky, které maji vysokou afinitu k organické hmoté. S tim souvisi i

vyznamna schopnost sorpce PAU na ptdni a prachové ¢astice (Bakker et al., 2000).



Obrazek 1. Piehled 16 prioritnich US EPA PAU, jejich nazvy, strukturni vzorce, ¢islovani
fetézct a relativni hmotnosti (Anyakora a kol., 2005; Atkins et al., 2010).

naftalen (NA) acenaftylen (ACE)  acenaften (AC) fluoren (FLU)
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fenanthren (FE) anthracen (AN) pyren (PY)
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indeno[l.2,3-c.d|pyren @P)  dibenz[ahlantracen®A)  benzo[g h.ilperylen (3P)
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V Zivotnim prostfedi jsou PAU vysoce perzistentni a neustale podléhaji redistribuci
mezi jednotlivymi slozkami Zivotniho prostiedi (Wei et al., 2015). Ze spalovacich procesu
jsou PAU nejprve emitovany do atmosféry, primarné jako sorbované na uletové nespalené
Castice, a nasledné se mohou dostavat i do vSech slozek Zivotniho prostiedi (Salam et al.,
2011). V atmosfétre PAU podléhaji mnoha atmosférickym procesim a mohou se dostavat i na
velmi vzdalena mista od zdroje zneéisténi (Williams et al., 2001; Bignal et al., 2008;
Jumpponen et al., 2013). Vlivem suché a mokré atmosférické depozice se PAU dostavaji z

atmosféry do pidy, vody a bioty. Do vodniho prostiedi s naslednou akumulaci v sedimentech,



se PAU dostavaji ptimo z atmosféry nebo zpétnou resorpci PAU ze sedimentt a pud (Manoli
et Samara, 1999; Dong et al., 2012).

Ke vstupu PAU do ptidy dochazi zejména suchou a mokrou depozici z atmosféry
(Srogi, 2007; Cachada et al., 2016). Dale ke kontaminaci zeméd¢lské pudy PAU muze
dochazet pii zaplavach a vyplavovanim fi¢nich sedimentli v primyslovych oblastech nebo
aplikacemi materialii obsahujici PAU, piedevsim Cistirenskych kalti a rybni¢nich sedimentt
(Podlesakova et al., 1998; Vacha et al., 2003; Vacha et al., 2005; Vacha et al., 2011). Na
zéklad¢ monitorovani obsahu PAU zemédélskych pud zatizenych vyznamnou antropogenni
innosti bylo zjisténo, Ze pramémy obsah PAU je v Usteckém kraji 0,9 mg/kg a v
Severomoravském kraji 8,0 mg/kg (Vacha et al, 2014; Vacha et al., 2015). Preventivni obsah
PAU pro zemé&délské paidy CR je 1 mg/kg pady (MZp CR, 2016).

Schopnost vazby PAU na organickou hmotu v pidé a moznost nasledné akumulace
PAU v zivych organismech piedstavuje velmi vyznamnou vlastnost souvisejici s dostupnosti
kontaminantu pro organismy, ktera je dulezitym pfedpokladem pro mozné bioremediace PAU
v zivotnim prostiedi (Jiao et al., 2007). Sorpce PAU na pudni organickou hmotu vyjadiuje
rozd€lovaci koeficient organicky uhlik/voda (Koc), ktery popisuje rozdéleni latky mezi
organickou hmotu a vodu. PAU s vysokou schopnosti se sorbovat na ptidni organickou hmotu
dosahuji hodnot log Koc vyssich nez 3 (Lamichhane et al., 2016).

Vyznamnou moznosti kontaminace bioty PAU, zejména rostlin, se uvadi atmosféricka
depozice (Meharg et al., 1998). Lin et al. (2007) zminili mozny zpusob vstupu PAU do rostlin
prostiednictvim epidermalniho povrchu nadzemnich ¢asti rostlin. Pfijem PAU kofenovym
systémem rostlin z pudy je mozny, av§ak velmi omezeny (Vacha et al., 2008; Vacha et al.,
2010). Stomatalni pfijem je méné obvyklou moznosti vstupu PAU do rostlin ve formé
plynného skupenstvi (Liste et Alexander, 2000; Dias et al., 2016). PAU se mohou dostavat i
do potravniho fetézce zivocichl véetne cloveka (Khillare et al., 2012). Rozdélovaci koeficient
mezi n-oktanolem a vodou (Kow) vyjadiuje miru tendence latky se akumulovat v zivych
organismech. Hodnota log Kow prioritnich 16 PAU se pohybuje od 3,37 do 7,66. PAU s
vysokou tendenci se akumulovat dosahuji hodnoty log Kow vys$i nez 4, zatimco PAU s
hodnotou log Kow nizsi nez 4 jsou vice hydrofilni, a tedy vice biodostupné (Tao et al., 2006).

Mnohé slouceniny patiici mezi PAU jsou toxické pro organismy. Pfi posuzovani
toxicity PAU pro organismy jsou dulezité jejich vlastnosti a vzajemné interakce (Halek et al.,
2008). Velké mnozstvi zivoCichli vcetné¢ Ccloveka je schopno v zivociSnych tkanich

akumulovat PAU, které do organismi mohou vstupovat z atmosféry inhala¢né, dermaln¢,
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sliznicemi nebo zazivacim traktem spolecné s potravou obsahujici PAU (Samantha et al.,
2002). Pro mnohé organismy mohou PAU byt napiiklad karcinogenni, mutagenni, teratogenni
nebo embryotoxické (Chen et Liao, 2006). Benzo[a]pyren je prokazany karcinogen ¢lovéka a
dalsich sest PAU (benz[a]antracen, chrysen, benzo[b]fluoranten, benzo[k]fluoranten,
indeno[1,2,3-c,d]pyren a dibenz[a,h]antracen) je dle US EPA fazeno mezi potencialni
karcinogeny c¢lovéka (Johansson et van Bavel, 2003b). Z tohoto divodu je nutné sledovat
PAU v popelu. V piipadé akumulace PAU v popelu je potieba hledat moznosti jejich Setrného

odstranéni nebo zmirnéni jejich vlivu na biotu véetné ¢lovéka (Haritash et Kaushik, 2009).

2.3.2 Vznik PAU béhem spalovani biomasy a jejich akumulace v popelu

Vznik PAU zadind pyrolyzou organického materidlu a pokra¢uje naslednou
pyrosyntézou uhlikatych fragmentti vzniklych béhem nedokonalého spalovani biomasy. Pii
pyrolyze probihajici za vysokych teplot nad 700 °C se organické molekuly (celudza,
hemiceluéza a lignin) tvofici spalovanou biomasu §tépi na jednotlivé fragmenty — nestabilni
produkty spalovaciho procesu. Jedna se zejména o volatilni acetylenové a propylové radikaly,
které spolu nésledné pti vysokych teplotach od 500 do 800 °C reaguji za vzniku stabilnich
latek benzenu. Tato faze se oznacuje jako pyrosyntéza (Chagger et al., 1998; McGrath et al.,
2001; Ross et al., 2002). Jeden z moznych zpusobu syntézy naftalenu je postupna adice dvou
uhlikatych reaktantl acetylenu za vzniku molekuly benzenu. Syntéza vice cyklickych PAU
probiha jak postupnou syntézou dvou uhlikatych fragmentd, tak i polykondenzaci dvou nebo
vice jiz vzniklych sloucenin naptiklad benzenu (Richter et Howard, 2000; Williams et al.,
2012). Vznikajici PAU béhem nedokonalého spalovani organického materidlu Se mohou
akumulovat i ve vznikajicich popelech. Mnozstvi vznikajicich PAU se odviji od fyzikalné —
chemickych vlastnosti paliva, podminek vlastniho spalovaciho procesu a druhu spalovaciho
zatizeni (Khan et al., 2009).

Mezi vyznamné faktory ovlivijici vznik PAU patii teplota spalovani a obsah kysliku
ve spalovacim zatizeni (Chagger et al., 2000; McGrath et al., 2007). V mnoha studiich byly
publikovany rozdilné obsahy PAU v popelu vzniklé béhem rtznych teplot spalovani. Jelikoz
se teplota béhem realnych podminek spalovani neustale méni, uvadi se pro danou sumu
vzniklych PAU casto pouze teplotni interval (Enell et al., 2008; Sarenbo, 2009). Masto et al.
(2015) stanovili nejvyssi obsah PAU v popelech pii teploté kolem 850 °C. Rey-Salgueiro et
al. (2016) uvedli, ze béhem teplot spalovani nizsich nez 400 °C byl obsah PAU v popelu na

hranici detekce (nizsi nez 0,003 mg/kg). Levendis et al. (1998) zjistili, Ze béhem spalovani v
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rozmezi 1000 az 1300 °C nebyly v popelu z biomasy stanoveny zadné PAU nebo byly pod
mezi detekce. Vlhkost biomasy vyssi nez 60 % je také povazovana za vyznamny faktor
ovlivilyjici vznik a akumulaci PAU v popelu. Vysoka vlhkost paliva zptisobuje vyssi spotiebu
tepla na odpafeni vody. V dusledku toho dochazi ke snizeni teplot spalovani az do mozného
intervalu 500 — 800 °C vedoucich ke vzniku PAU spojenou s jejich akumulaci v popelu
(Simoneit, 2002; Hays et al., 2005).

2.3.3 Obsah PAU v popelu ve vztahu k obsahu nespaleného organického uhliku

Vzniklé PAU se mohou akumulovat v produkovaném popelu po spalovani biomasy
(Morf et al., 2002). Obsah PAU v tletovém a rostovém popelu po spalovani biomasy dosahuje
znacné variability. Vysledky sledovani obsahu PAU v popelu vzniklého za realnych podminek
spalovani biomasy ukazuji, Ze uletovy popel dosahuje vyznamné vy$s§iho obsahu PAU nez
rostovy popel. Uletovy popel obvykle dosahuje vyssiho specifického povrchu neZ rostovy, z
tohoto duvodu je sorpce PAU v uletovém popelu vyznamngjsi (Masto et al., 2015). Zatimco
Straka et Havelcova (2012) stanovili celkovy obsah PAU v uletovém popelu ptiblizné 6,1
mg/kg, tak Johansson et van Bavel (2003a) uvedli sumu obsahu PAU v tletovém popelu az ve
vysi 77 mg/kg. Rey-Salgueiro et al. (2016) zjistili, Ze v popelu z biomasy pievladaji obsahy
NM PAU nad SM PAU a VM PAU, zatimco Singh et al. (2013) prokazali, ze v plynné fazi
uvolnované béhem spalovani pievladaji SM PAU. Garcia-Falcon et al. (2006) uvedli, ze
obsahy PAU souvisi S mnozstvim nespaleného organického uhliku v popelech. Organicky
nedopal v popelu je mistem, kde se vzniklé PAU mohou snadno sorbovat (Janvijitsakul et
Kuprianov, 2007). Bylo zjisténo, Ze popel z rGznych druh biomasy dosahuje Sirokého
rozmezi hodnot nespaleného uhliku v zavislosti na typu spalovaciho zafizeni a druhu
spalované biomasy. Dale bylo zjisténo, Ze obsah nespaleného uhliku v popelech z biomasy byl
zna¢né variabilni (0,6 — 20,3 %) (Gomez-Barea et al., 2009; Duan et al., 2012). Enell et al.
(2008) ve své praci naznacili, ze mezi mnozstvim nespaleného organické uhliku a obsahem
PAU v popelu mize byt piima zavislost. Haglund (2008) povazoval popel s obsahem
nespaleného uhliku vy$§im nez 5 % za rizikovy a navrhl, ze takovyto popel musi byt pied jeho

naslednym vyuzitim v zemédé&lstvi podroben analyze obsahu PAU.

2.3.4 VyuZziti popelu z biomasy s ohledem na jeho obsah PAU
Dle Baumard et al. (1998) se popele po spalovani fytomasy (obilné slamy) mohou

definovat jako siln¢ nachylné k vysoké akumulaci PAU, zatimco popele po spalovani dievni
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Stépky jsou obecné povazovany za méné rizikové. Limity obsahu PAU v popelu jsou dany v
jednotlivych statech EU zcela odlisné. Svédska EPA vydala pravidla pro aplikaci popeltl na
zemé&delskou padu. Pro nejSetrnéjsi aplikaci je stanoven limit obsahu sumy moznych
karcinogennich PAU v popelu maximaln¢ 0,3 mg/kg a sumy nekarcinogennich PAU v
hodnoté 20 mg/kg (Johansson et van Bavel, 2003b). V CR je podle MZe CR (2014) limit
obsahu PAU v popelu pro vyuziti na zeméd¢lskou ptidu 20 mg/kg a v Norsku dle Haglund et
al. (2008) je limit obsahu PAU 3,0 mg/kg. V ptipadé splnéni vSech pozadavki na kvalitu
popela je mozna jeho aplikace pfimo na zeméd¢lskou ptidu jako podplrné mineralni hnojivo
nebo jako pidni aditivum (MZe CR, 2014). Nékteii autofi navrhli, ze v piipadé popelu s
vysokym obsahem PAU, jehoz aplikace na zemédé€lskou pidu je zakdzana, mize byt popel
vitrifikovan, ulozen na skladky nebezpe¢ného odpadu nebo miize byt spoluspalovan v
cementarnach s vapencem a jilem pfi vyrobé cementu (Xiao et al., 2008; Demirbas et al.,
2009; Goémez-Barea et al., 2009; Berra et al., 2015).

2.4 Moznosti remediace Zivotniho prostiedi kontaminovaného PAU

Ve statech, kde neni vyuzivani popela legislativné upraveno, je popel aplikovan na
zemédélskou ptidu bez ohledu na jeho obsah PAU. Tato praxe miize znamenat vazné ohrozeni
zivotniho prostiedi véetné bioty (James et al., 2012). Z tohoto dtivodu je potieba hledat mozné
zpusoby remediace pud po aplikaci popela kontaminovaného PAU nebo remediace samotné

matrice popelu obsahujici PAU z divodu navraceni zivin zpét do pudy (Reijnders, 2005;

Mahmoudkhani et al., 2007). Remediace jsou vyuzivany v sanac¢nich technologiich pro

kompletni odstranéni polutantd nebo v postupech, které vedou ke zmirnéni vlivu a toxicity

polutantii na zivotni prostiedi (Vidali, 2001).

Remediace se dle Semple et al. (2001) a Megharaj et al. (2011) rozdé€luji na:

a) Fyzikaln¢ — chemické metody remediace, mezi které jsou fazeny naptiklad izola¢ni metody,
imobiliza¢ni metody, chemické stabilizace, fyzikalni separace a extrakce (promyvani,
elektrokineticka tprava). Tyto druhy remediaci se obecné vyuzivaji pii velmi vysokém
znecisténi a tehdy, kdyz hrozni neodkladné feSeni situace, které predstavuje velmi vazné
ohrozeni lidského zdravi. Tyto remediace jsou povazovany za velmi finanéné nakladné a
nesetrné K zivotnimu prostiedi.

b) Biologické metody remediace jsou postupy s cilem odstranit kontaminant nebo snizit jeho

obsah s ohledem na zachovani zakladnich funkénich vlastnosti kontaminované matrice.
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Tyto remediace jsou oznacovany jako ,,bioremediace®, protoze se pfi nich vyuziva ¢innosti

mikroorganismu, hub, rostlin nebo Zivoéichd.

Iwamoto et Nasu (2001) a Kumar et al. (2011) uvedli, ze remediace se dle mista aplikace
rozlisuji:

a) Remediace ,,in situ“ — jsou aplikovany pfimo v misté kontaminace. Maji niz$i naklady na
realizaci, avsak jejich ucinnost je nizsi a prab¢h je obtizné kontrolovatelny.

b) Remediace ,,ex situ* — jsou aplikovany mimo kontaminované misto, kdy je kontaminovana
matrice (nejCastéji puda) vytézena a remediace probiha, bud’ v misté t&€zby (,,0n site®)
nebo je vytéZena kontaminovana matrice prevezena a remediace probiha mimo misto
tézby (,,0ff site”). Nevyhodou zminénych metod je zvySovani financnich nakladd
spojenych s té€zbou kontaminované plochy a s ndklady pottebnymi na jeji pfevoz, avSak

prabéh remediace je snadno kontrolovatelny.

2.5 Moznosti bioremediace Zivotniho prostiedi kontaminovaného PAU

Bioremediace PAU jsou vSeobecné vnimany jako finanéné dostupné a
environmentalné Setrné in Situ, ale i ex situ sanacni postupy. Nicméng, i bioremediace maji
své limitujici faktory — zejména rychlost a omezenou biodostupnost PAU. Predpokladem
ucinné bioremediace je zajiSténi optimalnich podminek pro organismy, které se podileji na
bioremedia¢ni procesech. Mezi specifické podminky pro organismy se fadi optimalni vlhkost,
pH, teplota prosttedi, pfitomnost Zivin a zajiSténi aerobnich podminek, i kdyz jsou znamy takeé
ptipady bioremediace PAU probihajici za anaerobnich podminek (Boopathy, 2000). Mezi
vybrané metody bioremediace PAU v pudé patii naptiklad:

1) Ptirozena atenuace — tato metoda je fazena mezi bioremedia¢ni metody, i kdyz
bioremediace probihd bez cileného zasahu, usnadnéni ¢i podpory, protoze je zaloZena na
biologické schopnosti autochtonnich organismi degradovat PAU v misté znecisténi
(Mulligan et Yong, 2004).

2) Biostimulace — je metoda, kdy se do pidy kontaminované PAU ptidavaji mineralni ziviny s
cilem zvysit uc¢innost a rychlost mikrobialni degradace PAU (Liebeg et Cutright, 1999).

3) Bioventing — je to metoda remediace PAU v pude¢, pii které se vhani vzduch nebo slaby
proud cistého kysliku pfimo do kontaminované pudy, a tim dochazi k obohacovani

prostiedi s mikroorganismy o kyslik potiebny k aerobni mikrobialni degradaci PAU.
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Podminkou uspé$ného bioventingu je pritomnost mikroorganismi v pudé schopnych
degradace PAU (Garcia Frutos et al., 2010).

4) Landfarming — metoda je zalozena na principu aerobniho mikrobiologického rozkladu PAU
Vv tenké vrstvé kontaminované pudy. Tato metoda je Casto aplikovana jako ex situ, kdy je
vytéZzend kontaminovana zemina bioremediovdna v misté tézby. Landfarming spociva v
navezeni vrstvy kontaminované zeminy (20 — 30 ¢m) na nekontaminovanou padu s jeji
naslednou pravidelnou orbou a kypienim spole¢né s dodavanymi zivinami. Tato metoda je
nevyhodna zejména z divodu nekontrolovatelnosti podminek a mozné volatilizace PAU do
atmosféry (Hamdi et al., 2007).

Dalsi vybrané bioremediacni metody PAU jsou uvedeny pro piehlednost v ramci

samostatnych podkapitol.

2.6 Bioremediace PAU pomoci rostlin (fytoremediace)

Fytoremediace predstavuje jednu z mnoha bioremedia¢nich metod, ve které se
pouzivaji vyssi druhy rostlin, zejména bylin a dfevin, pro odstranéni, stabilizaci nebo sniZeni
vlivu PAU na zivotni prostiedi véetné bioty. Fytoremediace PAU se nejéastéji vyuziva na in
situ, ale i ex situ remediaci povrchové kontaminovanych pud. Fytoremediace by mohla byt
perspektivni a u¢inna metoda bioremediace pidy kontaminované PAU z popelt (Glick, 2003;
Fazel Todd et al., 2016).

Metoda vyuziti rostlin pro odstranéni PAU zatim Siroké uplatnéni v praxi nenasla,
avsak je stale velice atraktivni a zddanou oblasti vyzkumu, protoZe je nutné stale nalézat nové
druhy rostlin, které by byly schopny u¢inné a rychle degradovat ¢i dekontaminovat PAU v
pidé nebo v jinych materidlech kontaminovanymi PAU. Potfeba piesného poznani
metabolismu kontaminanti v rostlinach schopnych akumulace kontaminanti z pid je stale
velice aktualni, protoZze poznani metabolického odbouravani kontaminanti v rostlinach
umozni vhodny vybér rostlinnych druhti vyuzitelnych v praxi (Chroma et al., 2002). Limitujici
muize byt kontaminovana biomasa rostlin po ukonceni fytoremedia¢niho opatteni, pokud by se
jednotlivé PAU nedegradovaly, ale pouze akumulovaly v rostlinnych pletivech. V tomto
ptipadé¢ je nutné takovou kontaminovanou biomasu spalovat, odkladat na skladky
nebezpecného odpadu nebo dale bioremediovat napiiklad kompostovanim (Susarla, 2002). |
pres mnohé limity jsou fytoremediacni technologie pfijimany vefejnosti s velikou oblibou,

protoze jsou povazovany za Setrné a ohleduplné k zivotnimu prostiedi. Nespornou vyhodou
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je, ze ve srovnani s konvenénimi fyzikalné — chemickymi remedia¢nimi metodami jsou
vyrazné finanéné levné&jsi (Cunnigham et al., 1995; Cunningham et Ow, 1996).

Fytoremediacni procesy jsou zalozeny na podobnych principech, které probihaji v
piirodé zcela volné a pfirozené. Ve vyvoji fytoremediacnich metod je nutné se zabyvat
mechanismem interakce PAU s rostlinami (Olson et al., 2001; Liu et al., 2014). Nezbytné z
hlediska Sirokého a cileného vyuziti fytoremediaci v bézné praxi je poznani samotného
enzymatického aparatu podilejiciho se na metabolické degradaci a nasledné transformaci PAU
prostiednictvim biochemickych procesu (Huang et al., 2004).

Cilem fytoremedia¢niho opatfeni je degradace PAU v rostlin¢ nebo jejich stabilizace s
dirazem na zamezeni dal§iho transportu kontaminantu do mist, kde by mohlo dojit k
bezprostiednimu ohrozeni zivotniho prostfedi véetné bioty. Nicméné¢, je tfeba brat ohled na
moznost, ze ne v§echny metabolity PAU, které mohou byt netoxické pro rostlinu, nemuseji
vykazovat nezavadnost pro zivo€ichy véetné ¢lovéka (Macek et al., 2000).

Fytoremediace zahrnuje soubor jednotlivych fytoremediacnich procest, které mohou
byt realizovany v navaznosti na sebe nebo mohou byt zcela na sobé nezavislé. Z hlediska
mechanismu vedouciho k odstranéni PAU z pidy pomoci rostlin Ize fytoremediaéni metodu
dle Abhilash et al. (2009) rozdélit na jednotlivé dé&je nebo procesy. Jednotlivé procesy

fytoremediace jsou uvedeny samostatné v nasledujicich podkapitolach.

2.6.1 Fytostabilizace
Fytostabilizace (fytosekvestrace) predstavuje sorpci PAU na rhizodermalnim povrchu
kofenového systému rostlin. Timto zptisobem dochazi k imobilizaci PAU v pid¢ a zamezuje

se tak dalsimu pohybu PAU v zivotnim prostredi (Schwitzguébel, 2017).

2.6.2 Fytovolatilizace

Fytovolatilizace oznacuje mozny piijem volatilnich PAU kofenovym systémem rostlin
S jejich naslednym vylou€enim stomaty v modifikované nebo nemodifikované formé. Tento
proces je v ptipadé PAU velmi omezeny a v zasadé mozny pouze pro NM PAU (Alkorta et
Garbisu, 2001).

2.6.3 Fytodekontaminace
Fytodekontaminace oznacuje proces ¢astecného odstranovani PAU z pidy, pii kterém

nedochazi ke kompletni mineralizaci PAU. Dochazi pouze ke snizeni obsahu PAU, a tim i ke
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zmirnéni jejich vlivu na zivotni prostfedi. Fytodetoxifikaci se oznaCuji mozné substituce
PAU, které vedou ke sniZeni jejich toxicity, avSak v ramci metabolickych substituci mohou

vzniknout jesté toxictéjsi substituenty PAU nez ptivodni slouceniny (Meagher, 2000).

2.6.4 Fytoextrakce a fytoakumulace

Fytoextrakce piedstavuje vlastni pfijem PAU z pidy kofenovym systémem rostlin a
fytoakumulace oznacuje d¢j, pii kterém dochazi k akumulaci PAU v jednotlivych bunéénych
kompartmentech po jejich fytoextrakci. PAU jsou nejcastéji akumulovany v rostlinnych
vakuolach nebo jsou stabilizovany v bunéénych sténach. Timto procesem dochazi ke
stabilizaci PAU na buné¢né urovni (Cristaldi et al., 2017).

Dulezitym ptedpokladem fytoremediace PAU v pude¢ je jejich biodostupnost. Rostlina
piijima PAU z pidy zejména kofenovym vlaSenim ze zdrojového mista kontaminace spolecné
S zivinami v pudnim roztoku, kde jsou PAU rozpusténé na zaklad¢ jejich rozpustnosti ve
vodé. Naftalen a ostatni NM PAU se 2 az 3 cykly ve slou€eniné jsou relativné mobilni v
pudnim prosttedi. PAU rozpusténé v padnim roztoku maji schopnost piestupu z pudy do
kotfenového systému rostlin apoplastickou cestou nebo omezené symplastickou cestou. Do
nadzemnich ¢asti rostlin se PAU mohou dostdvat xylémem, avSak musi nejprve piekonat
bariéru v podobé pericyklu, ktery se nachazi ve sttednim valci kofenové soustavy. Schopnost
translokace PAU z kofenového systému do nadzemni biomasy je povazovana za velmi
omezenou. Rostlina miiZze pfijimat PAU v plynném skupenstvi stomaty, avSak tento zpiisob
pfijmu je také velmi omezeny. Castou moznosti pfijmu PAU rostlinou z atmosféry je
atmosféricka depozice. V takovém piipadé dochazi zejména k adsorbci PAU a jejich
akumulaci v kutikule na povrchu listl. Transport PAU floémem je také velmi omezeny
(Jordahl et al., 1997).

Ptijem PAU rostlinami z pidy se odviji od biologické dostupnosti PAU, kterd je
ovliviiovana: a) fyzikalnimi a chemickymi vlastnostmi a charakteristikami kontaminované
pudy (puadni druh, pH, teplota, vlhkost, obsah organického uhliku a Zivin), b) fyzikaln¢ —
chemickymi vlastnostmi PAU (pocet benzenovych cykll ve sloucening, relativni molekulova
hmotnost, rozpustnost ve vodé a tékavost). Biodostupnost je také zavisla na hloubce zdroje
kontaminace, velikosti a hustoté kotfenového systému. Pro povrchovou kontaminaci jsou
vyuzivany byliny a pro hloubkovou kontaminaci piiblizné od dvou metri se vyuzivaji
prednostné dieviny (Mueller et Shan, 2006). Biologicka dostupnost pro piijem PAU z pudy se

vyjadiuje jako podil koncentrace rozpusténych PAU v ptdnim roztoku a obsahu PAU v
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pudé. Mnozstvi akumulovanych PAU Vv rostliné z pidy se vyjadiuje pomoci
biokoncentraéniho faktoru, ktery je dan podilem obsahu PAU v rostliné a v padé (Mackay et
Fraser, 2000).

2.6.5 Fytodegradace

Fytodegradace zahrnuje dva hlavni procesy — transformaci a mineralizaci PAU. V prvni
fad¢ musi dojit ke zméné nepolarniho charakteru PAU, tak aby v ramci metabolismu rostlin
doslo k postupné transformaci PAU pievedenim na méné toxickou formu. Uplna mineralizace
PAU vV rostlinach az na oxid uhli¢ity a vodu je mozna, ale velmi omezend, a proto Castéji
dochazi k transformacim PAU (Saier et Trevors, 2010).

Degradace PAU spociva v postupném enzymatickém S§tépeni jednotlivych cykld ve
slouc¢eniné PAU. V rostlinné burice existuje mnoho enzymi, které jsou schopny metabolizovat
PAU. Jedna se napiiklad o cytochrom P450 monooxygenazy, glutathiontransferazy, peroxidazy,
hydroxylazy nebo také glukoronyltransferazy. Plsobenim zminénych enzymu vznikaji
hydroxylované a karboxylované PAU, ale i epoxidy PAU (Coleman et al., 1997). Jednotlivé
derivaty PAU po metabolické pfeméné jsou nésledné vylouceny ve formé rostlinnych exudatt
nebo mohou byt ukladany v rostlinnych pletivech, protoze rostliny postradaji efektivni exkre¢ni
mechanismus, nez je tomu u zivocichti. PAU s vét§im poctem benzent a vyssi molekulovou
hmotnosti jsou pomémné rezistentni k odbouravani, a proto dochazi prednostné Kk jejich
transformaci (Soudek et al., 2008).

Transformace PAU je vnimana jako slozity metabolicky proces, kterym se za pomoci
enzymi pietvari pivodni slou¢eniny PAU na molekuly odpovidajicim primarnim (substituované
PAU) a sekundarnim metabolitim (konjugované PAU). Proces transformace PAU mize byt
obecné nékolika fazovy a muze probihat soucasné s jejich degradacemi. V prvni fazi dochazi ke
zvyseni hydrofility PAU substituci hydroxylovych, methylovych a jinych skupin. V konjugacni
fazi mohou wvzniklé substituenty PAU reagovat napiiklad s riznymi derivaty kyseliny
glukuronové nebo glutathionem za vzniku methylsulfonylovych derivata, které jsou
katalyzovany glutathion-S-transferasou (Stiborova et al., 2004). V piipad¢ metabolické premény
PAU u rostlin existuje urcita analogie S metabolismem organickych polutantti u Zivocichu.
V ptipad¢ degradaci PAU bakteriemi a houbami v ptidé jsou metabolické premény PAU dobie
prozkoumany, zatimco informace 0 degradaci PAU v rostlinnych bunkach nejsou tak

komplexni, jelikoZ dochézi jejich vicenasobnym transformacim (Kucerova et al., 1999).
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2.6.6 Rhizodegradace

Hlavni procesy enzymatické degradace a mikrobialni transformace PAU probihaji v ptdé
V bezprostiedni oblasti kofenové zony rostlin, nazyvané rhizosféra. Takovyto proces se oznacuje
jako rhizosférni biodegradace neboli rhizodegradace (Nagendran et al., 2006). V rhizosféte se
nachézi piiblizné 10° — 10® bakterii, 10° aktinomycet a 10° hub na gram ptdy, které jsou schopny
odbouravat organické polutanty (Macek et al., 2000). Rostliny napomahaji mikrobialni
degradaci PAU v rhizosféfe tim, ze uvoliuji do pudy latky (exudaty), které mohou slouzit
mnohym mikroorganismim jako primarni zdroj uhliku a energie na $tépéni vazeb organického
polutantu. Tento d¢&j se ¢asto oznacuje jako kometabolismus rostliny s pidnimi mikroorganismy.
Rostlinné exudaty obsahuji pifedev§im enzymy, terpeny, fenoly, flavonoidy, aminokyseliny,
sacharidy a jiné latky, které mohou pisobit jako induktory mikrobialniho metabolismu PAU
(Nichols et al., 1997).

To je ve shod¢é s Johnsen et al. (2005), ktefi zjistili pozitivni vztah mezi rostlinymi
exudaty a degradaci PAU v pidé. Uginnost rhizodegradace PAU je ovliviiovana predeviim
jejich strukturou, molekulovou hmotnosti a rozpustnosti ve vodé (Nam et al., 1998). To povrdili
Stroud et al. (2007), kdyz se jednotlivé PAU ze skupiny NM PAU degradovaly snaze nez
jednotlivé PAU ze skupiny VM PAU z divodu vétsi preference nizkomolekularnich PAU
mikroorganismy jako primarniho zdroje uhliku. Andreoni et al. (2004) popsali moznost
synergického S§tépeni nizkomolekuarnich PAU napiiklad pomoci bakterii Rhizobium galegae a

Rhodococcus aetherovorans, které byly izolované ze substratu kontaminovaného PAU.

2.6.7 Priklady vyuZiti bylin a dievin ve fytoremediacich

Ve fytoremediacnich technologiich se upfednostiiuji ty druhy rostlin, které jsou
schopny vysoké exkrece rostlinnych exudatu. VyluCované exudaty maji charakter
jednoduchych organickych alifatickych rozpoustédel, které zvySuji biodostupnost
kontaminantd tim, ze zvysuji jejich rozpustnost ve vode. Mnohé studie fytoremediaci PAU
byly zaméfeny na pouziti jednodéloznych trav z Celedi lipnicovitych (Graminacea) z divodu
schopnosti vysoké exudace. Tyto druhy rostlin maji zaroven svazcity az vlaknity kofenovy
systém, ktery muize prorustat do hloubek az nékolika metri (Larsson et al., 2013). Schopnost
rostlin biodegradovat PAU v pidé¢ je siln¢ ovliviiovana sloZenim rostlinnych exudati v pade.
Bylo zjisténo, ze vybrané rostlinné exudaty (alanin a vzniklé acetaty) v pud¢ korelovaly s
enzymy katechol-2,3-dioxygenazou a naftalen dioxygenazou zodpovédnymi za degradaci
vybranych nizkomolekularnich PAU v ptdé¢ (Phillips et al., 2012).
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V kombinovaném vyuziti fytoremediace a bakteridlni augmentace se pii pestovani
jilku vytrvalého (Lolium perenne L.) s pfidanymi gramnegativnimi hlizkovymi bakteriemi
rodu Rhizobium, schopnych fixace vzdusného dusiku, docililo snizeni celkového obsahu PAU
v pudé 0 17,6 % po 180 dnech experimentu (Johnson et al., 2005). V praci Rezek et al. (2008)
byly sledovany zmény obsahu PAU v kontaminované pudé béhem 18 mési¢niho nadobového
pokusu s jilkem vytrvalym (Lolium perenne L.). Po ukonceni pokusu doslo K vyznamnému
snizeni PAU téméf 0 50 % s vyjimkou jednotlivych vysokomolekularnich PAU, které jsou
obecné povazovany za vysoce odolné vuci fytoremediacim. Cofield et al. (2008) prokazali
schopnost kostfavy rakosovité (Festuca arundinacea Schreb.) a prosa prutnatého (Panicum
virgatum, L.) fytoremediovat PAU v praméru o 40 % kromé¢ indeno[1,2,3-c,d]pyrenu, jehoz
obsah v pidé se snizil pouze o 1,5 %. Lee et al. (2008) publikovali, ze jezatka kufi noha
(Echinogalus crus-galli L.) je schopna snizit v padé obsah fenantrenu z 99 % a obsah pyrenu
az 0 94 % za 80 dnu predev§im z divodu vysoké produkce extracelularnich enzymu, které
jsou schopny pomémné efektivné $tépit jednotlivé cykly PAU. Béhem péstovani kotenové
zeleniny bylo zjisténo, ze prijem PAU z pady rostlinou je velmi omezeny a pohyboval se v
rozmezi 0d 0,05 do 0,3 mg/kg (Kipopoulou et al., 1999).

Mnohé studie naznacily, ze kukufice seta (Zea mays L.) je schopna rtst na padé
kontaminované PAU (Liao et al., 2015; Liao et al., 2016). Xu et al. (2006) ve své studii
nezjistili zadné vyznamné rozdily ve vynosu biomasy kukufice péstované na pude
kontaminované PAU ve srovnani s kontrolni variantou. K podobnym zavéram dosli i Wu et
al. (2011), ktefi péstovali kukufici na ptudé kontaminované fenantrenem (12 mg/kg) a pyrenem
(17 mg/kg). To je ve shod¢ s Panda et al. (2015), ktefi zkoumali morfologické zmény kukuiice
péstované na pudach s riznymi davkami kontaminovaného popelu. Az pifidavek popela v
pudé vyssi nez 50 % zplsobil vyznamné sniZeni ristu rostlin stejné jako redukci
fotosyntetické aktivity vlivem sniZzeného obsahu chlorofylu v listech. Vyznamné snizeni
vynosu biomasy zaznamenali také Dupuy et al. (2015), ktefi péstovali kukufici na pad¢ s
velmi vysokym obsahem fenantrenu v rozmezi od 50 do 750 mg/kg. Teprve obsah fenantrenu
v pude¢ vyssi nez 250 mg/kg prokazatelné snizil fotosyntetickou aktivitu. Nicméné, Xu et al.
(2006) ve své studii navrhli kukufici jako vhodnou rostlinu na fytoremediace pid s vysokym
obsahem PAU. Kacalkova et Tlustos (2011) zaznamenali béhem in situ fytoremediace
schopnost kukufice snizit obsah PAU v dlouhodobé kontaminované pid€ odebrané z
prumyslové oblasti. Feng et al. (2014) péstovanim kukufice na ptdé¢ s kalem z odpadnich vod

kontaminovanym PAU snizili jejich obsah v pidé o vice nez 40 % za 126 dnt experimentu.
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Liao et al. (2015) prokazali schopnost kukufice snizit jednotlivé PAU v pudé o vice nez 90 %.
Navic, Zhang et al. (2017) uvedli, Ze kukutice je také schopna extrahovat PAU z pidy do
nadzemni biomasy.

Ptestoze k nejvice vyuzivanym rostlinam ve fytoremediacnich technologii patii byliny,
rychle rostouci dfeviny mohou byt jesté ucinnéjsi, zejména z divodu vysoké produkce
biomasy, rozsahlého kofenového systému a moznosti jejich vyuziti na kontaminované lokalité
po vice let (Burken et Schnoor, 1998; Vervaeke et al., 2003). Mezi druhy dfevin, které
uspésné snizily obsah fenantrenu a antracenu v pidé se dle Mueller et Shan (2006) fadi:
morusovnik ¢erveny (Morus rubra L.), topol ¢erny (Populus nigra L.) a vrba jiva (Salix
caprea L.). Pouzitim riznych druhi borovic (Pinus banksiana Lamb., Pinus resinosa Lawson,
Pinus strobus L.) se dosahlo béhem 8 tydenniho nadobového pokusu snizeni obsahu pyrenu
Vv pudé az o 74 % oproti varianté bez rostlin (Liste et Alexander, 2000).

Mnozi autofi popsali mozné uplatnéni rychle rostoucich druhti vrb a topolti zejména na
extrakce Cd a Zn (ostatni rizikové prvky velmi omezené) z pidy do nadzemni biomasy rychle
rostoucich dfevin (Tlusto$ et al., 2007; Vondrackova et al., 2017; Zarubova et al., 2015).
Nicmén¢, Oleszczuk et Baran (2005) uvedli, Ze vrba kosikaiska (Salix viminalis L.) byla
schopna extrakce PAU z pidy az do nadzemnich ¢asti (stonk a listi), kdy v ramci polniho
pokusu byl sledovan obsah 16 individualnich PAU v pudé. Po péstovani vrby doslo za prvnich
6 mésict k poklesu obsahu PAU v ptd¢ o vice nez 50 %. Béhem nasledujicich tii let se obsah
PAU v ptde jiz vyznamné nelisil. Fytoextrakce PAU z pidy byla velmi omezena. Obsah PAU
ve stoncich a listech byl vyznamné nizsi nez 0,04 mg/kg. Avsak, Kacalkova et Tlustos (2011)
ve své praci uvedli, ze rychle rostoucich dfeviny hybridnich vrb (Salix x smithiana Willd.) a
topold (Populus maximowiczii Henry) byly schopny v ramci in situ fytoremediace akumulovat

PAU z pudy az v hodnoté 3,4 mg/kg béhem jednoho vegetacniho obdobi.

2.7 Bioremediace PAU pomoci kompostovani

Proces kompostovani predstavuje soubor biochemickych reakci, pti kterych dochazi k
aerobnimu rozkladu a transformaci organickych latek pisobenim cinnosti mnohych
mikroorganismti, kdy vznikaji stabilni organické latky (Insam et de Bertoldi, 2007).
Kompostovanim se biologicky rozlozitelné materidly postupné¢ modifikuji na organické
materidly — substraty s vysokou hnojivou hodnotou oznafované jako komposty. Béhem

kompostovani probihaji analogické procesy jako v pfirozeném plidnim prostiedi. Vytvarenim

20



vhodnych podminek se cely d€j urychluje a intenzifikuje (Tang et al., 2006; Habart et al.,
2010).

Pribéh kompostovani predstavuje slozity kontinualni proces, ktery se rozd€luje do tii
zakladnich fazi. V prvni fazi, ktera trva piiblizné 3 az 4 tydny, dochazi k rozkladu snadno
rozlozitelnych latek (faze rozkladu). Vlivem plsobeni mikroorganismi, schopnych rozkladat
celudzu a lignocelulozu, dochédzi k vysokému rastu teploty na 50 — 70 °C. Béhem vysokych
teplot dochazi k hygienizaci kompostu a likvidaci patogennich organismi. V této fazi se
organicky material rozkladd az na aminokyseliny, polysacharidy, uhlikat¢ fragmenty a
mineralni ziviny. Tento proces se obecn¢ nazyva mineralizaci. Pii pozvolném klesani teploty
zacina druhd faze, kterd probiha pfiblizn€ od 4. do 10. tydne kompostovani. Béhem této doby
jsou uvolnéné latky transformovany do stabilnich struktur humusovych latek s typickym
hnédym zabarvenim vznikajiciho kompostu (faze pfemény). Ve tieti fazi (dozravaci faze)
teplota klesa az na okolni teplotu a kompost ziskava zemitou strukturu (Hanc¢ et al., 2016;
Vangk, 2012).

Z hlediska remediacnich technologiich je kompostovani fazeno mezi ex Situ
bioremediaéni metody, které je mozné vyuzivat napiiklad na bioremediaci pudy
kontaminované PAU, kdy je puda vytézena a nasledné kompostovana nejéastéji ve smeési s
biologicky rozlozitelnymi odpady. Bioremediace PAU kompostovanim muze byt také
vyuzitelna na kontaminované sedimenty, kaly, inertni materialy véetné popela (Sayara et al.,
2010). Pro dosazeni vysoké u¢innosti bioremediace kontaminanti béhem kompostovani musi
byt dosazeno vhodného poméru C:N (vétSinou 25 az 35:1), jak uvedl Crecchio (2004).

Biologicka degradace PAU b&hem kompostovani probiha obdobné jako v piipadé
degradace PAU v pudé vlivem ucinku aerobnich mikroorganismti — bakterii, hub, plisni a
dalsich organismi. Kompostovani muze probihat na on site nebo off site statickych
hromadach. Dulezitymi faktory ovliviyjicimi prubéh bioremediace PAU pomoci
kompostovani je intenzivni aerace kompostovaného materidlu, které muize byt dosaZeno
manualni nebo automatickou piekopavkou materialu a nucenym provzdusinovanim (Cajthaml
et al., 2002; Bernal et al., 2009).

Dostate¢na aerace materialu zvySuje biologickou aktivitu mikroorganisma schopnych
degradace PAU a podporuje stabilizaci PAU v kompostech vazbou na vznikajici huminové
latky. Dulezité je také béhem kompostovani udrzovani optimalni teploty a vlhkosti

kompostovaného materialu (Steger et al., 2005; Cai et al., 2007).
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Bioremediace PAU v popelu pomoci kompostovani nebyla dosud zkoumana. Vétsina
publikaci byla zaméiena na degradace PAU v kontaminovanych ptudach, kalech z odpadnich
vod a dfevnich materialech béhem jejich spolecného kompostovani s organickym materidlem
(Atagana, 2004; Loser et al., 2004; Amir et al., 2005; Oleszczuk, 2007; Hafidi et al., 2008).
Antizar-Ladislao et al. (2004) ve své studii, ktera se zabyvala degradacemi PAU bé&hem
kompostovani kontaminované pidy odebrané z okoli uhelné elektrarny ve Velké Britanii,
dosli k zavéru, ze optimalni podminky na biodegradace PAU jsou mezofilni béhem
stabiliza¢ni faze kompostovani pii vlhkosti materialu 60 az 80 %.

Antizar-Ladislao et al. (2008) se zabyvali zménami slozeni jednotlivych skupin
mikroorganismi v pribéhu kompostovani zeminy kontaminované PAU. Rozdé¢lenim
fosfolipidickych mastnych kyselin zjistili, Ze nejvice aktivni mikrobialni spolecenstva
podilejicich se na degradaci PAU jsou houby za mesofilnich podminek. Bioremediace PAU
pomoci kompostovani byla zkoumana jak v laboratornich podminkach, tak i v poloprovoznich
podminkach, tedy ve specialné vytvofenych bioreaktorech, boxech nebo tunelech s
monitorovanymi podminkami. Tyto zplisoby kompostovani jsou Vv piipadé degradaci

Byla provedena studie na kompostovani zeminy dlouhodobé kontaminované PAU.
Kompostovani bylo provedeno ve specialnich nadobach (reaktorech) umisténych v laboratoti
S kontrolovanymi podminkami. B¢hem kompostovani pldy kontaminované PAU s
organickym materialem v rizném poméru se Sledovala zména obsahu 16 PAU po dobu 8
tydnt. Po ukoncéeni experimentu doslo k prokazatelnému poklesu obsahu PAU o0 75 % v
ptipadé kompostovani zeminy a biologického materialu v poméru 0,8:1 (Antizar-Ladislao et
al., 2005).

Podobnych vysledki dosahli také Kapanen et al. (2013), kdy béhem kompostovani
smé&si organické hmoty a kontaminovaného kalu doslo ke snizeni obsahu PAU 084 % z
puvodniho obsahu PAU ve vysi 0,5 mg/kg. Bylo také zjisténo, ze pudu kontaminovanou PAU
Ize bioremediovat pomoci kombinovaného vyuziti fytoremediace s ptidavky kompostu (Cai et
al, 2008). Feng et al. (2014) zjistili, ze 10 % obohacenim pud kontaminovanych PAU o0
kompost dochéazi ke zvySeni pfistupnosti jednotlivych nizkomolekularnich PAU u kostfavy
rakosovité (Festuca arundinacea Schreb.), proto byla pozorovana zejména zvysena
biodegradace jednotlivych PAU ze skupiny NM PAU v pude.
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2.8 Bioremediace PAU pomoci vermikompostovani

Vermikompostovani piedstavuje alternativni metodu k procesu kompostovani, ve které
se vyuziva c¢innosti nékterych druhti zizal k transformaci organické hmoty za vzniku
organického materialu s pomérné vysokym obsahem huminovych latek oznacovaného jako
vermikompost. Ve srovnani s béznym kompostem muize dosahovat az 10 krat vyssiho obsahu
mikroorganismu. S tim souvisi i vys$i variabilita produkovanych enzymatickych latek (Fornes
et al., 2012). Hickman et Reid (2008) uvedli, ze k vermikompostovani se vyuzivaji zejména
zizaly hnojni (Eisenia fetida Savigny), kalifornské hybridy zizal (Eisenia fetida andrei
Bouché), ale také je mozné vyuzit Zizalu obecnou (Dendrobaena veneta Rosa) nebo zizalu
nacervenalou (Lumbricus rubellus Hoffmeister). Béhem vermikompostovani zizaly ve svém
travicim traktu zpracovavaji organicky material, ktery vyuzivaji ptiblizné ze 40 % a zbytek
vyluCuji v natravené formé& nebo ve stmelenych castech oznacované jako koprolity
(Carrasquero-Duran et Flores, 2009).

Vermikompostovani je popisovano jako nizkondkladovy, efektivni a rychly zpiisob
zpracovani biologicky rozlozitelnych odpadi, statkovych organickych odpadi, kuchynskych
biologickych odpadii nebo jinych organickych materidld (Garg et Gupta, 2011; Han¢ et
Chadimova, 2014). Vhodnou potravou pro Zizaly jsou snadno rozlozitelné organické odpady s
pomérem C:N pfiblizné 20 az 30:1. Pro u¢inné vermikompostovani je tfeba zajistit dostatek
organického materidlu slouziciho jako potravinovy substrat pro ZiZaly, aerobni podminky,
mesofilni teplotu prostiedi, vlhkost materialu vyssi nez 60 % s pH v rozmezi 5 az 8 (Han¢ et
Pliva, 2013; Hanc et Vasak, 2015). Vermikompostovani se podili na udrzitelném hospodaieni
a podporie kolob&hu zivin v prostiedi (Pattnaik et Reddy, 2010; Fornes et al., 2012).

Z hlediska remediacnich technologii je vermikompostovani fazeno mezi bioremediacni
metody jako mozny alternativni zpusob bioremediace polutanti K procesu kompostovani,
ktery je mozny aplikovat na plochy kontaminované organickymi polutanty in situ, ale i ex situ
(Martin-Gil et al., 2008; Sinha et al., 2002). Mnozi autofi popisuji vermikompostovani jako
perspektivni, nendkladnou a Setrnou metodu vedouci k odstranovani PAU z zivotniho
prostiedi (Samanta et al., 2002; Zhang et al., 2006). To ve své studii potvrzuji i Contreras-
Ramos et al. (2008), kteti porovnavali zmény obsahu fenantrenu, antracenu a benz[a]pyrenu v
pud¢ obohacené o vermikompost. Po 70 dnech experimentu doSlo v pidé obohacené o
vermikompost az k 99 % poklesu obsahu fenantrenu, 95 % poklesu obsahu antracenu a 16 %
poklesu obsahu benz[a]pyrenu. K podobnym vysledktim dospéli také Alvarez-Bernal et al.

(2006), ktefi také sledovali zmény obsahu fenantrenu, antracenu a benz[a]pyrenu v padé po
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aplikaci vermikompostu o riznych koncentracich. Po 100 dnech trvani experimentu doslo k
jejich snizeni az 0 97, 93 a 78 %, zatimco v neobohacené pudé o vermikompost nebyla
pozorovana vyznamna zmeéna.

Di Gennaro et al. (2009) se =zabyvali chovanim a genetickymi zménami
mikroorganismu v ptidé kontaminované naftalenem, ktera byla odebrana z primyslové oblasti.
Pfidanim vermikompostu do pudy se zvysila tvorba genu nahAc ptadnich mikroorganismui.
Uvedeny gen byl zodpovédny za zvySenou expresi enzymu naftalen dehydrogenazy, ktery
umoznil mikrobialni degradaci naftalenu v padé¢. Za 30 dna se obsah naftalenu snizil o vice
nez 90 %.

Dale byl zkoumdn naptiklad vliv pfidavkii vermikompostu na zvySeni ucinnosti
fytoremediace pidy kontaminované PAU (Contreras-Ramos et al., 2008; Chang et al., 2008).
Wang et al. (2012) uvedli, ze 5 % piidavek vermikompostu vyrobeného z kejdy prasat zvysil
degradaci PAU (fenantrenu, antracenu a pyrenu) v uméle kontaminované pidé¢ spole¢né s
rostlinami (Sedum alfredii Hance) o 75 az 99 % béhem 90 dnu. Piidavek vermikompostu
pozitivn¢ ovlivnil mikrobialni aktivitu v pudé. Dale zvysil tvorbu kofenového systému, a tim i
produkci exudati ménicich polaritu PAU, ktera umoznila vy$s$i dostupnost PAU pro

organismy schopnych jejich rozkladu.

2.9 Bioaugmentace PAU

V bioaugmentac¢nich metodach dochéazi pfedev§sim k aerobnimu odbouravani PAU
vlivem c¢innosti metabolismu riznych druhtt mikroorganismt (bakterii, hub, plisni nebo
jinych) cilen¢ aplikovanych v Kontaminovaném pidnim prostfedi. Tato metoda muize byt
uplatnéna jak in situ, tak i ex situ. Bioaugmenta¢ni metody 1ze rozdélit dle druhu aplikovanych
organisma (Winquist et al., 2014; Gaur et al., 2018).

a) Bakterialni remediace — metoda, ve které se vyuZzivaji kmeny bakterii schopnych
degradace PAU. Nékdy je tato metoda nazyvana i jako bakterialni augmentace a Casto je
zaménovana s obecnym oznacenim bioremediace (Kong et al., 2018).

b) Mykoremediace — metoda, ve které se vyuzivaji zejména kmeny hub schopnych
degradace PAU. N¢kdy je tato metoda nazyvana i jako mykoaugmentace nebo funginalni
remediace (Agnello et al., 2016).

Na Obrazku 2 (strana 25) je uvedeno souhrnné schéma degradace PAU

mikroorganismy dle Haritash et Kaushik (2009).
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Obriazek 2: Schéma aerobni a anaerobni biodegradace PAU pomoci bakterii a hub dle

Haritash et Kaushik (2009).
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2.9.1 Bioremediace PAU pomoci bakterii

Bioremediace PAU pomoci bakterii probiha piedev§im za aerobnich podminek
pusobenim enzymu dioxygenaz, ale i cytochrom P450 monooxygenaz (Nigam et al., 1998).
Jsou znamy 1 mikrobidlni degradace PAU za anaerobnich podminek, které jsou ve srovnani s
aerobnimi vyrazné¢ pomalejsi (Chang et al., 2008). K aerobnim bakteriim schopnych
degradace PAU se fadi napiiklad rody: gramnegativni Pseudomonas, nesporulujici
grampozitivni Mycobacterium, gramnegativni Agrobacterium, nesporulujici grampozitivni
Rhodococcus, grampozitivni sporulujici Bacillus a mnoho dalsich (Cerniglia, 1993).

Innemanova et al. (2018) z dlouhodobé kontaminované plidy izolovali rizné kmeny
bakterii, které dosud nebyly testovany na bioremediace PAU v pidé. Ty nésledné pouzili
na bioaugmentaci PAU v pudé¢. Dle ziskanych vysledkil byla metoda bioaugmentace o 40 %
ucinnéjsi z hlediska poklesu obsahu PAU nez jejich pfirozena atenuace kontaminované pudé.
Po ukonceni bioaugmentac¢niho pokusu se obsah PAU v ptd¢ snizil o 72,9 %. Na zaklad¢ této
studie by mohl byt kmen bakterii Acinetobacter calcoaceticus vyuzivany v praxi na

bakterialni degradace PAU v dlouhodobé kontaminované pidé.
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Pti biodegradaci PAU dochazi k postupnému stépeni jednotlivych cykli, ze kterych je
slozena slouCenina PAU. Naptiklad naftalen muze byt degradovan pomoci bakterie
Pseudomonas putida (Nigam et al., 1998). Naftalen je odbouravan pomoci enzymu
naftalendehydrogenazy v ortho poloze za vzniku cis-1,2-dihydronaftalendiolu a 1,2-
dihydroxynaftalenu. Aromaticky systém benzenu se $tépi enzymem extradiol dioxygenazou,
kdy vznika 4-(2-hydroxyfenyl)-2-0xo-3-butenova kyselina. Vlivem aldézy dojde k odstépeni
pyruvatu za vzniku salicylaldehydu, ktery je oxidovan aZ na kyselinu salicylovou. Stépenim v
ortho poloze vznikne cis-mukonova kyselina. Stépenim v meta poloze vznikne pyruvat a
acetaldehyd. Degradace vétsSiny PAU probiha podobnym zptisobem, tedy postupnym $tépenim
odlisnostmi (Bamforth et Singleton, 2005).

Jauhari et al. (2017) zjistili, Ze bakterie Pseudomonas aeruginosa, je schopna
rozkladat antracen pomoci katabolickych enzymu katechol 1,2 dioxygenaz za postupného
vzniku kyseliny ftalové, ktera je nasledné zapojena do metabolickych procest bakterii. Dale
Schneider et al. (1996) se =zabyvali degradacemi pyrenu, benz[a]antracenu a jinych
individualnich PAU. Naptiklad Moody et al. (2004) popsali bakterialni degradaci
benzo[a]pyrenu. Pasobenim bakterie Mycobacterium vanbaalenii produkujici intracelularni
monooxygenazy a dioxygenazy byly pozorovany rizné hydroxy, hydromethoxy a methoxy
derivaty benzo[a]pyrenu.

Bakterialni degradace PAU zejména v kombinaci se surfaktanty, které zvySuji desorpci
PAU z kontaminované matrice, mohou byt velice perspektivni metody na degradace PAU v

zivotnim prostredi (Liang et al., 2017).

2.9.2 Bioremediace PAU pomoci hub

Houby piedstavuji rozsahlou skupinu eukaryotnich heterotrofnich organismu, které
pfijimaji ziviny ve formé organickych latek. Bylo prokazano, ze nékteré druhy hub jsou
schopné oxidovat PAU. Bioremediace PAU pomoci hub se mize rozdé¢lit na dva zakladni
mechanismy: neligninolyticky a ligninolyticky, ve kterych dochazi k degradaci PAU pomoci
neligninolytickych a ligninolytickych enzymu (Cerniglia, 1993). Vétsina neligninolytickych
hub (naptiklad Aspergillus niger, Cunninghamella elegans, Chrysosporium pannorum nebo
jiné) neroste na dievé. Z tohoto divodu neprodukuji lignin peroxidazové enzymy, které jsou
bézn¢ produkované ligninolytickymi druhy hub rostoucich na dfevé (naptiklad Bjerkandera

adusta, Irpex lacteus). Neligninolytické houby produkuji enzym cytochrom P450
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monooxygenazu, avsak jsou znamy takové druhy hub (naptiiklad Pleorutus ostreatus,
Phanerochaete chrysosporium), které jsou schopny produkce obou druhti enzymua (Bamforth
et Singleton, 2005). Rozsahly piehled hub vyuzivanych v mykoremediacich uvadi naptiklad
Fernandez-Luquefio et al. (2011).

Metabolismus PAU u neligninolytickych druht hub za¢ina oxidaci aromatického jadra
benzenu enzymem cytochrom P450 monooxygenazou, kdy vznikaji arenoxidy PAU, ze
kterych neenzymatickym presmykem vznikaji fenoly PAU. Tyto slouceniny slouzi jako
substraty pro nasledné reakce za vzniku konjugati PAU (ortho-glukoronidy, ortho-glykosidy,
ortho-sulfaty a dalsi) s nizsi toxicitou a vyssi rozpustnosti. Z reaktivnich arenoxida PAU
mohou pusobenim epoxid hydrolazou vznikat trans-dihydrodioly PAU a z nich dale mohou
vznikat chinony PAU (Haritash et Kaushik, 2009). Metabolismus PAU u ligninolytickych hub
probihé piisobenim ligninolytickych enzymi rozkladajicich lignin a jiné organické materidly.
Mezi ligninolytické enzymy schopné degradovat PAU patii peroxidazy (lignin peroxidaza a
mangan-dependentni peroxidaza) a lakazy (Baldrian, 2008).

Naptiklad Sack et al. (1997) zjistili, ze pouzitim hub Phanerochaete chrysosporium
nebo Trametes versicolor dochazi k oxidaci PAU za vzniku chinoni PAU a nasledné¢ muze
dojit az k jejich kompletni mineralizaci. Eggen et Majcherczyk (1998) ve své studii s pidou
kontaminovanou PAU zjistili, ze aplikace hub (Pleurotus ostreatus) vedla k 49 % snizeni
obsahu vysokomolekularniho benzo[a]pyrenu. Nicméné, pouze 1 % benzo[a]pyrenu se
kompletné mineralizovalo. Byss et al. (2008) ve své studii zkoumali u¢innost degradace PAU
v pud¢, ktera byla kontaminovana dehtovym olejem po impregnaci a konzervaci dieva. V
inkuba¢nim experimentu byla pida s obsahem PAU v hodnoté¢ 194 mg/kg obohacena o
substrat s vybranymi druhy basidiomycet: Pleurotus ostreatus a Irpex lacteus. Bylo zjisténo,
7e v obou ptipadech doslo k tbytku obsahu SM PAU a VM PAU ve srovnani s kontrolni
variantou, kterd obsahovala pouze pfirozena mikrobidlni spoleenstva Vv plvodni
kontaminované pud€. Po ukonceni 120 denniho experimentu doslo k poklesu obsahu sumy
PAU 0 55 — 67 % v pudé obohacené o Pleurotus ostreatus, zatimco v ptdé obohacené o Irpex
lacteus se obsah sumy PAU snizil 0 27 — 36 %.

Mnoho autort uvadi, Ze ligninolytické kmeny hub (zejména Pleurotus sp.,
Phanerochaete sp., Irpex sp., Bjerkandera sp. nebo Trametes sp.) jsou velice perspektivni pro
vyuziti v praxi K odstranéni nebo snizeni obsahu PAU v ruznych kontaminovanych

materialech (Pickard et al., 1999; Li et al., 2012; Garcia-Delgado et al., 2015).

27



3 Védecké hypotézy a cile prace

Hypotézy prace

1)

2)

3)

4)

V disledku nedokonalého spalovani riznych druhii biomasy se mohou v uletovém a

rostovém popelu akumulovat vysoké obsahy PAU, které brani jeho vyuziti v zemédélstvi.

Vysoky obsah PAU v popelu by bylo mozné odstranit nebo snizit péstovanim rostlin

behem fytoremediace.

Utinnost fytoremediace PAU v pudé by bylo mozné zvysit aplikaci kompostu,

vermikompostu nebo substratu obsahujiciho ligninolytické houby.

Vysoky obsah PAU v popelu by bylo mozné odstranit nebo snizit béhem kompostovani a

vermikompostovani ve smési S organickymi odpady.

Cile prace

1)

2)

3)

4)

Stanovit obsah 16 zakladnich PAU v jednotlivych vzorcich tletového a rostového popelu,
které vznikly za realnych podminek spalovani v provozovnach vyuZzivajicich spalovani

biomasy k energetickym uceliim.

Zhodnotit vliv péstovani rostlin na zménu obsahu PAU v ptadé po aplikaci popelu béhem

fytoremediace a ovétit mozny piijem PAU z pidy do rostlin.

Zhodnotit vliv kompostu, vermikompostu a substratu obsahujiciho ligninolytické houby
na zvySeni ucinnosti fytoremediace PAU v plidé a ovéfit moznou zvySenou extrakci PAU

Z pudy do rostlin.

Zhodnotit vliv kompostovani a vermikompostovani na zmeénu obsahu PAU ve smési

organickych odpadi s popelem.
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weight PAHs prevailed in tested ashes. The exponential relationship between the PAH content and LO.1. for fly
ashes and the linear for bottom ashes was observed.

1. Introduction

Biomass is a type of biological material that can act as a renewable
fuel source for energy production. The thermochemical process of con-
version of biomass fuels, such as industrial grown plants, fast growing
trees, fuel wood, wood chips, forest and harvest residues and many
others, is possible to use for the production of useful heat and electricity
(McKendry, 2002; James et al., 2012). The energy derived from biomass
combustion contributes to the development of environmental, social
and economic sustainability. The direct combustion of biomass fuels in
incineration plants is considered to be the most promising energy
source to mitigate greenhouse gas emissions (Khan et al.,, 2009; Atkins
et al, 2010).

Biomass combustion produces fly ash and bottom ash as a waste—
product of the biomass conversion processes (Bridgwater et al., 1999;
Johansson and van Bavel, 2003a). Fly ash represents the solid compo-
nent mixed with unburnt particles of fuel, which is deposited on the
precipitator inside the fluidized, circulating fluidized or bubbling fluid-
ized boilers. The bottom ash consists of solid bed particles located in
the bottom part of the furnace (Pitman, 2006; Freire et al., 2015).

The ash derived from biomass combustion is rich in macro- and
micronutrients and has the potential to be utilized as a mineral fertilizer
in agriculture (Ferreiro et al,, 2011). The use of this waste material may
also reduce landfill disposal (Reijnders, 2005). However, the ash derived
from biomass combustion can contain high amounts of hazardous
metals that may cause serious health risks (Aronsson and Ekelund,
2004; Poykio et al., 2009).

The conditions of biomass combustion can also lead to the formation
of polycyclic aromatic hydrocarbons (PAHs) in biomass ash (Chagger
et al,, 2000; Enell et al., 2008). The most frequent formation mechanism
of PAHs is pyrolysis and subsequent pyrosynthesis during the incom-
plete combustion of biomass. PAH formation via high and low temper-
ature pyrolytic reaction has also been described (McGrath et al., 2001;
Morfet al,, 2002; Sharma and Hajaligol, 2003; Hays et al., 2005). The for-
mation of PAHs during biomass combustion is strongly dependent on
the type of biomass fuels used, their physical and chemical properties
and the operating conditions of combustion (Jenkins et al.,, 1998; Ross
et al, 2002).

The PAHs represent persistent organic pollutants (POPs) which are
widely distributed in the environment as a consequence of human in-
dustrialization (Wheatley and Sadhra, 2004; Bignal et al., 2008). These
lipophilic compounds consist of 2 to 7 fused aromatic benzene rings in
linear, angular or cluster arrangements. This arrangement predicts
their stability in the environment and stable PAHs tend to accumulate
mainly in soils and sediments. The physical-chemical properties, distri-
bution and behaviour of PAHs in the environment also vary consider-
ably with molecular weight. The lower molecular weight PAHs (LMW
PAHs), containing 2-3 rings, are mobile in the environment, whereas
the medium molecular weight PAHs (MMW PAHSs) containing 4 rings
and higher molecular weight PAHs (HMW PAHs), containing 5-7
rings, are relatively non-mobile. With increasing molecular weight,
the melting point, boiling point and lipophilicity of PAHs with respect
to log Kow (n-octanol-water partition coefficient) grows and the
water solubility decreases, suggesting increased solubility in lipid com-
pounds (Eisler, 2000).

Sixteen basic PAHs are included in the United States Environmental
Protection Agency (16 US EPA PAHs) priority pollutant list, because they
may pose serious threats to the environment and biota (USEPA, 2016).
The interest of researchers in PAH monitoring in ash has increased re-
cently due to the possibility of recycling nutrients from ash to soil,

© 2016 Elsevier B.V. All rights reserved.

because PAHs could be absorbed and assimilated by plants and subse-
quently enter into the food chain of animals and humans (Demirbas,
2005; Park et al., 2012). Individual PAH compounds have various toxic-
ities and some PAHs are known to have carcinogenic, teratogenic and
mutagenic properties. For instance, naphthalene has been described as
the most acutely toxic PAH and benzo[a]pyrene has been identified as
carcinogen to humans (Juhasz and Naidu, 2000).

Most previous research has focused on PAHs in ashes derived from
municipal solid wastes and wood biomass, and very few studies have
characterized the distribution of low, medium and high molecular
weight PAHSs found in ashes taken from commercial biomass incinera-
tion plants operated between 250 and 1000 °C. The data on PAH content
in fly and bottom ashes derived from phytomass (including agricultural
crop residues) in literature are still limited and the relationship between
the unburned combustible carbon and total PAH content in various bio-
mass ashes has not been studied sufficiently.

The main objective of this work was to investigate the total and indi-
vidual content of the 16 US EPA PAHs in fly ash and bottom ash derived
from phytomass and dendromass derived from various operating tem-
peratures of biomass incineration. The relationship between the total
PAH content and unburned carbon in ashes was also considered.

2. Experimental
2.1. Ash sampling and preparation

Ninety six ash samples were taken from 48 commercial biomass in-
cineration plants located in the Czech Republic. Fly ash and bottom ash
samples were collected from each incineration plant. The fly ashes could
be a mixture of ashes collected at the superheater, economizer, and
electrostatic precipitator. All bottom ashes were collected from the
tank below the fluidized or grate boilers. The approximate amount of
2 kg of each ash sample was taken in four random replications which
were further mixed thoroughly. The samples were put into dark glass
bottles and transported to the laboratory for further analysis. The tested
samples were air-dried to a constant mass in the laboratory, pulverised
by a Retch fraction mill (Retch, Germany), passed through a 2.0 mm
sieve and subsequently homogenized. A total of 50.0 g of each homoge-
nized ash sample was grounded to a fine powder by a vibration mill
with diameter 15-20 um. If necessary, the samples of ash were stored
in a refrigerator at — 8/— 10 °C in Petri dishes covered with aluminium
foil.

Before PAH-specific analysis, each ash sample was diluted in deion-
ized water at a ratio of 5:1 (solid to liquid) and then the pH value was
measured after 24 h according to Johansson and van Bavel (2003a).
For pH determination, a WTW pH 340i meter with glass ion selective
electrode (WTW, Germany) was used. The amount of unburned com-
bustible carbon in each ash sample was determined as a loss on ignition
(LO.L), when 10.0 g of dry ash sample was heated in a crucible placed in
a furnace for 2 h at 105 °C and then the temperature increased to
1000 °C at a rate of 10 °C/min. The L.O.I. was calculated, as follows:
LO.I (mass %) = ((Weightyos — Weightygoo)/Weight,o5) x 100,
where Weight, s is the weight of sample after heating at 105 °C and
Weightgoo is the weight of sample after ignition at 1000 °C. This is a
standard method used in many European countries for determination
of residual organic matter represented by unburned carbon in ash
(Stubington and Wang, 2000). The L.O.I1. analyses were performed in
the Institute of Rock Structure and Mechanics, Academy of Sciences of
the Czech Republic. The analyses of PAHs were performed in the
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Department of Agro-Environmental Chemistry and Plant Nutrition of
the Czech University of Life Sciences Prague.

2.2. Characterization of ash samples

The ash samples and some operation properties of combustion
boilers can be described and characterized as follows:

a) Phytomass fly ash: 24 samples derived from wheat and barley straw
based biomass and agricultural crop residues, collected from fixed or
fluidized bed boilers with 1.7-20.0 MW reactors, pH = 12.79 + 0.52,

combustion temperature: a) 250-500 °C, 5.2-6.1% of L.O.L,; b) 500-

750 °C, 49.6-54.7% of L.O.L,; c) 750-1000 °C, 14.1-26.4% of L.O.1.

(eight samples in each group).

Phytomass bottom ash: 24 samples derived from wheat and barley

straw based biomass and agricultural crop residues, collected from

fixed or fluidized bed boilers with 1.7-20.0 MW reactors, pH =

11.52 £+ 0.51, combustion temperature: a) 250-500 °C, 2.1-2.9% of

L.O.I; b) 500-750 °C, 5.7-7.6% of L.O.L; c) 750-1000 °C, 3.1-4.4% of

L.O.L (eight samples in each group).

¢) Dendromass fly ash: 24 samples derived from wood chips and pel-
lets and forest and wood residues, collected from fixed or fluidized
bed boilers with 0.4-10.0 MW reactors, pH = 12.12 + 0.62, combus-
tion temperature: a) 250-500 °C, 13.1-39.4% of LO.L,; b) 500-750 °C,
2.5-33.4% of LO.L; c) 750-1000 °C, 3.4-18.8% of LO.I. (eight samples
in each group).

d) Dendromass bottom ash: 24 samples derived from wood chips and
pellets and forest and wood residues, collected from fixed or fluid-
ized bed boilers with 0.4-10.0 MW reactors, pH = 12.16 + 0.41,
combustion temperature: a) 250-500 °C, 8.2-42.4% of LO.I;
b) 500-750 °C, 7.2-40.3% of L.O.I.; c) 750-1000 °C, 5.9-22.2% of
L.O.L (eight samples in each group).

b

~—

2.3. Chemicals and reagents

Acetone (purchased from Chromservis, Czech Republic), n-hexane
(95% for GC/ECD residue analysis purchased from Chromservis, Czech
Republic), standards of priority 16 US EPA PAHs containing naphthalene
(NA), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FL), phen-
anthrene (PH), anthracene (AN), fluoranthene (FLU), pyrene (PY),
benz[a]anthracene (BaA), chrysene (CH), benzo|b|fluoranthene (BbF),
benzo|k]fluoranthene (BKkF), benzo[a|pyrene (BaP), indeno[1,2,3-
cd|pyrene (IP), dibenz[a,h]anthracene (DA), and benzo[g,h,i]perylene
(BP) in a 100 ng/ul mixture solution of each PAH species in cyclohexane
(PAH-mix 9) purchased from Dr. Ehrenstopher GmbH, Germany. In-
ternal standard solution (IS) 1,3,5-triphenylbenzene (3 PB) at
2000 ng/ul in cyclohexane and surrogate standard solution (SS) 2-
fluorobiphenyl (2FB) at 2000 ng/ul in cyclohexane were obtained
from Dr. Ehrenstopher GmbH, Germany. IS was used for sample
quantification and SS was used for the correction of recoveries of
PAH concentrations. All working PAH, internal and surrogate standard
solutions were diluted with n-hexane (v/v) and stored in a refrigerator
at — 8 °C. Before the PAH analysis, all glassware was pre-washed with
acetone followed by n-hexane and dried in an oven at 150 °C for 2 h.

2.4. Sample treatment and extraction

PAH-specific analysis of samples was based on EPA Method 8275A
(USEPA, 1996) using the ultrasonic extraction according to EPA Method
3550C (USEPA, 2007). A total of 15.0 g of dry weight (dw) and homog-
enized ash sample (n = 4) was weighed into the titration flasks
(100 ml) and 30 ml of n-hexane/acetone extraction mixture (2:1, v/v),
and surrogate solution (500 ng/ml) were added into each flask. The
samples were extracted with the ultrasonic extraction system (Bandelin
Sonorox Digitec DT510/H, Germeny). The samples were ultra-sonicated
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for 30 min and shaken for 1 h on an orbital shaker (GFL3017, Germany).
The samples were then mixed with 50.0 ml of deionized water. After
phase separation, the upper n-hexane layer was pipetted out, and sub-
sequently cleaned with Sep-Pak silica cartridges (Chromservis, Czech
Republic) and concentrated to 1.0 ml with gentle flow of N,. The inter-
nal solution (500 ng/ml) was added to the extract before further analy-
sis. Blanks (n = 2) were prepared following the same procedure
without adding the ash sample. The certified reference material EC 2 —
river sediment from the National Research Council of Canada
(Analytika, Czech Republic) containing 16 US EPA PAHs with concentra-
tions ranging from 22.0 to 558.0 ng/g dw — was used for quality control
and prepared following the same procedure (n = 2). The ash extracts
were analyzed using gas chromatography equipped with mass spec-
trometry detection (GC/MS).

2.5. GC/MS instrumentation and chromatographic conditions

The analysis of PAHs was performed using an Agilent HP 6890 N
gas chromatograph equipped with an Agilent 7683B injector includ-
ing an Agilent 10.0 pl syringe and connected to an Agilent HP 5975
inert mass selective detector (GC/MSD, 6890N/5975, Agilent Tech-
nologies, USA). The separation of PAHs was carried out using a DB-
EUPAH (20 m x 0.18 mm inner diameter, 0.14 pm film thickness)
capillary column (Agilent J&W Scietific, USA). For the care and pro-
tection of the capillary column against contamination from non-
volatile residues and interaction of sample components the
deactivated fused silica pre-column (5 m x 0.18 mm inner diameter)
was used (Agilent Technologies, USA). Pure helium was used as the
carrier gas at a constant ramped flow rate of 1.0 ml/min. The samples
were injected under the pulsed splitless condition mode (1 ul, 1 min,
purge flow 70 ml/min at 0.75 min, pulsed pressure 25.0 PSI (pound
per square inch) and kept at an initial temperature of 300 °C. The
temperature of mass selective detector was 300 °C and the quadru-
pole was at 180 °C. The temperature program of the DB-EUPAH cap-
illary column was initially held at 50 °C for 1 min, then raised to
300 °C/min at a rate of 10 °C/min and held for 10 min at a final tem-
perature of 300 °C. The mass spectrometer was operated using the
electron ionization (70 eV) and data acquisition was performed on
selective ion monitoring (SIM) mode with characteristic molecular
ions of each PAH.

2.6. Identification, quantification and analytical characteristics

The presence of individual PAHs was confirmed by the retention
times (9.942-30.285 min) and abundance of quantification/confirmation
(g/c) ions (128, 152, 154, 166, 178, 202, 228, 252, 276, 278) in the
PAH standard solution. Quantification of individual PAHs was based
on the five—point calibration curve (10-1000 ng/ml). The calibration
was performed by means of linear regression analysis on a standard
mixture of PAHs prepared at the beginning of each run by serial dilu-
tions of the stock solution (1000 ng/ml) to 10, 50, 100, 500,
1000 ng/ml (each point in duplicate). The calibration curve showed
acceptable linearity, with correlation coefficients =0.9985 for indi-
vidual PAHs. All PAHs were quantified using the relative response
factors related to IS and concentrations were corrected for the SS re-
coveries (q/c ions 172 and 306). The accuracy of the determined
PAHs was verified by certified EC 2 reference material. The relative
standard deviation (RSD) values were estimated from response fac-
tors of the calibration curve and the error of individual PAH content
in reference material (n = 4). The RSDs were below 20%, which was
acceptable. Detection limits were estimated from 3 SD/a where SD
stands for the mean standard deviation of peak areas integrated at
the retention time of PAHs of repeated analysis of PAHs at 10 ng/ml
(n = 4) and a for the slope of the calibration curve. Detection limits
ranged from 0.5-5.4 ng/g dw. A fresh calibration curve, blanks and
reference samples were carried out at the beginning of each run.
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2.7. Statistical analyses

The results of PAH content in this study are presented as mean =+
standard error of the mean estimated from four replications. If some
of individual PAHs were not detected, the half value of their limit of de-
tection was included for the statistical analyses. The evaluation of signif-
icant differences in the content of LMW, MMW and HMW PAHSs in each
group according to the operating temperature and fuel type in Fig. 1 was
performed using the non-parametric Kruskal-Wallis test when the ho-
mogeneity of variance and normality (Levene and Shapiro-Wilk tests)
were not confirmed because the conditions of Analysis of variance
(ANOVA) were not met. The differences in the PAH content were de-
tected at the level of significance when p-value was >0.05 (p < 0.05).
The correlation between the LMW, MMW, HMW, total PAH content
(sum of 16 US EPA PAHs) and each other in ash in Table 3 was per-
formed using the Spearman’s rank correlation coefficient (r;) analysis
at p < 0.05 after the Shapiro-Wilk test was not confirmed. The Pearson
product-moment correlation coefficients in Table 4 were determined
by multivariate regression analysis, to evaluate the relationship be-
tween the LMW, MMW, HMW and total PAHs in fly ash (Y variables)
and bottom ash (X variables). The relationship between the total PAH
content (Y variables) and unburned carbon, determined as L.O.I. values
(X variables) in Fig. 2 was analyzed by stepwise simple linear and non-
linear (polynomial) regression analysis. The regression models were
verified using the analysis of variance for regression at p < 0.05 and

the Durbin-Watson test. The statistical analyses and all figures were
conducted in Statistica 12 CZ, Statsoft, Tulsa, USA.

3. Results and discussion
3.1. Content of individual and total PAHs in ash

The contents of the individual 16 US EPA PAHs and levels of PAHs in
fly and bottom ashes derived from phytomass and dendromass are
shown in Tables 1 and 2. The PAHs were divided into three groups ac-
cording to their molecular weight: 1) LMW PAHs (NA, ACE, AC, FL, PH
and AN); 2) MMW PAHs (FLU, PY, BaA and CH); 3) HMW PAHs (BbF,
BKF, BaP, IP, DA and BP). The group of total PAHs represents the sum
of individual 16 US EPA PAHs.

The data of individual PAHs and levels of LMW, MMW, HMW and
total PAH content in ashes showed wide variability in this study. The re-
sults showed that fly ashes contain higher amounts of PAHs than bot-
tom ashes. Masto et al. (2015) have described that fly ashes usually
have a higher specific surface area than bottom ashes and adsorption
of more condensed PAHs by fly ash is possible. The amount of individual
PAHs in phytomass fly ash considerably varied from 110.8 + 28.5 ng/g
dw for FL to 8287.2 + 1492.4 ng/g dw for NA. The total PAH content
in phytomass fly ash (53,8009 + 13,818.4 ng/g dw) was much higher
than the 6161 ng/g dw total PAH content reported by Straka and
Havelcova (2012). However, Johansson and van Bavel (2003a)
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Fig. 1. Influence of the operating temperature of biomass incineration plants on LMW, MMW and HMW PAHs content (ng/g dw) in a) phytomass fly ash, b) phytomass bottom ash,
c) dendromass fly ash, and d) dendromass bottom ash (N = 24 samples in each group). Error bars indicate standard error of the mean (n = 4); columns not sharing the same letter
indicate significant differences between means according to the Kruskal-Wallis test at the 95% confidence level.
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Fig. 2. Relationship between the content of sum of 16 US EPA PAHs (ng/g; n = 4) and LO.L (%) in a) phytomass fly ash, b) phytomass bottom ash, c) dendromass fly ash, and d) dendromass
bottom ash (N = 24 samples in each group).

Table 1
Main statistical characteristics of PAHs data (ng/g dw; n = 4) in phytomass fly ash and bottom ash (N = 24 samples in each group).
Fly ash Bottom ash

PAHs Mean SEM® Median Min Max o’ Mean SEM Median Min Max Cv

NA 8287.2 14924 3407.2 26733 18,542.7 88.2 94 08 7.7 52 174 425
ACE 4036.8 1039.7 826.3 1135 11,564.0 126.2 24 0.5 09 09 72 95.2
AC 1088.7 320.0 336 1.1 3704.1 144.0 1.1 0.0 1.1 1.1 1.1 0.0
FL 1108 285 299 1.7 3342 126.2 1.7 0.0 1.7 17 1.7 0.0
PH 5599.4 15202 658.0 2212 16,035.6 133.0 6.5 1.7 1.8 1.8 258 1313
AN 6491.5 1862.4 286.0 18.8 19,320.7 140.6 13 0.0 13 13 1.3 0.0
FLU 4875.2 12494 11354 75.0 14,273.0 1255 9.2 23 1.7 1.7 313 1209
PY 5607.6 1502.2 9436 60.2 16,2344 131.2 118 3.1 1.7 1.7 36.6 126.8
BaA 2089.7 599.0 129.2 16 6682.6 140.4 9.7 20 16 16 48 453
CH 2439.0 680.6 262.5 28 7084.3 136.7 3.2 02 2.8 28 6.1 289
BbF 4257.1 1208.2 3879 1.7 13,523.7 139.0 1.7 0.0 1.7 1.7 1.7 0.0
BkF 2539.1 702.6 3339 0.7 75138 1356 0.7 0.0 0.7 0.7 0.7 0.0
BaP 41893 1169.8 4589 27 12,7933 1368 54 08 2.7 27 152 76.6
P 517.7 974 1149 28 1187.6 1240 38 03 28 28 28 0.0
DA 405.8 102.7 413.7 2.7 1169.9 926 28 0.0 27 27 71 427
BP 2307.4 589.9 625.7 238 6389.0 125.2 5.3 09 2.8 2.8 155 86.2
LMW PAHs 25,6144 62529 47129 36723 68,860.4 119.6 224 29 145 12.0 529 64.3
MMW PAHs 14,9464 4031.0 23439 144.6 43,1909 1321 263 55 78 78 771 103.0
HMW PAHs 13,000.8 3575.2 1813.7 134 38,374.2 134.7 19.7 2.0 134 134 40.7 499
Total PAHs 53,800.9 13,8184 9509.8 3864.1 1489915 1258 68.5 102 357 332 1689 729

2 Standard error of the mean.
> Coefficient of variation (%).
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Table 2
Main statistical characteristics of PAHs data (ng/g dw; n = 4) in dendromass fly ash and bottom ash (N = 24 samples in each group).
Fly ash Bottom ash

PAHs Mean SEM* Median Min Max o’ Mean SEM Median Min Max Cy

NA 80.7 193 484 22 3123 1173 8.1 1.2 6.0 23 279 75.0
ACE 227 82 6.5 09 145.2 177.0 21 03 1.7 09 76 705
AC 1.8 04 1.1 3 82 107.9 11 0.0 1.1 11 11 0.0
FL 22 03 17 1.7 75 733 1.7 0.0 17 1.7 1.7 03
PH 28.1 76 13.0 18 1364 1321 38 0.6 20 1.2 109 733
AN 44 09 13 13 139 104.2 15 0.1 13 13 3.2 293
FLU 203 53 4.0 1.7 86.7 1284 26 04 1.7 1.7 83 65.1
PY 233 49 257 1.7 788 102.7 23 03 1.7 1.1 88 718
BaA 94 20 16 1.6 315 105.1 1.6 0.0 1.6 1.6 1.6 03
CH 194 43 21.1 28 76.7 108.1 28 0.0 28 28 28 0.0
BbF 18.2 3.1 241 1.7 36.2 843 1.7 0.0 1.7 1.7 1.7 0.0
BKF 7.5 24 0.7 0.7 30.5 156.6 0.7 0.0 0.7 0.7 0.7 0.0
BaP 9.2 22 27 27 30.0 1171 27 0.0 27 2.7 27 0.0
P 3.1 0.2 28 28 6.3 296 28 0.0 2.8 2.8 28 0.0
DA 139 43 27 27 55.2 1529 27 0.0 27 27 27 0.0
BP 168 46 28 28 56.4 1347 28 0.0 28 28 28 0.0
LMW PAHs 1399 313 773 9.0 5213 109.6 183 1.6 190 8.6 36.8 425
MMW PAHs 724 15.5 708 7.8 262.0 105.1 96 0.7 79 7.8 214 345
HMW PAHs 67.5 15.2 40.7 134 2058 110.7 134 0.0 134 134 134 0.0
Total PAHs 279.0 475 2440 302 819.8 835 41.1 18 409 298 63.8 220

* Standard error of the mean.
b Coefficient of variation (%).

published comparable results of total PAHs ranging from 57,822 to
77,086 ng/g dw in fly ashes derived from biofuels.

The content of individual PAHs in phytomass bottom ashes, as well
as in dendromass ashes, was much lower than in fly ash and the highest
levels were seen for PY (11.8 + 3.1 ng/g dw). The total sum of PAHs was
68.5 + 10.2 ng/g dw in phytomass bottom ash. The dendromass fly ash
contained a total PAH concentration of 279.0 + 47.5 ng/g dw and
dendromass bottom ash reached a total concentration of 41.1 +
1.8 ng/g dw.

The PAHs with low molecular weight prevailed in all tested ashes
derived from biomass. This corresponds with work reported by Rey-
Salgueiro et al. (2016), while Singh et al. (2013) reported that MMW
PAHs were predominant in gaseous phases emitted from biomass
fuels. Garcia-Falcén et al. (2006) suggested, that the predominance
of low and medium molecular weight PAHs reflects the presence of
PAHs from combustion products derived from low temperature py-
rolytic processes or even from combustion of petrogenic fuels.

Baumard et al. (1998) suggested the following PAH pollutant level
classification: 1) low (0-100 ng/g); 2) moderate (100-1000 ng/g);
3) high (1000-5000 ng/g); 4) very high (>5000 ng/g). The phytomass
fly ash in our study can be characterized as having a very high pollution
level, dendromass fly ash as a moderate pollution level and both bottom
ashes as low PAH pollution.

The quality of the biomass ashes in respect to PAH content is
assessed by the European Union (EU) legislation described by
Johansson and van Bavel (2003b). Nevertheless, the limit amounts
of PAH content in biomass ashes intended for field applications, are
set in many European countries differently. The Swedish EPA has de-
veloped generic guidelines for PAHs in soils. For sensitive land use
the limits are set to 300 ng/g for carcinogenic PAHs (the sum of
BaA, CH, BbF, BKF, IP, DA) and 20,000 ng/g for the non-carcinogenic
PAHs (Johansson and van Bavel, 2003a). Our results in this study in-
dicate that the phytomass fly ash poses a high potential risk to the
environment and biota, because the amounts of carcinogenic PAHs
ranged from 405.8 + 102.7 ng/g for DA to 4189.3 + 1169.8 ng/g
dw for BaP.

According to the Czech law No. 377,/2013, the limit of total PAH con-
tent in biomass ashes is 20,000 ng/g dw (Ministry of Agriculture of the
Czech Republic, 2014). Haglund (2008) have described in the NT
(Nord Test) Technical Report 613 (NT TR 613), that the limit amount
of PAHs in biomass ashes must be lower than 3000 ng/g dw.

The results of this study show that PAH content in fly ash can exceed
the limit of 3000 ng/g as well as the limit of 20,000 ng/g dw which can
pose serious threats to the environment if the fly ash would be used in
agriculture because it may influence several important health effects as
described by Nisbet and LaGoy (1992) and inhibit growth/response of
soil microbial activity (Feng et al., 2014). Nevertheless, Fabbri et al.
(2013) described individual PAH contents up to 19,000 ng/g dw in bio-
char without any adverse effect on the environment during the agricul-
tural field applications.

The utilization of dendromass ashes and phytomass bottom ashes
as a mineral fertilizer or organic amendment in agricultural soil is
possible, based on its PAH content. However, based on our results,
the utilization of phytomass fly ashes in agriculture is not recommend-
ed. The ashes, which are restricted from the utilization in agriculture,
should be landfilled or can be used as a construction material in indus-
try or in cement production (Demirbas et al., 2009; G6mez-Barea et al.,
2009). In practise, the mixing of fly and bottom ashes is, unfortunately,
the most common way to decrease the content of PAHs (James et al.,
2012). However, the PAHs, present in ashes, can be also decreased via
re-burning (Sarenbo, 2009).

3.2. Correlation and relationship between the LMW, MMW, HMW and total
PAH content in ash

Correlations between the content of LMW, MMW, HMW and total
PAHs (sum of 16 US EPA PAHSs) in 96 ash samples were conducted.
Table 3 shows the results of correlation analysis. Positive correlations
can be observed between the LMW, MMW, HMW and total PAH content
in ash at p < 0.05. Spearman's rank correlation coefficient (rs) varied
from 0.8025 to 0.9790. The content of PAHs in ash correlated significant-
ly between each other at the 95% level of confidence. Pearson product-
moment correlation coefficients (r) between the LMW, MMW, HMW
and total PAH content in fly ash and bottom ash were also determined
using multivariate regression analysis, to evaluate the relationship be-
tween the distributions of PAHs in 48 fly ash and 48 bottom ash sam-
ples. The results in Table 4 demonstrate the existence of positive
relationships between the distribution of PAH content in the fly ash
and bottom ash. Significant correlations at p < 0.05 can be observed be-
tween the HMW PAH content in bottom ash and LMW, MMW, HMW,
total PAH content in fly ash, with correlation coefficients between
0.9446 and 0.9599. The correlations between the content of LMW,
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Table 3
Spearman'’s rank correlation coefficient (r;) between the LMW, MMW, HMW and total
PAH content in ash (p < 0.05).

LMW PAHs MMW PAHs HMW PAHs Total PAHs
LMW PAHs - 0.8932" 0.8025 0.9790
MMW PAHs - - 0.8862 0.9562
HMW PAHs - - - 0.8846
Total PAHs - - - -

% Bold numbers mean significant correlation at the 95% level of confidence.

MMW and total PAHs in bottom ash and LMW, MMW, HMW and total
PAH content in fly ash were not significant at p < 0.05.

3.3. Effect of temperature on PAH content in ash

The effect of the operating temperature of commercial incineration
plants on LMW, MMW and HMW PAH content in ashes was investigat-
ed and tested ash samples were sorted in Fig. 1 into three groups ac-
cording to operating temperature: 1) 250-500 °C, 2) 500-750 °C, and
3) 750-1000 °C (eight samples in each group). Our data demonstrate
that PAH content varied widely based on the type of biomass fuel
used. Significant differences in PAH content at different temperature
groups were detected by Kruskal-Wallis test at the 95% confidence
level.

Such strong differences in PAH contents among the different tem-
perature ranges are probably caused by many undesirable reactions,
which may occur during the combustion process. Based on the models
of Chagger et al. (2000), formation of PAHs occurred mainly during
the start-up and quenching processes for the species, which were ther-
modynamically favoured. Therefore, the variability in combustion tem-
perature and availability of oxygen in furnaces may have strong impact
on the formation of PAHs.

The highest total PAH content (147,464.1 4+ 1703.8 ng/g dw) was
found in phytomass fly ash formed at temperature 500-750 °C. These
ashes also contained the highest content of carcinogenic PAHs
(46,079.6 + 947.6 ng/g dw). At temperature 750-1000 °C, the total
PAH content in phytomass fly ash (9555.4 + 139.9 ng/g dw) decreased
as well as the content of carcinogenic PAHs (1646.4 + 58.3 ng/g dw).
The total PAH content in phytomass fly ash (4383.2 + 174.3 ng/g dw)
formed at temperature 250-500 °C was also relatively high while the
carcinogenic PAHs were below the limits of detection.

The levels of all PAHs investigated varied at the three different
temperature intervals. The highest level of LMW PAHs (68,017.7 +
666.9 ng/g dw) was observed in phytomass fly ash at temperatures
between 500 and 750 °C and the PAH content significantly decreased
as molecular weight increased. The most abundant MMW PAH con-
tent in phytomass bottom ash in the same temperature range was
lower than 63.4 + 8.0 ng/g dw. A different trend was observed in
dendromass fly ash where the PAH content significantly decreased
as molecular weight increased in group of 250-500 °C. The content
of HMW PAHs was predominant between 500 and 750 °C and the
levels of MMW and LMW PAHs significantly decreased as molecular

Table 4
Pearson product-moment correlation coefficients (r) between the LMW, MMW, HMW
and total PAH content in fly ash and bottom ash.

Fly ash
LMW PAHs MMW PAHs HMW PAHs Total PAHs
Bottom ash LMW PAHs —0.0784 —0.1326 —0.1357 —0.1089
MMW PAHs 02412 0.1897 0.1881 0.2118
HMW PAHs 0.9599° 0.9448 0.9446 0.9515
Total PAHs 0.2801 0.2279 0.2255 0.2506

2 Bold numbers mean significant correlation at the 95% level of confidence.
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weight decreased. The PAH levels in dendromass bottom ash were
comparable in all groups of operating temperature.

The literature does not report sufficient examples of LMW, MMW,
HMW and total PAH content in biomass ashes formed in our tempera-
ture ranges to allow for comparison with other studies. Masto et al.
(2015) observed a total PAH content between 200 and 193,000 ng/g
dw in fly ash derived from bio-wastes and municipal solid wastes
formed at a temperature around 850 °C, and bottom ashes contained
<420 ng/g of total PAHs at this temperature. Dai et al. (2014) reported
the highest yield of PAHs at 950 °C during pyrolysis of sewage sludge.
Several examples of high PAH content in wood fly ash formed during
the undefined operating temperature of incineration were published
by Enell et al. (2008) and Sarenbo (2009). A much lower PAH content
of 2.9 ng/g dw was quantified by Rey-Salgueiro et al. (2016) in bottom
ash derived from wood waste and forest residues, which were burned
at temperatures between 400 and 500 °C. Levendis et al. (1998) report-
ed the complete decomposition of organic pollutants and a drop in the
content of individual PAHs to below the limit of detection when temper-
atures between 1000 and 1300 °C were used.

3.4. Relationship between the total PAH content and unburned carbon in
ash

The amount of unburned combustible carbon in ash samples was de-
termined as a loss of ignition (L.O.1.). Our results of L.O.1. values varied as
follows: a) in phytomass fly ash: 5.2-55.2%; b) in phytomass bottom
ash: 2.1-7.6%; c¢) in dendromass fly ash: 2.5-39.4%; d) in dendromass
bottom ash: 5.9-42.4% (eight samples in each group). The total PAH
emissions can be associated with the coarsest ash particles released dur-
ing the combustion. This fact could be explained by the internal surface
of coarsest particles with the hydroscopic pore structure offering the
surface for PAH condensation and a higher amount of unburned carbon
in biomass ashes indicates the presence of highly polycondensed aro-
matic compounds, which exist as a result of incomplete combustion
(Chagger et al., 2000; Janvijitsakul and Kuprianov, 2007). Conversely,
the biomass ashes with carbon burnout larger than 99% should not be
considered as hazardous (Hustad et al., 1995).

However, biomass ashes are reported to contain substantial
amounts of the unburned carbon depending on the type of incineration
and combusted fuel. In the study of Gomez-Barea et al. (2009), biomass
fly ashes from fluidised-bed gasification pilot plant contained 0.6-20.3%
of unburned carbon depending on combustion temperature and the
spot of ash collection. Duan et al. (2012) reported L.O.I values of sludge
and coal fly ashes from circulating fluidized bed boiler in range of 8.8-
14.3%. Similar range (8.3-16.9%) for biomass fly and bottom ashes,
was published by Masto et al. (2015). Our results of LO.I in biomass
ashes are comparable with the results of Rey-Salgueiro et al. (2016),
who reported wider range of 1-78%.

The utilization of these ashes containing higher amounts of un-
burned carbon as soil additives may pose serious risks to the environ-
ment and Haglund (2008) reported that for unburned organic matter
content higher than 5% (wt) the content of PAHs in the ash needs to
be determined. The results of Enell et al. (2008) indicate a possible di-
rect relationship between the L.O.I. and PAH content in ashes.

When our results of PAH content - sum of 16 US EPA PAHs (ng/g;
Y variables) in ashes were plotted as a function of L.O.L (%,; X vari-
ables) the regression analyses were established. The relationship be-
tween the total PAH content and LO.I. was analyzed by stepwise
simple linear and non-linear (polynomial) regression analysis when
the stronger polynomial (quadratic) regression model at p < 0.001 was
estimated for the following cases: a) phytomass fly ash, b) phytomass
bottom ash, and c¢) dendromass fly ash. The regression lines in each
plot in Fig. 2 were designed and regression functions (y =
Yo + ax + bx*) were estimated as follows: a) in phytomass fly ash:
y = 12,862.514-1815.603x + 80.184x?, b) in phytomass bottom
ashy = 50.196-17.915x + 4.171x?, and c) in dendromass fly ash
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y = 38.097 + 1.046x + 0.415x%. The linear regression model was
conducted in the case of dendromass bottom ash. The regression
line was designed and the regression function (y = yo + ax) in plot
d) in Fig. 2 was described as y = 24.465 + 0.863x. The coefficients
of determination (r?) of each regression model were estimated as
follows: a) r? = 0.980 for phytomass fly ash, b) r> = 0.949 for
phytomass bottom ash, ¢) r> = 0.908 for dendromass fly ash, and
d) r? = 0.934 for dendromass bottom ash. Proposed regression
models were verified using the analysis of variance for regression
when the p value was lower than 0.001 and the Durbin-Watson
test was confirmed.

The exponential regression model was conducted in case of fly
ash from both biomass types together and linear regression model
in the case of bottom ashes. The regression functions were estimated
as follows: a) in all biomass fly ashes: y = e(%2"9%) with r?> = 0.860
and p < 0.001; b) in all biomass bottom ashes: y = 56.1652—-
0.1191x with r? = 0.001 and p = 0.83. The regression model of bio-
mass bottom ashes is consider as not relevant, because the p value
was higher than 0.05 and the Durbin-Watson test was not con-
firmed. This was due to the presence of relatively high PAH content
vs. low L.O.L. in phytomass bottom ashes incinerated at temperature
500-750 °C. We expected that with increasing temperature of incin-
eration, the total PAH content will decrease along with decreasing
values of L.O.I in ashes. However, the total PAH content in
phytomass bottom ashes derived at temperature 500-750 °C in-
creased, even in those ashes, whose L.O.1. was very low (5-10%).
These phenomena could be related to undesired reactions during
phytomass combustion, such as ash agglomeration and sintering,
which may ensure momentary conditions for PAH formation.
Vassilev et al. (2013) described low-temperature formation of a
melt during combustion due to the low melting points of the formed
K, Na, K—Na, K—Ca and K—Mg silicates. According to Risnes et al.
(2003), salts composed of alkali-chlorides, carbonates and hydrox-
ides represent high potential for adverse ash sintering. In their
study, K-aluminosilicate, with a melting point at 695 °C, was pre-
dominated compound in wheat straw bottom ash. Subsequently,
Straka and Havelcova (2012) showed that the high amount of PAHs
can be preserved easily in the formed porous and mesoporous sys-
tem of ashes even with low unburned carbon content.

When the regression model was conducted in biomass bottom ashes
excluding the phytomass ashes derived at temperature 500-750 °C, the
regression function was estimated as y = 30.713 + 0.622x with r* =
0.820 and p < 0.001. The Table 5 shows the regression function of each
relationship between the PAH content and unburned carbon estimated
as L.O.L in biomass ashes. The derived regression functions can be used
for the estimation of the PAHs mass loading during incineration via un-
burned carbon in fly and bottom ashes.

Table 5
Statistic equations for the estimation of the total PAH content during biomass incineration
via unburned carbon in fly and bottom ashes.

Ash Biomass Equation® R? P

Fly Phytomass y = 12,862.514-1815.603x + 0.980 <0.001
80.184x%

Fly Dendromass y = 38.097 + 1.046x + 0.908 <0.001
0.415x*

Fly Phytomass and y = e(0219%) 0.860 <0.001

dendromass
Bottom Phytomass
Bottom Dendromass
Bottom Phytomass and

dendromass®

y = 50.196-17.915x +4.171x> 0.949 =0.001
y = 24.465 + 0.863x 0939 <0.001
y =30.713 + 0.622x 0.820 <0.001

* y variable: total PAH content (ng/g dw); x variable: unburned carbon estimated as
LO.L (%w)-

Y Excluding biomass bottom ashes derived from phytomass at temperatures 500-750
*G;

4. Conclusions

Analyses of the individual content of 16 US EPA PAHs were carried
out in fly and bottom ash samples collected from 48 different commer-
cial biomass incineration plants in the Czech Republic.

The PAH content in ashes varied widely among the types of biomass
fuel and operating temperatures. The highest content of total PAHs
(147,464.1 + 1703.8 ng/g dw) was found in phytomass fly ash formed
at temperatures 500-750 °C. In general, fly ashes contained much
higher levels of PAHs than bottom ashes. With respect to PAH content
in ashes, the combustion of phytomass was evaluated as riskier than
the combustion of dendromass.

The content of LMW, MMW, HMW and total PAHs in ashes correlat-
ed significantly among each other in biomass ashes, with correlation co-
efficients from 0.8025 to 0.9790. The Pearson product-moment
correlation revealed strong correlation between the content of HMW
in bottom ashes and LMW, MMW, HMW and total PAH contents in fly
ashes. This leads to the suggestion, that the content of HMW in bottom
ashes can be used as an indicator of PAH emissions during the combus-
tion process. The quadratic relationship between the total PAH content
and L.O.I. was observed for phytomass ashes and dendromass fly ashes
while dendromass bottom ashes followed linear relationship. The re-
gression coefficients of determination from 0.908 to 0.980 were
estimated.

The statistic equations predicting the PAHs mass loading during in-
cineration via unburned carbon in fly and bottom ashes were estimated
as follows: a) in all biomass fly ashes: PAHs [ng/g] = e(©219°1-01%wth) 3nq
b) in biomass bottom ashes excluding biomass bottom ashes derived
from phytomass at temperature from 500 to 750 °C: PAHs [ng/g| =
30.713 + 0.622"L.O.L [%u:)-

Based on our results, both types (fly and bottom) of dendromass
ashes and phytomass bottom ashes can be recommended as the
environmental-friendly fertilizers in respect to PAH content according
to Swedish EPA, Czech law No. 377/2013 and NT TR 613. All our samples
(72), belonging to these groups, did not exceed the limit value of
3000 ng/g dw given by NT TR 613. Therefore, these ashes could be ap-
plied directly on agricultural soils.

According to the Swedish EPA, we do not recommend the soil
application of phytomass fly ashes derived at temperature range of
500-1000 °C. These ashes can exceed the limit content (300 ng/g dw)
of carcinogenic PAHs. According to NT TR 613, also the phytomass fly
ashes formed at temperature from 250 to 500 °C cannot be recommend-
ed for soil application, as they are usually exceeding the limit value of
3000 ng total PAH/g dw.

In our study, the total PAH content in ashes was highly dependent
on the unburned carbon content in ash derived from biomass. This
unburned carbon content is widely considered as an indicator of ef-
ficiency of the combustion process. Therefore, all the technological
steps in combustion plants should be aimed to reach high efficiency
of the combustion process. Highly effective technologies, such as
high-end bubbling fluidized bed or circulating fluidized bed systems,
may eliminate the PAH formation in ashes derived from biomass
combustion.
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A 120-day pot experiment was conducted to compare the ability of natural attenuation and phytoremediation
approaches to remove polycyclic aromatic hydrocarbons (PAHs) from soil amended with PAHs—contaminated
biomass fly ash. The PAH removal from ash-treated soil was compared with PAHs-spiked soil. The removal of 16
individual PAHs from soil ranged between 4.8% and 87.8% within the experiment. The natural attenuation
approach led to a negligible total PAH removal. The phytoremediation was the most efficient approach for PAH
removal, while the highest removal was observed in the case of ash-treated soil. The content of low molecular
weight (LMW) PAHs and the total PAHs in this treatment significantly decreased (P < .05) over the whole
experiment by 47.6% and 29.4%, respectively. The tested level of PAH soil contamination (~1600 pg PAH/kg
soil dry weight) had no adverse effects on maize growth as well on the biomass yield. In addition, the PAHs were
detected only in maize roots and their bioaccumulation factors were significantly lower than 1 suggesting
negligible PAH uptake from soil by maize roots. The results showed that PAHs of ash origin were similarly
susceptible to removal as spiked PAHs. The presence of maize significantly boosted the PAH removal from soil

and its aboveground biomass did not represent any environmental risk.

1. Introduction

The thermal conversion of bio—fuels in power plants for generating
heat and electricity is proposed as one of the most promising way to
mitigate the greenhouse gas emissions (Abbasi and Abbasi, 2010). Be-
yond the main products i.e. CO, and H,O, flue gas emissions from
biomass combustion may include some pollutants associated with in-
complete combustion. These emissions are referred to the primary stage
furnace effluents and include CO, volatile and semi-volatile hydro-
carbons, and particulate matter (Tarelho et al., 2011). The released
unburned hydrocarbons include primary traces of organic con-
taminants, especially of polycyclic aromatic hydrocarbons (PAHSs)
which are formed during the volatile combustion phase of the primary
stage furnace effluents (Bragato et al., 2012). According to Palma
(2013), PAH compounds are formed by a direct combination of fused
aromatic rings. Kaisalo et al. (2015) suggested the role of radical ad-
dition reactions of ethylene and acetylene with aromatic rings in the
formation and sequential growth of PAHs.

The PAHs are ubiquitous organic contaminants which consist of two
or more benzene rings with toxic, mutagenic, teratogenic and

* Corresponding author.
E-mail address: kosnarz@af.czu.cz (Z. Ko$nar).

https://doi.org/10.1016/j.ecoenv.2018.01.049

carcinogenic properties (IARC, 2010). Sixteen basic PAHs are included
in the United States Environmental Protection Agency (16 US EPA
PAHs) priority pollutant list because they may pose serious threats to
the environment and biota. Due to their lipophilic character PAHs tend
to accumulate in soils, sediments, and sewage sludge (Vacha et al,
2005; Dvoréak et al., 2017; Garcia-Sanchez et al., 2018). The sorption of
PAHs onto organic matter results in the low bioavailability of PAHs and
therefore recalcitrance of PAHs to biodegradation. This process is
known as the environmental “aging” of PAHs (Boopathy, 2000).
Besides the gas emissions, biomass ashes are generated as waste
products from biomass incineration in power plants. The ashes can be
considered as chemically and physically variable products because of
different inputs to the combustion process. Nevertheless, biomass ashes
are characterized by strongly alkaline pH values and usually contain
high amounts of mineral nutrients such as Ca, K, P, and Mg. Therefore,
there is an effort to recycle biomass ashes as soil amendments and/or
fertilizers (Mercl et al., 2016; Ochecova et al., 2017). However, the
unfavourable conditions of burning process, mainly incomplete com-
bustion, can lead to the accumulation of PAHs in biomass ashes
(Chagger et al., 1998). The yields of PAHs vary considerably between
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bottom and fly ashes (Kosnaf et al., 2016) and are strongly affected by
the physico—chemical properties of biomass fuel input, incineration
temperature and other operating conditions of combustion (Chagger
et al., 2000). Masto et al. (2015) observed the total PAH content in
biomass ashes up to 193 mg/kg at temperatures around 850 °C. The
possible PAH content in ashes applied in soil have not received con-
siderable attention. Therefore, PAHs-polluted biomass ashes could be a
possible source of agricultural soil contamination (Enell et al., 2008).

Phytoremediation is designed as the possible appropriate bior-
emediation approach to remove the PAHs from contaminated soils. The
presence of plants in PAH contaminated soil is important due to the
increasing PAH accessibility in soil. Organic acids and phenols released
by roots may increase the PAH solubility in soil solution and PAHs may
become more extractable by plants. Nevertheless, plants should be
considered as a means to control PAH bioavailability in soil, and to
stimulate the PAH biodegradation and irreversible trapping processes of
PAHs in soil (Ouvrard et al., 2014). Many works were carried out to
study only the potential of varied plants for the extraction of trace
elements such as As, Cd, Cr, and Pb in fly ash-contaminated soils
(Gupta and Sinha, 2008; Jambhulkar and Juwarkar, 2009). Never-
theless, a study focused on removal of PAHs from biomass ash in soil
conditions is still missing. The main aim of this paper was: i) to compare
the removal of PAHs from soil amended with PAHs—contaminated
biomass fly ash between non-planted (natural attenuation) and planted
(phytoremediation using Zea mays L.) treatment, and ii) to compare the
PAH removal in ash-treated soil with PAHs-spiked soil.

2. Material and methods
2.1. Chemicals and reagents

Acetone and hexane (both for the GC/ECD residue analysis) were
purchased from Chromservis, Czech Republic. Anhydrous sodium sul-
fate (p.a., activated at 400 °C for 4 h, cooled and stored at desiccator
before use) was purchased from Lachner, Czech Republic. Standards of
16 US EPA PAHs in a 2000 mg/L mixture solution of each PAH species
(SV Mix 5, Restek, USA) was purchased from Chromservis, Czech
Republic. The 16 individual PAH names and their abbreviations are

Table 1
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listed in Table 1. Internal standard mixture (IS) in a 2000 mg/L mixture
solution of each deuterated PAH species (Restek, USA) and surrogate
standards (SS) of 2-Fluorobiphenyl (2-FBP) and p-Terphenyl-d4 (p-
TER-d14) each in a 2000 mg/L solution (Restek, USA) was purchased
from Chromservis, Czech Republic. All working PAH, IS and SS solu-
tions were diluted with hexane (v/v). The certified reference material
(CZ 7006) containing 16 individual PAHs with concentrations ranging
from 40 to 3840 ng/kg dry weight (dw) was obtained from Analytika,
Czech Republic.

2.2. Characterization of experimental soil

The experimental soil was collected from a long-term field trial site
close to the city of Humpolec (49°33'16"N, 15°21'2"E, Czech Republic).
The site characteristics are: altitude, 525 m above sea level; mean an-
nual temperature, 7.0 °C; mean annual precipitation, 665 mm; soil type,
Cambisol; soil texture, sandy loam (clay, 5.8%,; silt, 43.6%,,,.; sand,
50.6%,,,w). The experimental soil was prepared by the thoroughly
mixing of different sub-samples collected from different zones of the
field area at a depth of 0-20 cm. Before establishment of the experi-
ment, the collected non-sterilized soil was homogenized, air-dried at
room temperature and passed through a 5 mm stainless steel sieve. The
main physical-chemical properties of the experimental soil were: pH
(CaCly), 5.3; CEC, 159 mmol/kg; Cior, 18 8/Kg; Niot, 1.7 8/Kg; Ppseudotots
0.90 g/kg, Kpscudumh 9.63 8/kg; Capseudmou 1.83 g/kg, Mgpscudutun
8.47 g/kg. The soil was checked for the PAH background contamination
and the 16 individual PAHs were below the quantifiable limit
(< 5.6 ug/kg dw).

2.3. Characterization of PAHs—contaminated fly ash

The fly ash from commercial biomass power plant operated in the
Czech Republic was used in this study. The tested ash originated from
the combustion of wheat straw in a grate-fired 20 MW boiler with es-
timated production of more than 2000t of ash per year. The incinera-
tion temperature declared by the producer was in the range 600-700 °C.
The amount of 5 kg of ash sample was taken in four random replications
from a container with ash from the electrostatic precipitator. Before the

Initial PAH content (ug/kg dw) in collected biomass fly ash (average; n = 4) and experimental ash-amended and PAHs-spiked soil (average; n = 8) at 0 days of the experiment. Means
within the same row followed by different lower case letters indicate significant difference (P < .05) between the ash-amended and PAHs-spiked soil treatments as determined by

Tukey’s test. Treatment abbreviations: SA-ash ded soil; PSA-pl d ash

ded soil; SS-spiked soil; PSS-planted spiked soil.

Abbreviation Fly ash SA and PSA SS and PSS
(mg/kg dw) (ng/kg dw) (ng/kg dw)

Low molecular weight PAHs:
Naphthalene NAP 19.1 + 0.3 313.4 + 22° 99.4 = 6.7"
Acenapthylene ACY 126 £ 0.5 55.1 = 6.0° 96.4 = 3.7°
Acenaphtene ACE 39+01 33.8 = 45* 106.5 + 13"
Fluorene FLU 0.2=01 4.1 +0.4° 99.1 = 4.5°
Phenanthrene PHE 17.9 £ 0.5 150.9 + 8.3* 97.5 = 2.2°
Anthracene ANT 21.7 £ 0.1 132.4 + 8.5" 97.3 = 6.1"
Medium molecular weight PAHs:
Fluoranthene FLUO 16.3 0.2 146.1 + 13° 97.3 =49
Pyrene PYR 6.5 0.2 159.3 + 14* 96.5 = 4.2"
Benzo[a]anthracene BaA 7.3+03 61.9 + 3.9" 99.0 = 5.1*
Chrysene CHR 6.5=0.3 89.3 £7.7° 93.9 = 6.0°
High molecular weight PAHs:
Benzo[b]fluoranthene BbF 13.8 + 0.5 124.1 + 117 103.9 + 7.5"
Benzo[k]fluoranthene BKF 7.6 £0.2 79.3 = 3.7° 98.4 = 3.7*
Benzo[a]pyrene BaP 150+ 0.1 183.1 + 8.5 103.6 + 4.1°
Indeno[l,2,3-c,d]pyrene IPY 1.2+01 457 = 2.5° 99.9 = 7.2°
Dibenz[a,h]anthracene DBA 3.9 =03 34.8 = 2.4° 108.8 + 6.4°
Benzo[g,h,ilperylene BghiP 6.7 04 63.4 =51 103.5 + 5.8
YLow molecular weight PAHs LMW PAHs 75.4 + 0.7 688.8 + 17* 596.2 + 14°
¥Medium molecular weight PAHs MMW PAHs 36.7 = 0.6 456.5 + 28" 393.8 + 15°
THigh molecular weight PAHs HMW PAHSs 48.1 = 0.7 530.3 + 13" 617.4 + 18*
216 individual PAHs Total PAHs 160.2 £ 1.6 1675.6 = 43* 1607.4 = 26*
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PAH analysis the collected ash was air-dried and thoroughly homo-
genized in the laboratory. The main characteristics and inorganic
content determined according to Szakova et al. (2013) were: particle
size fraction < 0.25mm, 67.8%,,,,; size fraction 0.25-1.6 mm,
32.2%,,; PH (H20), 10.3; EC, 9.9 mS/cm; loss on ignition, 52.6%;
Ppseudo(ot) 9.9 g/kg: Kpseudotot: 95.1 g/kgr Capseudoton 17.9 g/kg;
Mgpseudotots 5-7 §/kg. The PAHs in biomass fly ash were analysed in fly
ash extracts obtained from one-cycle ultrasonic extraction according to
the methodology described by Kosnaf et al. (2016). The 16 individual
and total PAHs in analysed experimental fly ash (ug/kg dw) are shown
in Table 1.

2.4. Experimental design setup

The experiment was conducted in a roofed, outdoor, atmospheric
precipitation—controlled, vegetation hall with natural temperature and
light using a series of 6 L polypropylene pots (open top = 21.0 cm, base
= 18.0 cm, and height 20.5 cm). Each pot contained 5kg dry weight
(dw) of experimental soil. The pot experiment was set up in 6 treat-
ments as follows: i) control soil (CS); ii) soil amended with
PAHs-contaminated fly ash (SA); iii) PAHs-spiked soil (SS); iv) planted
control soil (PCS); v) planted soil amended with PAHs—contaminated fly
ash (PSA); and vi) planted PAHs-spiked soil (PSS). Non—planted soil of
SA and SS treatments simulated the natural attenuation of soil PAHs
and planted soil of PSA and PSS treatments represented the phytor-
emediation of soil PAHs. The amount of applied ash in SA and PSA
treatments was 50 g per each pot, representing 1% (w/w) of ash per pot
in all respective treatments. The soil-ash mixture was mixed thor-
oughly. Each treatment was carried out in four replications. Before the
experiment was established a synthetic mixture of 16 PAHs (SV Mix 5,
Restesk, USA) was added to the soil of SS and PSS treatments to provide
the content of 100 pg/kg dw of each PAH species in soil. The soil was
spiked with PAHs following the procedure described by Smith et al.
(2006). Briefly, each soil of respective pot was laid out thinly and the
PAHs dissolved in hexane were added to the soil using a pipette at a rate
of 100 mL of PAH solution per pot. The soil was turned over repeatedly
during the additions. The soil was then left for three days to ensure the
evaporation of hexane. The soil was then stored for 4 weeks to age and
stabilise in the dark. During this period, the PAH spiked soil was
thoroughly mixed to obtain a homogeneous distribution of the spiked
PAHs. The initial content of PAHs in experimental ash-amended soil
and PAHs-spiked soil are listed in Table 1. The control (CS) and planted
control (PCS) treatments are not included in the Table 1 because the
PAHs were not detected in them initially.

At the beginning of experiment the soil of each pot was also ferti-
lized as follows: 100 mgN (NH4NO; water solution); 32mgP and
80 mg K (K,HPO, water solution) per 1 kg of soil dw. The experimental
plant tested was maize (Zea mays L. cv. Colisee, purchased from KWS,
Germany). Maize was chosen because its reported ability to grow on
PAH contaminated sites (Lin et al., 2007; Dupuy et al., 2015). Maize
seeds were surface—disinfected according to Smith et al. (2006). The
maize seeds were sown directly in soil at a 2-3 cm depth at a rate of 8
seeds per pot. The plants were thinned to 3 per pot at the age of the
third leaf emergence. Each pot consisted of two plastic open pots while
the inner one was perforated in the bottom. The outer, not perforated
one served to catch possible excess percolate, which was transferred
back to soil if appeared. The pots were manually watered with demi-
neralized water in order to keep soil moisture at 60% of the maximum
water holding capacity (MWHC) controlled gravimetrically prior to
each irrigation event. From 60 days after emergence the planted
treatments were kept at 70% MWHC because of intensive transpiration
of maize plants. The MWHC of each treatment was determined ac-
cording the procedure described by Mercl et al. (2016). The pots were
randomized once a week. During the growth of maize, weeds were
removed to avoid interplant competition.

Soil samples were collected at the end of the 120-days experiment.
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Each soil sample was obtained from each respective pot by thoroughly
mixing five sub—samples randomly collected from the whole soil profile
of the pot. A total of 24 soil samples were obtained and a stainless steel
tool was used for the collection. The soil samples were freeze—dried,
ground with a mortar and subsequently sieved through 2 mm stainless
steel mesh. The plant biomass was harvested at the end of the experi-
ment and plant samples: roots and shoots (aboveground biomass in-
cluding stems and leaves) were separated. Roots were washed with
distilled water to remove attached soil particles. Each plant sample
(roots and shoots separately) was composite of three maize plants from
each respective pot. A total of 12 root and 12 shoot samples were cut
into small pieces separately, homogenized, dried at 35 °C in an oven for
7 days, then weighed and pulverised to a fine powder using cutting mill
(Retsch SM100, Germany). Each soil and plant sample was divided in
two technical replicates for the further analysis of PAHs.

2.5. Analysis of PAHs

The extraction of PAHs in soil samples were carried out in the frame
of US EPA Method (3550)C (2007) using the ultrasonic bath extraction
procedure with a continuous three re—extraction cycle. Briefly, for the
determination of soil PAHs, an aliquot sample of 5g (accuracy *+
0.001 g) was weighed into the glass flask and thoroughly mixed with
5 g of activated anhydrous sodium sulfate. Ultrasonic extraction of the
sample in the glass—capped flask was performed with 25 mL of hex-
ane-acetone mixture (1:1, v/v) with an ultrasonic bath system (Ban-
delin Sonorox Digitec DT510/H, Germany) and sonicated for 30 min of
irradiation at a bath temperature of 35°C. Before the ultrasonic ex-
traction the standard solution (SS) at 500 ug/L was added into each
sample. The reaction mixture was shaken on the orbital shaker (GFL
3017, Germany) for 30 min at 170 rpm. The reaction mixture was then
filtered through the filtrate paper (Filpap, KA-2, Czech Republic). The
sample was re—extracted twice with 30 mL of hexane-acetone mixture
(1:1, v/v). All sample extracts were pooled together and then evapo-
rated on a rotatory evaporator (Biichi rotavapor R-300, Switzerland) at
40 °C to 1 mL for further purification and cleanup process. The sample
extracts were purified and cleaned up according to US EPA Method
(3630)C (1996) with modifications described by Feng et al. (2014).
Final soil extract (1 mL) was analysed after the addition of the IS so-
lution at 500 pg/L by gas chromatography coupled with mass spectro-
metric detector (GC/MS) for PAHs. In the case of plant samples for the
PAH analysis the plant samples were extracted and treated as was de-
scribed above for the soil samples.

The chromatographic analysis of individual PAH compounds was
based on a GC-MS methodology US EPA Method (8270)D (2014) with
modification described below. Briefly, the PAHs were analysed in an
Agilent HP 6890 N gas chromatograph equipped with an Agilent 7683B
injector including an Agilent 10.0 uL syringe and connected to an
Agilent HP 5975 inert mass selective detector (GC/MSD, 6890 N/5975,
Agilent Technologies, USA). The separation of PAHs was carried out
using a DBEUPAH (20m X 0.18 mm inner diameter, 0.14 um film
thickness) capillary column (Agilent J&W Scientific, USA). Pure helium
(6.0, Linde, Czech Republic) was used as the carrier gas at a constant
ramped flow rate of 1.0 mL/min. The extracts were injected under the
pulsed splitless condition mode (1 pL, 1 min, purge flow 70 mL/min at
0.75 min), pulsed pressure 25.0 PSI and kept at an initial temperature of
300 °C. The temperature of mass selective detector was 300 °C and the
quadrupole was at 180 °C. More detailed mass spectrometer regime is
described in an article by Kosnar et al. (2016).

The quantitation of PAHs in sample extracts was done by comparing
their target ion signals intensities to multilevel concentration curves for
the target compounds. The PAHs were further quantified using the re-
sponse factors related to the respective internal standards based on an
external five-point calibration curve for each individual compounds
(10-1000 pg/L). The calibration curves showed acceptable linearity
(R > 0.9987) for each of the PAHs. The relative standard deviation
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(RSD) values estimated from the response factors based on the cali-
bration curve were below 20%. The blank sample (without the sample
addition; n 2) and spiked blank (check standard at 1.0 mg/mL; n
2) were treated and analysed simultaneously with the sample extract
duplicates. The PAH quantification limits were calculated in the range
of 1.8 (ACE) and 5.6 (BghiP) pg/kg dw. The recoveries of 16 PAHs in
spiked blank ranged from 84% to 116%. The SS recoveries of 2-FBP and
p-TER-d;4 were 98.1% and 117.5% for soil samples, and for the plant
samples 92.5% and 89.7%, respectively. There was a good agreement
among the results of the PAH content analysed in CRM extracts within
the acceptable error < 20% for individual PAHs.

2.6. Data processing and statistical analysis

In this study, the group of total PAHs represents the sum of the 16
individual PAHs. The total PAHs were divided into three fractions ac-
cording to their molecular weight and number of rings as follows: i)
LMW PAHs (the sum of NAP, ACY, ACE, FLU, PHE, and ANT); ii) MMW
PAHs (the sum of FLUO, PYR, BaA, and CHR); iii) HMW PAHs (the sum
of BbF, BKF, BaP, IPY, DBA, and BghiP). The total PAH removal (%; w/
w) of PAHs from soil (Figs. 1 and 2) was calculated as follows:

|

where the PAH;,i;q refers to the initial content of PAHs (ug/kg dw) at 0
days (in Table 1) and PAH,iqua refers to the residual content of PAHs
(ng/kg dw) at 120 days of the experiment (Table S1, Appendix A). The
PAH removal by maize roots from soil (%; w/w) in Table 2 was cal-
culated as follows:

PAH;pitiar X PAIlreyduﬂl
PAHjnitial
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Fig. 1. The total removal (%) of (A) individual LMW PAHs, (B)
individual MMW PAHs, and (C) individual HMW PAHs from soil,
at the end of the 120-day experiment. The columns of each re-
spective PAH removal (means; n = 4) sharing different lower case
letters indicate significant differences (P < .05) between the
treatments as determined by Tukey s test. Error bars indicate SD
a values of n = 4. Treatment abbreviations: SA-ash amended soil;
: a PSA-planted ash amended soil, SS-spiked soil; PSS-planted
spiked soil.

ANT
=SS mPSS

CHR

SA TIPSA mSS mPSS

BghiP

100 |

where the roots yield refers to the maize roots yield (kg/pot) at the end
of the experiment (Table S3, Appendix A), PAH roots concentration re-
fers to the PAH concentration detected in maize roots (ug PAH/kg roots
dw) at the end of the experiment (Table 2), and PAH;;q per pot refers
to the initial PAH content at O days of the experiment per pot con-
taining 5 kg soil dw (ug PAH/pot). To estimate the PAH accumulation
by maize, the bioaccumulation factor (BAF) was used. The BAF in
Table 2 was calculated as a ratio of the PAH concentration in roots (ug
PAH/kg roots dw) to its respective initial PAH content in soil (ug PAH/
kg soil dw). A pair-wise comparison (one-way analysis of variance —
ANOVA at P < .05) followed by Tukey’s test post—hoc analysis (a
0.05) was performed to evaluate the statistical differences between the
recorded data. The assumptions of one-way ANOVA were confirmed
using the tests of normality and homogeneity of variance (Shapiro-Wilk
and Levene tests). All statistical analyses and figures were conducted in
Microsoft Excel 2010 and Statistica 12.0 CZ software (StatSoft, Tulsa,
USA).

roots yield X PAHroots concentration
PAHinmal per Pﬂl

3. Results and discussion

3.1. Total removal of individual PAHs from fly ash-amended soil and
spiked—soil by natural attenuation and phytoremediation

The total removal of each individual PAH from soil (%) is shown in
Fig. 1A-C. The removal of FLU from soil of ash-amended treatments
(SA and PSA) was not considered in our study due to its very low initial
soil content. The control soil (CS) and planted control soil (PCS) were
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excluded from Figs. 1 and 2 because the PAHs were not detected in
them initially, as well in the end of the experiment. Even though
Larsson et al. (2013) described individual LMW and MMW PAHs as
more prone to volatilization, photo-oxidation and biodegradable, in
our study, the removal of individual LMW and MMW PAHs through the
natural attenuation (SA and SS treatments) was negligible after 120
days of the experiment. According to Fig. 1 the removal of most in-
dividual PAHs in PSA indicated that the phytoremediation could be
more efficient strategy for the bioremediation of PAHs in soil con-
taminated by fly ash than the natural attenuation. This was also con-
firmed in the case of planted PAHs—spiked soil in PSS.

The highest removal of individual PAHs in ash-amended soil (PSA)
was reported in the case of NAP which decreased after the phytor-
emediation by 58.2% (Fig. 1A). The NAP removal in PSA was statisti-
cally lower (P < .05) than the removal of spiked NAP in PSS (87.8%).
Conversely, the spiked ACY removal (20.7%) in PSS was statistically
lower (P < .05) than the removal of ash-ACY in PSA (58.2%). The rest
of individual PAHs in the LMW and MMW groups (Fig. 1A and B) which
were the most susceptible to be removed in the phytoremediated soil
rather than in natural attenuated soil were PHE, ANT, PYR, CHR (in
PSA and PSS), ACE (in PSA only), and FLU, FLUO (in PSS only). The
removal of these PAHs ranged from 17.4% (FLU in PSS) to 36.3% (ANT
in PSA) over all of the treatments. The suitability of using maize in
phytoremediation of these soil PAHs is in line with Xu et al. (2006).

Unfortunately the removal of BaA (Fig. 1B) in our study was not
significantly different (P < .05) in any treatments nor was BKF, IPY,
DBA, and BghiP of HMW PAHs group (Fig. 1C). This finding is con-
sistent with research by Guo et al. (2016) where individual PAHs with
more than 4 rings exhibit higher hydrophobicity and were more likely
to be adsorbed by the soil matrix, which leads to lower bioavailability
for plants and soil PAH-degraders. In the present study, majority of

Table 2

[1SA mPSA mSS mPSS
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Fig. 2. The total removal (%) of LMW, MMW, and HMW PAHs,
and total PAHs from soil, at the end of the 120-day experiment.
The columns of each respective PAH group removal (means; n =
4) sharing different lower case letters indicate significant differ-
ences (P < .05) between the treatments as determined by Tukey s
test. Error bars indicate SD values of n 4. Treatment ab-
breviations: SA-ash amended soil; PSA-planted ash amended soil;
SS-spiked soil; PSS—-planted spiked soil.

Total PAHs

HMW PAHs showed insignificant removal differences between the
treatments. However, the possible effect of maize to enhance the HMW
PAH removal in soil was confirmed in case of the BaP (Fig. 1C). The BaP
was removed significantly (P < .05) by 23.7% in ash-treated soil (PSA)
compared to SA. The similar trend was true for the spiked BaP removal
in PSS. However, there was no significant difference between PSA and
PSS treatments in the BaP removal from soil.

The higher removal of most low and medium molecular weight
PAHs in phytoremediation treatment indicated that the maize plants
could enhance the rhizodegradation of these PAHs by stimulating the
growth and activity of microbial biomass as a result of released root
exudates as was suggested by Segura and Ramos (2013). An approx-
imate explanation for the removal of individual PAHs with 2-4 rings
could be that the maize during the phytoremediation has a capacity to
increase the activity of native rhizosphere microorganisms in the pro-
duction of extracellular enzymes involved in soil biodegradation of
these PAHs. This hypothesis needs a further investigation but can be
supported by the study of Wu et al. (2011).

3.2. Total removal of LMW, MMW, HMW, and total PAHs from fly
ash—amended soil and spiked—soil by natural attenuation and
phytoremediation

Treatments of natural attenuation (SA and SS) showed markedly
lower removal of LMW PAHs from soil than phytoremediated treat-
ments (PSA and PSS) in Fig. 2. The highest removal of LMW PAHs was
found in PSA treatment (47.6%) followed by PSS (33.0%). LMW PAHs
removal in naturally attenuated treatments was lower than 6.3% and
without significant difference between SA and SS treatments. Removal
of MMW PAHs by 22.5% in PSA and 19.8% in PSS followed a similar
trend to LMW PAH removal. Significantly higher (P < .05) removal of

Concentration of PAHs in maize roots (ug PAH/kg roots dw), bioaccumulation factor values of PAHs (BAF), and PAH removal by maize roots (%) at the end of the 120-day experiment.
Means = SD (n = 4) within the same row followed by different lower case letters indicate significant differences (P < .05) between the PSA and PSS treatments in PAH concentration, and
row followed by different upper case letters indicate significant differences (P < .05) between the PSA and PSS treatments in PAH removal by maize roots as determined by Tukey’s test.

Treatment abbreviations: PSA-planted ash amended soil; PSS-planted spiked soil.

PSA PSS

Concentration BAF Removal by roots Concentration BAF Removal by roots

(ug PAH/kg roots dw) (%) (ug PAH/kg roots dw) (%)
NAP 46.4 = 5.1° 0.14 0.04" 304 = 4.7° 0.31 0.09*
ACY 2.5+ 0.3* 0.05 0.01* 2.5+ 0.5° 0.03 0.01*
ACE 3.0 + 0.1° 0.09 0.03* 4.3 +0.7° 0.04 0.01*
FLU 'n.d. “n.d. “n.d. 3.9+ 0.5 0.04 0.01
PHE 10.1 + 4.1° 0.07 0.02* 9.3 + 1.5 0.09 0.03"
ANT 9.6 + 1.0* 0.07 0.02* 5.8 + 1.5° 0.06 0.02*
FLUO 11.1 +1.8° 0.08 0.03* 122+11° 0.12 0.04*
PYR 8.9 + 0.9° 0.06 0.01* 8.4+ 07° 0.09 0.02%
LMW PAHs 70.1 + 8.6° 0.10 0.03* 56.1 = 5.8” 0.09 0.03*
MMW PAHs 20.0 + 1.7° 0.04 0.01* 20.6 = 1.5 0.05 0.02"
Total PAHs 90.1 + 8.1% 0.05 0.01* 76.7 £ 5.5" 0.05 0.01*

! n.d. - not detected.
? n.d. - not defined.
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HMW PAHs (13.9%) was found only in planted ash-amended soil (PSA)
compared to the respective treatment without plants (SA).

The higher removal of LMW PAHs than MMW and HMW PAHs in
the same treatment of soil phytoremediation is in agreement with
previous studies of Lee et al. (2008) and Feng et al. (2014). Parrish et al.
(2005) described LMW PAHs as more volatile, water soluble and less
lipophilic which make them biodegradable more easily while the other
PAHs tended to be more recalcitrant to microbial attack and thus hy-
drophobic MMW and HMW PAHs prone to be absorbed and im-
mobilized by lipophilic soil organic matter as suggested Cofield et al.
(2007).

In our experiment the initial total PAH content significantly de-
creased (P < .05) in all treatments after 120 days. This study shows that
the PAHs dissipation in ash-amended soil as well in PAHs-spiked soil
could be accelerated by the presence of vegetation which is in line with
previous study by Maila and Cloete (2002). This is caused by increased
microbial density and activity in the rhizosphere in comparison to
non-planted soil. For example, the extracellular hydrolytic enzymes
such as peroxidases, lipases, and proteases released as plant exudates or
produced by mycorrhizal fungi increase the bioavailability of PAHs.
These are subsequently more prone to co-metabolic degradation and/
or biotransformation (Nanekar et al., 2015). Whereas the removal of
PAHs from natural attenuated soils is mainly caused by autochthonous
microorganisms and abiotic losses of LMW PAHs (Declercq et al., 2012).

Therefore at the end of our experiment the different removal effi-
ciencies of total PAHs were determined as follows: PSA > PSS > SA ~
SS. The highest removal of total PAHs (29.4%) in our experiment was
observed in ash-amended soil cultivated with maize (PSA) and fol-
lowed by PSS (21.8%). The resulting residual soil content of total PAHs
in PSA (1184 ug/kg dw in Table S1, Appendix A) was still higher than
the preventative limit of total PAHs (1000 pg/kg dw) according to the
Public Notice No. 153 (2016) for soils in the Czech Republic. To break
through this limit, further PAHs removal may be possible with the
continuation of maize cultivation for a second season as proposed by
Chirakkara et al. (2016).

3.3. Influence of PAHs in fly ash-amended soil and spiked-soil on maize
growth and dry matter yields in phytoremediation approach

The growth response of maize (Zea mays L.) to PAH contaminated
soil was assessed by the measurement of plant heights (Table S2,
Appendix A) during the vegetation period and by the determination of
root and shoot dry biomass yield at the end of the 120-day experiment.
Harvested biomass yield of maize roots and shoots is listed in Table 53
(Appendix A). Our results are comparable with another 120-day ex-
periment presented by Liao et al. (2015), who cultivated maize in PAH
contaminated soil treated with biosurfactants. In our experiment,
ash-PAHs and spiked PAHs in soil had no adverse effects on maize
growth or biomass yield during the phytoremediation as there was no
significant difference (P < .05) between the planted treatments (PSA
and PSS) including the control planted treatment (PCS). Similarly, Wu
et al. (2011) reported no direct evidence of any changes in morphology
of maize, even if the initial content of spiked PHE and PYR was 12.0 and
7.4 mg/kg, respectively. Xu et al. (2006) suggested the maize as a sui-
table plant for phytoremediation of highly contaminated soils. Never-
theless, Dupuy et al. (2015) showed biomass reduction and metabolism
perturbations of maize exposed to PHE levels above 50 mg PHE/kg.

3.4. Accumulation of PAHs in maize and PAH removal by maize in
phytoremediation approach

Phytoremediation of PAH-polluted soil commonly involves accu-
mulation of PAHs by plants and other basic mechanisms described by
Alagic¢ et al. (2015). In our study, the content of PAHs was found only in
maize roots of PSA and PSS treatments. Therefore, the PAH content in
maize shoots cultivated in control planted soil (PCS), ash-amended soil
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(PSA), and PAHs-spiked soil are not included in Table 2. The FLU in
roots of PSA treatment was not detected due to its very low initial
content in soil. The individual PAHs with more than 4 aromatic rings
are more hydrophobic and prone to be physically less compatible with
passing through cell membranes (Lin et al., 2007). This could explain
why BaA, CHR, and all individual HMW PAHs were not detected in
maize roots in our study. Nevertheless, individual PAHs in the roots of
PSA treatment (Table 2) ranged between 2.5 and 44.9 pg/kg roots dw
which resulted in the maize roots of PSA containing significantly higher
(P < .05) content of LMW PAHs (69.6 nug/kg roots dw) than the roots of
PAHs-spiked soil. However the difference between the total PAHs
(89.5 pg/kg roots dw) of PSA and PSS (76.9 ug/kg roots dw) in maize
roots was not significant at P < .05. In our study, any of the PAHs
detected in roots were not detected in shoots, which indicates that the
transfer of PAHs from roots to the maize shoots was not observed. This
is in line with studies by Wild et al. (2005) and Gao et al. (2011), who
reported PAHs to be accumulated and transformed within root cortex
rather than be translocated to aboveground biomass.

Some studies have suggested that the accumulation of PAHs by
plant species occurs due to the phytoextraction process when the
bioaccumulation factor (BAF) and translocation factor (TF) values of
PAHs are higher than 1 (Alagi¢ et al., 2015). Therefore, in order to
estimate if the PAHs in maize tissues (roots and shoots) may be asso-
ciated with a phytoextraction process, the BAF and TF of PAHs were
calculated. The BAF values of individual PAHs (Table 2) were sig-
nificantly lower than 1 in all planted treatments and ranged from 0.01
(FLU) to 0.31 (NAP). In our study, the TF values of PAHs (a ratio of PAH
concentration in maize shoots to the PAH concentration in maize roots)
were not defined because the PAHs in maize shoots were not detected.
This indicated that the ability of PAH uptake by maize shoots from the
soil amended with fly ash contaminated by PAHs as well from
PAHs-spiked soil through the maize roots was not observed in this
experiment. Our BAF values of total PAHs in PSA and PSS treatments
(both 0.05) were similar to the BAF of total PAHs (0.09) of maize grown
in soil with low organic matter content obtained by Kacalkova and
Tlusto$ (2011). This similar trend could indicate that PAHs during the
phytoremediation of ash amended soil, as well the PAHs—spiked soil in
our experiment tended to be removed in the maize rhizosphere and
stabilized via maize root surfaces rather than to be extracted from soil
which is in accordance with Binet et al. (2000).

Moreover, the results of PAH removal by maize roots (Table 2)
showed a negligible ability of maize roots to remove PAHs from soil of
PSA and PSS in the range between 0.01% and 0.09%. This could in-
dicate that the maize used in our phytoremediation approach sig-
nificantly boosted the PAH microbial degradation in soil and the con-
tribution of PAH accumulated in maize roots on the total PAH removal
from soil (Figs. 1 and 2) is minimal. Considering the fact that the 16
individual PAHs in maize shoots were not detected in our study, the
harvested aboveground biomass does not have to be landfilled, because
the content of total PAHs was < 10 pg/kg dw according to the Public
Notice No. 53 (2012) in the Czech Republic.

4. Conclusion

The removal of total PAHs present in biomass fly ash-amended soil
was more effective with the aid of phytoremediation using maize (Zea
mays L., var. Colisee) than natural attenuation. This trend was also
confirmed in the case of PAHs-spiked soil.

The adverse impact of PAHs on maize growth during this experi-
ment was not observed. After the harvest, the PAHs were found only in
maize roots and their transport to shoots remained unconfirmed. The
bioaccumulation factors of all individual PAHs were significantly lower
than 1 suggesting rhizodegradation of PAHs in soil and phytostabil-
ization of PAHs via root surfaces. In this study, the contribution of PAH
removal by maize roots on the total PAH removal from soil was neg-
ligible. Therefore, maize plants significantly boosted the total PAH
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removal in soil. Harvested aboveground maize biomass did not re-
present any environmental risk.

Our results showed that maize plants could be used to enhance the
bioremediation of PAHs in agricultural soils, and that PAHs of biomass
ash origin were similarly susceptible to removal as PAHs in spiked soil.
Cultivation of maize may be used as an in situ PAH phytoremediation
approach representing a low cost and environmentally friendly
strategy.
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ABSTRACT

Kos$nai Z., Tlustos P. (2018): Removal of soil polycyclic aromatic hydrocarbons derived from biomass fly ash by
plants and organic amendments. Plant Soil Environ., 64: 88—94.

Phytoremediation using maize (Zea mays L.) assisted by the compost or vermicompost amendments was the most
appropriate strategy for bioremediation of soil contaminated by polycyclic aromatic hydrocarbons (PAHs) derived
from biomass fly ash. Higher removal of low molecular weight PAHs than medium and high molecular weight
PAHs within the same treatment were observed. The total PAH content in planted soil with compost or vermicom-
post was decreased in a range between 62.9-64.9%. There were no significant differences (P < 0.05) between the
compost and vermicompost amendments on the total removal of ash-PAHs. The content of PAH derived by ash did
not have adverse effect on maize cultivation and biomass yield. The contribution of PAH reduction by maize roots
on the soil total PAH removal was negligible. Therefore, maize significantly boosted the PAH removal in soil. The
harvested maize shoots did not represent any environmental risk.

Keywords: carcinogenic compound; combustion residues; contamination; degradation; soil amendments

Polycyclic aromatic hydrocarbons (PAHs) are et al. 2017). The possible PAH content in ashes
hydrophobic organic compounds with two or more  applied in soil have not received considerable at-
benzene aromatic rings. Some PAHs are consid- tention. The increased content of PAHs in ashes
ered as potentially carcinogenic compounds to  can limit the soil ash application and elevate the
humans; they can be formed mainly during the agricultural soil contamination (Enell et al. 2008).
incomplete combustion (Paris et al. 2018). The Phytoremediation using maize (Zea mays L.) could
released PAHSs tend to be persistent e.g. in soils, be suitable strategy for clean-up of ash-PAHs
sediments and sewage sludge (Vacha et al. 2005, contaminated soils because maize significantly
Dvoriék et al. 2017, Garcia-Sanchez et al. 2018). The  enhanced the degradation of aged PAHs in soil
unfavourable conditions of biomass combustionin  from a wastewater-irrigated area (Guo et al. 2017).
power plants can also lead to the accumulation of Moreover, the compost or vermicompost applica-
PAHs in resulting ashes (Masto et al. 2015). The tion into a soil amended by PAH-contaminated
biomass ashes usually also contain high amounts ashes could improve the removal similarly as in
of mineral nutrients such as Ca, K, P and Mg, the case of bioremediation of artificially and aged
and therefore there is an effort to recycle them PAHs contaminated soil described by Wang et al.
as soil amendments and/or fertilizers (Ochecova (2012) and Feng et al. (2014).

Supported by the Ministry of Agriculture of the Czech Republic, Project No. QK1710379, and by the Czech University
of Life Sciences Prague, Projects No. CIGA 20172016 and 20172015.
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The main aims of this study were: (i) to determine
the removal of PAHs derived from biomass fly ash
in non-planted/planted ash-soil in comparison
to non-planted/planted ash-soil amended with
compost or vermicompost; (ii) to determine the
contribution of maize on the PAH removal from
soil.

MATERIAL AND METHODS

PAHs. In this study, 16 individual US EPA pri-
ority PAHs were investigated. The PAHs were
sorted into four groups as follows: LMW PAHs —
low molecular weight PAHs (the sum of naph-
thalene, acenapthylene, acenaphtene, fluorene,
phenanthrene, anthracene); MMW PAHs — me-
dium molecular weight PAHs (the sum of fluoran-
thene, pyrene, benzo[a]anthracene, chrysene);
HMW PAHs — high molecular weight PAHs (the
sum of benzo[b]fluoranthene, benzo[k]fluoran-
thene, benzo[a]pyrene, indeno(l,2,3-¢,d]pyrene,
dibenz[a,h]anthracene, benzo(g,h,i]perylene); total
PAHs — the sum of all 16 individual PAHs.

Soil. The experimental soil originated from a
long-term trial site close to the city of Humpolec
in the Czech Republic (49°33'15"N, 15°21'00"E).
The soil was obtained by mixing different sub-
samples collected from the field site at a depth of
0—-20 cm. The non-sterilized soil was homogenized,
air-dried at room temperature and passed through
a 5 mm stainless steel sieve. The main physico-

doi: 10.17221/39/2018-PSE

chemical characteristics of the experimental soil
(Cambisol — sandy loam according to the FAO soil
classification) are listed in Table 1.

Compost and vermicompost. The compost
was obtained from the composting of biowaste
mixture following the methodology described by
Habart et al. (2010). Briefly, the compost produc-
tion was carried out in a 70 L plastic laboratory
fermenter. The mixture was prepared from livestock
manure, fresh grass, straw and waste paper in a
ratio of 9:9:1:1 (w/w). The fermenter was placed in
a laboratory at 25°C and the composting process
was carried out with forced aeration. After 180
days, the compost was considered as mature and
sufficiently stabilized to be used. The vermicom-
post was obtained from the vermicomposting of
the same biowaste mixture mentioned above fol-
lowing the methodology described by Han¢ et al.
(2017). Briefly, vermicomposting was conducted
in a plastic vermicompost reactors (Ekodomov,
Prague, Czech Republic) placed in a laboratory.
5 kg of the biowaste mixture was inoculated with
0.5 kg of a substrate containing earthworms of the
genus Eisenia. This mixture was placed intoa 12 L
plastic bowl of vermi-reactor and left 180 days
for vermicomposting. The main physico-chemical
characteristics of the ‘ready to use’ compost and
vermicompost are shown in Table 1.

Ash. The experimental biomass fly ash was ob-
tained from a commercial biomass power plant
operated in the Czech Republic using a 20 MW
grate boiler. The tested ash was derived from the

Table 1. Physico-chemical characteristics of soil, compost and vermicompost

Parameter Soil Compost Vermicompost
PHe.c, 5.2 +0.0 8.4 +0.0 8.7+0.1
€ (g/_kg) 18.3 +2.5 316 2.0 317+ 1.8
N, (g/kg) 1.35+ 0.1 25.8+0.3 299 +0.1
P, .. (mg/kg)l/  (g/kg)? 80.2 + 4.4 2.02 +0.3 3.12£0.4
K, i (mg/kg)/ , (g/kg) 190 + 8.9 29.2 + 0.6 19.2 + 0.6
Ca_ ., (mg/kg)/  (g/kg) 1586 + 72 6.95 + 0.5 9.36 £ 0.7
Mg, . (mg/kg)/ , (g/kg) 153 + 10 1.99 + 0.1 2.46 + 0.2
Total PAHs (pg/kg) nd nd nd

!Avail. — available element contents (P, K, Ca and Mg) in soil (mg/kg) were determined using Mehlich 3 extraction;

2tot. — total element contents (P, K, Ca and Mg) in compost and vermicompost (g/kg) were determined according to

the method used by Han¢ et al. (2017). nd — not detected (individual polycyclic aromatic hydrocarbons (PAHs) were

lower than the detection limit in the range between 1.8-5.6 pg/kg dry weight)
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combustion of wheat straw in the temperature
range 600-700°C. The collected ash was a com-
posite of four random sub-samples taken from a
container with fly ash from electrostatic precipi-
tator. The ash was air-dried at room temperature
and thoroughly mixed in a laboratory. The main
physico-chemical characteristics of the experi-
mental ash determined according to Mercl et al.
(2016) and Kos$nar et al. (2016) were: particle size —
fraction < 0.25 mm, 67.8%; fraction 0.25—1.6 mm,
32.2%; pHy o, 10.3; electrical conductivity,
9.9 mS/cm; loss on ignition, 52.6%; P ., 0.1%;
Ko 9:5%; Ca,,, 1.8%; Mg, ., 0.57%; total PAHs,
160.2 mg/kg DW (dry weight).

Pot experiment. The experiment was conducted
in an outdoor, atmospheric precipitation-con-
trolled, vegetation hall with natural temperature
and light using a series of 6 L polypropylene pots:
open top, 21 cm; base, 18 cm; height, 20 cm. The
pot experiment was carried out in 9 treatments
each in four separated pots for replication as fol-
lows: S — soil (control); C — compost-soil; V —
vermicompost-soil; A — ash-soil; CA — compost-
ash-soil; VA — vermicompost-ash-soil; PS —
planted soil (control for plants); PC — planted
compost-soil; PV — planted vermicompost-soil;
PA — planted ash-soil; PCA — planted compost-
ash-soil; PVA — planted vermicompost-ash-soil.
Each treatment (S and PS) contained 5 kg soil DW
per pot and rest of the treatments contained 5 kg
of amended soil per pot. The ash, compost and
vermicompost in amended soil of the respective
treatment represented 1% (w/w), 10% (w/w) and
10% (w/w), respectively. The initial PAH contents

of experimental treatments are shown in Table 2
excluding the treatments without the ash addi-
tion because the PAHs were not detected in them
initially. As the experimental plant was tested
maize (Zea mays L. var. Colisee). The maize seeds
were gained from the KWS (Einbeck, Germany).
Before sowing, each pot received 500 mg N in
NH,NO, water solution, 32 mg P and 80 mg K
in K,HPO, water solution. The maize seeds were
sown directly in soil at a depth of 2—-3 cm, at a
rate of 8 seeds per pot. The plants were thinned to
3 per pot at the age of the third leaf emergence.
The pots were manually watered with demineral-
ized water regularly in order to keep soil mois-
ture at 60—70% of the maximum water holding
capacity. Soil samples were collected at the end
of the 120-days experiment. Each soil sample was
a composite of five sub-samples from different
zones of each pot. The plant samples (roots and
shoots separately) were obtained after the har-
vest. Roots were washed with distilled water to
remove the attached soil particles. Before the PAH
analysis the samples were separately air-dried at
laboratory temperature, homogenized and plant
samples were pulverized to a fine powder with a
mill (Retsch, Haan, Germany).

PAH analysis. The extraction of PAHs from
soil and plant samples was carried out according
to the US EPA (2007) using an ultrasonic bath
(Bandelin electronic, Berlin, Germany) with a
continuous re-extraction cycles followed by the
silica gel clean-up process in concordance to the
US EPA (1996). The PAH identification followed
by the PAH quantification was based on a gas

Table 2. Initial polycyclic aromatic hydrocarbon (PAH) contents (pg/kg dry weight) in experimental treatments

Treatment LMW PAHs MMW PAHs HMW PAHs Total PAHs
A 745.4 3%1:5 484.8 1601.7
CA 750.1 376.7 477.3 1604.0
VA 739.2 387.4 493.8 1611.4
PA 730.8 417.8 526.6 1675.2
PCA 732.9 369.1 480.0 1582.0
PVA 725.8 401.0 483.3 1610.1

All values represent means (n = 4). There were no significant differences (P < 0.05) in initial PAH contents between the

treatments: A — ash-soil; CA — compost-ash-soil; VA — vermicompost-ash-soil; PA — planted ash-soil; PCA — planted
compost-ash-soil; PVA — planted vermicompost-ash-soil; LMW PAHs — low molecular weight PAHs; MMW PAHs —
medium molecular weight PAHs; HMW PAHs — high molecular weight PAHs; total PAHs — the sum of all 16 individual

PAHs
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chromatography/mass spectrometry method
described by US EPA (2014) using a 6890N-gas
chromatograph with 5975-mass detector (Agilent
Technologies, Santa Clara, USA). The separation
of PAHs was carried out using a capillary column
(20 m x 0.18 mm inner diameter, 0.14 pm film
thickness) (Agilent J&W Scientific, Santa Clara,
USA). The detailed chromatographic regime and
analytical precision of the method were described
elsewhere by Kosnar et al. (2016).

Data processing and statistical analysis. The
total soil PAH removal (%) in Figures 1 and 2 was
calculated as follows:

Total soil PAH removal = 100 X (PAHesigual = PAHinitia1)/PAHinitial

Where: PAH__ ., — residual content of PAHs in soil (pg/kg

DW) at the end of the 120-days experiment; PAH, .. —

initial content of PAHs in soil (pg/kg DW) at O days.
The plant PAH removal (%) in Table 3 was cal-

culated as follows:

plantyield x PAHconcentration

Plant PAH removal = 100 X [
PAHinitia1/pot

Where: plant yield — maize roots yield (kg roots DW/pot);
I’AHmncenm‘(ion — PAH concentration in maize roots (pg
PAH/kg plant DW); PAH /pot — initial PAH content
in soil at 0 days per each pot (pg PAH/pot).

initial

—_
o
~

LMW PAHs removal (%)

—_
(&)
~

HMW PAHs removal (%)

CA

VA PA PCA PVA

(b)
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MMW PAHs removal (%)
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The one-way ANOVA at P < 0.05 followed by
the Tukey’s test was performed to evaluate the
statistical differences between the treatments.
The data were evaluated using the Microsoft Excel
2010 (Microsoft Corporation, Redmond, USA) and
Statistica 12.0 (StatSoft, Tulsa, USA).

RESULTS AND DISCUSSION

The influence of ash-PAHs in the development of
bioremediation approaches was assessed by com-
paring of maize biomass yield in Table 3. The com-
post and vermicompost amendments in PC and
PV treatments significantly increased (P < 0.05)
the yield of maize roots in comparison to the planted
control treatment (PS). The maize shoots yields
were the same in all the treatments. The soil con-
taminated by ash-PAHs had no adverse effects on
maize biomass (roots and shoots) yield as there
were no significant differences (P < 0.05) between
the respective treatments. Our results of biomass
yield were comparable with 120 days experiment
with maize grown in soil contaminated by pyrene
and phenanthrene artificially (Liao et al. 2015). In
our study, the PAHs were found only in maize roots
cultivated on ash-amended soil (Table 3). The com-
post and vermicompost amendments could enhance

80 -
4 a
60 4
40 b
¢ c
20 4
-~ H N
0 4
A CA VA PA PCA PVA

Figure 1. Removal of (a) low molecular weight polycyclic
aromatic hydrocarbons (LMW PAHs); (b) medium molecular
weight PAHs (MMW PAHSs), and (c) high molecular weight
PAHs (HMW PAHs) from soil at the end of the 120-day
experiment. Each column sharing different lower case
letters indicate significant differences (£ < 0.05) between
the treatments: A — ash-soil; CA — compost-ash-soil; VA —
vermicompost-ash-soil; PA — planted ash-soil; PCA — plant-
ed compost-ash-soil; PVA — planted vermicompost-ash-
soil. Error bars indicate standard deviation values of n = 4
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Figure 2. Removal of total polycyclic aromatic hydro-
carbons (PAHs) from soil at the end of the 120-day
experiment. Each column sharing different lower case
letters indicate significant differences (P < 0.05) be-
tween the treatments: A — ash-soil; CA — compost-
ash-soil; VA — vermicompost-ash-soil; PA — planted
ash-soil; PCA — planted compost-ash-soil; PVA — planted
vermicompost-ash-soil. Error bars indicate standard
deviation values of n = 4

the bioavailability of soil ash-PAHs because signifi-
cantly increased PAH content was observed in roots
of PCA and PVA treatments than in PA treatment.
The PAH content in maize shoots was not detected
and translocation of ash-PAHs found in roots to the
shoots remained unconfirmed. This was in line with
the study by Gao et al. (2011) who indicated that the
spiked PAHs are accumulated in roots rather than
transported through the xylem flow to the shoots.

In this study, the PAH removal of ash origin
from soil by maize roots was negligible in a range

between 0.02—-0.04% (Table 3). This could indicate
that the contribution of PAH accumulated in maize
roots on the total PAH removal from soil of PCA
and PVA treatments was minimal. This finding is
consistent to the study by Kacédlkova and Tlusto$
(2011) who reported significantly lower than 1%
accumulation of aged PAHs by maize from soil.
The removal of individual PAH groups is shown
in Figures 1 and 2 excluding the treatments with-
out the addition of ash because the PAHs were
detected in them neither at the beginning nor
in the end of the experiment. Different LMW,
MMW and total PAH removal from soil of all in-
vestigated treatments was determined as follows:
PCA ~PVA > PS> CA ~ VA > A, and followed by
PCA ~ PVA > PS ~ CA ~ VA > A for the HMW
PAH removal. The phytoremediation of ash-soil
assisted by compost or vermicompost (PCA and
PVA) was the most appropriate strategy in the
PAH removal. Cultivation of maize on ash-soil in
combination with compost amendment in PCA
treatment removed 79.0% of LMW PAHs, 51.5%
of MMW PAHs and 48.1% of HMW PAHs from
soil. These PAH removals were not statistically
(P < 0.05) different to those reached in the PVA
treatment using maize on vermicompost amended
ash-soil. The higher LMW PAH removal than the
MMW and HMW PAH removal in the same treat-
ment indicated that the LMW PAHSs of ash origin
are susceptible to be biodegradable similarly to the
aged PAHs as was described by Feng et al. (2014).
The results of total PAH removal in Figure 2
showed that the total PAHs derived from biomass

Table 3. Yield of maize roots and shoots, polycyclic aromatic hydrocarbon (PAH) concentration in roots and

PAH removal by roots

Treatment Root Shoot Total PAHs in roots Plant PAH removal
(g/pot DW) (g/pot DW) (ug PAH/kg roots DW) (%)

PS 15.8> 106.9* nd nd

PC 22.4* 111.5* nd nd

PV 22:1% 105.5* nd nd

PA 15.5P 109.5% 83.8> 0.02b

PCA 22,72 105.1* 143.9* 0.04*

PVA 22.8P 106.0* 161.22 0.04*

nd — not detected (individual PAHs were lower than the detection limit in the range between 1.8-5.6 pg/kg dry weight

(DW)). All values represent means (1 = 4). Different lower case letters within the same column indicate significant differ-
ences (P < 0.05) between the treatments: PS — planted soil (control for plants); PC — planted compost-soil; PV — planted

vermicompost-soil; PA — planted ash-soil; PCA — planted compost-ash-soil; PVA — planted vermicompost-ash-soil
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fly ash in non-amended bare soil (A treatment) were
removed negligibly. The compost or vermicompost
which were applied into the soil of non-planted
treatments (CA and VA) separately decreased the
total PAH content in soil significantly in compari-
son to the non-amended treatment (A) in the range
between 15.1-17.8%. The phytoremediation of
PAHs in ash-soil (PA treatment) showed that the
maize has a significantly higher ability to remove
ash-PAHs than the CA and VA treatments because
the sum of total PAH content was removed by
26.7%. The total PAH content in the planted soil
amended with compost and vermicompost (PCA
and PVA treatments) decreased by 62.9% and 64.9%,
respectively. However, there were no significant
differences (P < 0.05) between the compost and
vermicompost amendment on the removal of total
ash-PAHs. The higher PAH removal in PCA and
PVA treatments than in other treatments indicated
that the maize plants could stimulate the growth
and activity of soil autochthonous microorganism
involved in PAH degradation due to the production
of exudates released in maize rhizosphere as was
reported by Nanekar et al. (2015). Moreover, the
compost or vermicompost used together with maize
could stimulate the activity of soil autochthonous
PAH degraders which could be supported by PAH
degraders augmented to soil from the amendments.
Furthermore, the incorporation of these organic
materials could support the PAH removal by the
irreversible trapping processes of PAHs in soil as
was described by Ouvrard et al. (2014).

This study showed that the maize cultivation
on a PAH contaminated soil amended with the
compost and vermicompost as separately applied
amendments were the most efficient bioremedia-
tion approaches of soil contaminated by PAHs of
ash origin. The resulted residual PAH contents
in PCA (587.4 ng/kg DW) and PVA (565.6 pug/kg
DW) were significantly lower than the limit of
total PAHs (1000 pg/kg DW) for soils required
by the Ministry of the Environment of the Czech
Republic (2016). Moreover, the harvested above-
ground biomass of maize did not represent any
environmental risk.
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A 120-day experiment was conducted to compare the removal of polycyclic aromatic
hydrocarbons (PAHs) from agricultural soil after natural attenuation (NA), phytoremediation
(P), mycoremediation (M), and plant-assisted mycoremediation (PAM) approaches in relation to
the extracellular enzyme activities in soil. The NA treatment removed the total soil PAH content
negligibly. The P treatment using maize (Zea mays) enhanced only the removal of low and
medium molecular PAHs. The Pleurotus ostreatus cultivated on 30-50 mm wood chip substrate

Keywords: used in M treatment was the most successful in the removal of majority PAHs. Therefore,
PAHs significantly (p < 0.05) highest total PAH removal by 541.4 ug/kg dw (dry weight) (36%) from all
Biodegradation tested M treatments was observed. When using the same fungal substrate together with maize

White-rot fungi
Ligninolytic enzymes
Microbial activity

in PAM treatment, the total PAH removal was not statistically different from the previous M
treatment. However, the maize-assisted mycoremediation treatment significantly boosted
fungal biomass, microbial and manganese peroxidase activity in soil which strongly correlated
with the removal of total PAHs. The higher PAH removal in that PAM treatment could be
reflected in the following post-harvest time. Our suggested M and PAM approaches could be
promising in situ bioremediation strategies for PAH-contaminated soils.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction presence in the environment. In addition is their carcinoge-

nicity, as some of priority 16 PAHs are suspected carcinogens

Polycyclic aromatic hydrocarbons (PAHS) are associated with
the volatile combustion phase that occurs during the incom-
plete combustion of organic materials (Bragato et al., 2012).
The PAHs are organic pollutants with condensed aromatic
rings of special interest due to their toxicity and ubiquitous
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with acute and chronic health effects (Larsson et al., 2013).
The PAHs are lipophilic compounds with a chemical
arrangement which predicts their stability and persistence in
the environment (Bojes and Pope, 2007). The PAHs tend to
accumulate in soils (Garcia-Sanchez et al., 2018), sediments

1001-0742/© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

Please cite this article as: Ko$naf, Z., et al., Comparing the removal of polycyclic aromatic hydrocarbons in soil after different
bioremediation approaches in relation to the ext..., J. Environ. Sci. (2018), https://doi.org/10.1016/j.jes.2018.05.007

56



2 JOURNALOFENVIRONMENTAL SCIENCES XX (2018) XXX-XXX

(Dvorak et al., 2017), and sewage sludge (Vacha et al., 2005). The
content of PAHs in Central European arable soils ranged from 30
to 4108 pg/kg dw (Maliszewska-Kordybach et al., 2009). Thus,
agricultural areas should receive satisfactory attention in regard
to contamination with PAHs because the preventive limit of
total PAHs is 1000 pg/kg dw for arable soils in the Czech
Republic (Public Notice No. 153/2016).

The accumulation of PAHs in soil can be attributed to the high
persistence of PAHs in the environment due to their strong
adsorption onto soil organic matter and recalcitrance of PAHs to
degradation (Wei et al., 2014). Most of the biological approaches
considered for the restoration of PAH-contaminated sites
depend on their availability for plants and microorganisms in
soil. The water solubility of PAHs is low, but some studies
suggested that the PAHs are transported in association with
dissolved organic matter which increased their bioavailability as
the basic requirement of PAH bioremediation (Gerhardt et al,,
2017). The ability of maize (Zea mays L) to grow on PAH
contaminated sites was reported by Lin et al. (2008), and Dupuy
et al. (2015) indicated that maize exudates enhanced the PAH
removal from soil during the phytoremediation approach. This
process is based on the synergisms of the plant and their
associated microorganisms in the rhizosphere helping to
extract, immobilize, accumulate, and/or remove PAHs within
the in or ex planta degradation in soil (Kuppusamy et al., 2017).

A promising option for the biodegradation of PAHs
are ligninolytic fungi, e.g., Pleurotus ostreatus, Phanerochaete
chrysosporium, and Bjerkandera adusta, due to their production
of ligninolytic enzymes, such as manganese peroxidase,
lignin peroxidase, and laccase (Kadri et al., 2017). Neverthe-
less, Marco-Urrea et al. (2015) reviewed the potential of
extracellular oxidation of PAHs also due to some of non-
ligninolytic ascomycetes in soil.

The predominant products of PAH degradation derived
from the action of lignin-modifying enzymes are several PAH
derivatives such as quinones, dicarboxylated, and their ring
fission derivatives. Whereas, e.g., hydroxylated derivatives of
anthrone and phenanthrene 9,10-dihydrodiol suggested the
possible involvement of a cytochrome P-450-epoxide hydro-
lase system as showed by the in vitro experiments of Covino
et al. (2010). A study by Sack et al. (1997) indicated that using
white-rot fungi, such as P. chrysosporium and Trametes
versicolor to breakdown the PAHs within the complete PAH
mineralization may occur. Moreover, Eggen and Majcherczyk
(1998) described the removal of ['*C]benzo[a]pyrene by 49%
after 3 months of incubation in aged creosote-contaminated
soil applied with P. ostreatus. Unfortunately, only 1%
completely mineralized to **CO,, but it was still significantly
higher in comparison to the unsterile control soil (0.1%)
without the white-rot fungus.

Besides the root exudates (carboxylic and amino acids,
carbohydrates, secondary metabolites, polysaccharides, and
proteins) and the stimulation of the degradative potential of the
rhizosphere microflora, another important rhizodegradation
mechanism is the root exudation of enzymes (peroxidases,
proteases, laccases, hydrolases, lipases, etc) involved in the
biodegradation of PAHs (Dubrovskaya et al., 2017). Moreover, Shi
et al. (2017) suggested that the combination of phytoremediation
using suitable plants with fungi assisted bioremediation can have
a positive role in the rhizosphere degradation of PAHs.

The PAH-polluted soil is still one of the most intractable
environmental problems today and studies focused on cost-
effective and environmentally friendly bioremediation strategies
of PAHs in contaminated soils are still needed and welcome
(Feng et al., 2017). Therefore, the main aims of this work were: (1)
To compare the decrease of PAH content after natural attenua-
tion, phytoremediation, mycoremediation, and plant-assisted
mycoremediation of agricultural PAH-spiked soil; (2) to investi-
gate the influence of maize (Zea mays L.) and P. ostreatus (Jacq.) P.
Kumm., strain HK35S cultivated on waste lignocellulosic sub-
strates on microbial activity, fungal biomass, and selected
extracellular enzymes activities in soil in comparison to bare
soil; and (3) to evaluate the relationship between the removal of
PAHs from soil and enzyme activities in order to develop a
feasible treatment for the bioremediation of PAH-contaminated
agricultural soil.

1. Materials and methods
1.1. Chemicals, reagents, and materials

Acetone, dichloromethane, and n-hexane, each GC/MS grade,
were purchased from Chromservis, Czech Republic. Standards of
16 individual US EPA priority PAHs containing acenapthylene
(ACY), acenaphtene (ACE), anthracene (ANT), benzo[a]anthra-
cene (BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene
(BKF), benzo[g,h,iJperylene (BghiP), benzo[a]pyrene (BaP), chrys-
ene (CHR), dibenz[a,h]anthracene (DBA), fluorene (FLU), fluoran-
thene (FLUO), indenol],2,3-c,d]pyrene (IPY), naphthalene (NAP),
phenanthrene (PHE), and pyrene (PYR) in a 2000 mg/L mixture
solution of each PAH species (SV Calibration Mix 5, Restek, USA)
were purchased from Chromservis, Czech Republic. Deuterated
p-TER-dy, (IS) and 2-FBP (SS) solutions at 2000 mg/L (Restek, USA)
were purchased from Chromservis, Czech Republic. All working
PAH, IS, and SS solutions were diluted with hexane (V/V). The
Strata SI-1 Silica SPE cartridges (Phenomenex, USA) were
purchased from Chromservis, Czech Republic. The used glass-
ware was prewashed with distilled water, then acetone, and
followed by hexane and dried in an oven at 150°C for 2 hr before
use.

1.2. Characterization of experimental soil

The soil was collected from a long-term trial site (49°33'16"N,
15°21'2"E) close to the city of Humpolec in the Czech Republic.
The site characteristics were described elsewhere in Cerny et al.
(2010). The total soil sample was obtained by mixing different
sub-samples collected from different zones of the field area at a
depth of 0-20 cm. The non-sterilized experimental soil was
homogenized, air-dried at room temperature, and passed
through a 5 mm stainless steel sieve. The soil texture of our
experimental soil (Cambisol) was sandy loam (clay, 5.8%; silt,
43.6%; sand, 50.6%, W/W) and the main physicochemical
properties of the soil were: pH (CaCl,), 5.2; CEC, 90.3 mmol,ykg;
Crot, 18 g/kg; Niot, 1.7 g/Kg; Ppseudotot, 0-87 g/kg; Kpseudotots 9-55 Z/kg;
Capseudotots 2.71 g/kg, Mgpseudotor, 8.18 g/lkg dry weight (dw)
basis; individual PAHs were below the quantifiable limit in
range between 1.8 and 5.6 pg/kg dw for individual PAH
compounds.
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1.3. Characterization of plant seeds, lignocellulosic substrates,
and fungal inoculum

The experimental plant in our study was tested maize (Zea
mays L. var. Colisee) purchased from KWS (Germany). Before
sowing, maize seeds were surface-disinfected according to
Smith et al. (2006). The wood chips (10-30 mm) of waste apple
tree branches (S1), wood chips (30-50 mm) of waste apple tree
trunks (S2), and wood chips (10-50 mm) of an S1 and S2
mixture in 1:1 ratio (W/W) (S3) were tested in this study as a
lignocellulosic substrate carrier for ligninolytic fungi-P.
ostreatus (Jacq.) P. Kumm., strain HK35 (P. ostreatus) obtained
from the Crop Research Institute in Prague, Czech Republic.

The preparation of the inoculum followed the procedure
described by Garcia-Delgado et al. (2015). Briefly, P. ostreatus
culture was maintained at 4°C and pre-cultured at 24°C on four
2% (W/V) malt extract-glucose agar plates for 2 weeks in order to
obtain fresh inoculum containing mycelium of P. ostreatus. This
culture was used for the production of P. ostreatus-spawn on
wheat grain. The grain was half-cooked, drained of excess water,
supplemented with 5% (W/W) of gypsum, filled in 1 L bottles,
and sterilized in an autoclave at 121°C for 2 hr. After sterilization,
the grain was inoculated with four agar pieces of P. ostreatus
mycelium and cultivated at 24°C for 14 days. Before inoculation
of the wood chips, each cultivation substrate with 60% (W/W) of
moisture content, adjusted by the addition of distilled water, was
placed in a 6 L glass container covered with Al-foil and sterilized
in an autoclave (121°C, 2 hr). After inoculation with grain
containing P. ostreatus spawn, the culture was grown for
4 weeks at 24°C until the whole substrate was fully colonized
by mycelium of P. ostreatus. The main properties of “ready to use”
fungal substrates with grown P. ostreatus were: dry matter, 39.3%
(W/W); pH (H20), 7.8; Cior, 449 g/kg dw; Nioy, 12.0 g/kg dw; C/N,
44.1.

1.4. Experimental design setup

The 120-day experiment was conducted in a roofed, outdoor,
atmospheric precipitation-controlled, vegetation hall with nat-
ural temperature and light using a series of 6 L polypropylene
pots (h =20.5 cm, diop = 21.0 cm, dyottom = 18.0 cm). Each pot
contained 5 kg dw of experimental soil. The pot experiment
was set up in 8 treatments each in four replications to simulate
different bioremediation approaches of PAH contaminated soil
as follows: (1) Natural attenuation of PAHs in contaminated
bare soil (NA); (2) Mycoremediation of PAHs in soil using
P. ostreatus cultivated on i) 10-30 mm substrate (M + S1), ii) 30—
50 mm substrate (M + S2), iii) 10-50 mm substrate (M+S3);
(3) phytoremediation of PAHs using maize in non-amended
contaminated soil (P); (4) Plant-assisted mycoremediation of
PAHs in soil using maize together with P. ostreatus cultivated on
i) 10-30 mm substrate (PAM+S1), ii) 30-50 mm substrate (PAM+
S2), iii) 10-50 mm substrate (PAM+S3). The dose of respective
substrate with colonized P. ostreatus applied to PAH-spiked soil
was set to 5% (W/W) in accordance with Li et al. (2012). Before
the experiment was established, the soil was spiked with a
synthetic mixture of 16 individual US EPA priority PAHs (SV Mix
S, Restesk, USA) diluted with hexane as a carrier solvent to
provide the 100 pg/kg dw content of each PAH species following
the procedure described by Smith et al. (2006). The resulted

average initial contents of low molecular weight (LMW),
medium molecular weight (MMW), high molecular weight
(HMW) PAHs, and total PAHs in soil (ug/kg dw) of each treatment
are shown in Table 1. An individual pot was also fertilized (per
1 kg soil dw) as follows: 100 mg N (NH;NO; water solution);
32 mg P and 80 mg K (K;HPO, water solution).

In the case of 16 planted pots, maize seeds were sown
directly in soil at a 2-3 cm depth at a rate of 8 seeds per pot.
After 15 days of germination, maize plants were thinned to
three of uniform size. The location of pots was randomly
changed once a week. The moisture of soil was kept at 60%—
70% (V/W) of the maximum water holding capacity (MWHC)
by weighing the pots regularly and adding demineralized
water as necessary. The MWHC was calculated according to
Mercl et al. (2016). During the vegetation period, weeds were
removed to avoid interplant competition.

Each soil sample was collected by thoroughly mixing three
sub-samples randomly collected from the whole soil profile of
each pot referred as replication of each respective treatment
using a stainless steel tool at the end of the 120-day
experiment. Before the analysis of PAHs, the total of 32 soil
samples were divided into equal halves and used as technical
replications for PAH measurement, then freeze-dried, ground
with a mortar, and subsequently sieved through 2 mm
stainless steel mesh and stored at -20°C in Petri dishes
covered with Al-foil before the analysis of PAHs. Moist soil
samples for analyses of microbial and extracellular enzyme
activities, and fungal biomass analyses were stored in a
refrigerator at 4°C. The plant and P. ostreatus biomass was
harvested at the end of the experiment and plants were
divided into roots and shoots. Roots were gently washed with
distilled water to remove attached soil particles. Roots and
shoots were composites of three maize plants of each planted
pot and were cut into small pieces together, respectively.
Thereafter, roots, shoots, and P. ostreatus samples, 16 of each,
were halved into equal parts for technical replications,
homogenized, and oven dried at 35°C for 72 hr, and milled to
a fine powder.

1.5. Analytical methods

1.5.1. Analysis of microbial activity and soil fungal biomass
The microbial activity (MA) of living microbial biomass in soil
was assayed by the quantification of dehydrogenase activity
(DHA, EC 1.1) measured with triphenyl formazan (TPF) formed by
the reduction of 2,3,5-triphenyltetrazolium chloride (TTC) in
same frame as Fu et al. (2012). Briefly, 1 g soil was incubated with
1mL of 1.5% (W/V) TTC solution (0.1 mol/L Tris-HCl buffer,
pH 7.6) with shaking at 150 r/min in the dark for 6 hr at 30°C.
Blanks without the soil and samples without TTC addition were
run simultaneously for control purposes. The reaction mixture
was blended with 4 mL of acetone, filtered and measured at
485 nm using a spectrophotometer (HachLange 3900, USA).
Results were expressed as pg TPF/(g soil dw-6 hr).

The fungal biomass (FB) in soil was quantified by non-alkaline
extraction of free ergosterol in living fungal cells according to
Djajakirana et al. (1996). Briefly, 1 g soil was suspended in 25 mL
ethanol in amber bottles and shaken for 30 min at 250 r/min on
an orbital shaker in the darkness. The soil suspension was
filtered and evaporated in a vacuum rotary evaporator at 40°C.
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Table 1 - Initial content and residual content of the sum of LMW, MMW, and HMW PAHSs, and total PAHs in soil at 0 days

(initial) and at 120 days (residual) of an experiment.

PAH Days NA M + S1 M + S2 M + S3 P PAM+S1 PAM+S2 PAM+S3
content
(ng/kg dw)
LMW PAHs 0 562.2 + 31aA 561.2 = 94aA 546.0 + 23aA 5725+ 7.3aA 5741 +15aA 549.2 + 4.0aA 565.7 = 13aA 567.8 = 22aA
120 527.9 + 19eA 430.2 + 12cdB 339.4 + 23aB 397.7 + 7.1bcB 452.4 + 5.8 dB 424.2 + 8.2bcdB 329.6 + 27aB 390.8 + 9.7bB
MMW PAHs 0 376.7 + 4.0aA 377.3 £ 13aA 372.7 + 17aA 377.5 + 5.4aA 379.6 + 9.5aA 376.4 + 12aA 379.6 = 12aA 366.4 + 20aA
120 354.5 + 8.1cB 294.4 + 5.8bB 215.0 + 24aB 296.4 + 5.4bB  361.6 + 10cB  275.7 + 29bB 220.2 + 23aB  269.9 + 20bB
HMW PAHs O 566.1 + 7.7aA 565.3 = 14aA 572.2 + 34aA 572.1 + 36aA  564.0 £ 23aA 573.3 x 15aA 569.6 = 15aA 564.8 £ 27aA
120 549.7 + 10cA 484.6 + 18bB  408.0 + 16aB 490.0 + 25bB  541.1 + 28cB  492.1 + 19bB 406.0 + 14aB 488.5 + 23bB
Total PAHs 0 1505 + 32aA 1504 + 1.0aA 1491 + 50aA 1522 + 39aA 1518 + 37aA 1499 + 21aA 1515 + 24aA 1499 + 59aA
120 1432 + 29d 1209 + 25bB  962.4 + 20aB 1184 + 21bB 1355 = 31cB 1192 + 40bB 955.7 + 34aB 1149 = 38bB

Means + standard deviations estimated from four replications within the same column followed by different lowercase letters indicate
significant differences (p < 0.05) among the respective PAH removal of each treatment as determined by Tukey's test. NA: natural attenuation;
M+S1, S2, and S3: mycoremediation using fungal substrates S1, S2, and S3; P: phytoremediation; PAM+S1, S2, and S3: plant-assisted
mycoremediation using fungal substrates S1, S2, and S3. PAH: polycyclic aromatic hydrocarbon; LMW: low molecular weight; MMW: medium

molecular weight; HMW: high molecular weight.

The dry extract was dissolved in 1 mL ethanol and percolated
through a syringe filter (cellulose-acetate, 0.45 um pore size) into
avial. Quantitative determination of ergosterol was performed by
an HPLC analysis on a 1260 Infinity HPLC system (Agilent
Technologies, USA) equipped with a diode array detector and
Phenomenex C18 column (250 mm x 4.60 mm,; particle size
S um; pore size 100 A), mobile phase 97% methanol/water (V/V),
flow rate of 1 mL/min, and detection at 282 nm. Ergosterol was
quantified using a calibration curve (10-1000 pg/L) of pure
standard solution (Sigma-Aldrich, USA). Results were expressed
as pg ergosterol/g soil dw.

1.5.2. Analysis of selected extracellular enzyme activities
Assays of selected ligninolytic (laccase, manganese peroxidase)
and hydrolytic (3-D-glukosidase, acid phosphatase, arylsulfatase,
and lipase) enzyme activities in soil extracts were done according
to Stursova and Baldrian (2011). Briefly, 0.2 g soil in a 50 mL
Erlenmayer flask was extracted with 20 mL of 50 mmol/L sodium
acetate buffer (pH 5.0) at room temperature. The reaction mixture
was homogenized using an Ultra-Turrax (IKA Labortechnik,
Germany) for 30 sec at 8000 r/min. The extracts for ligninolytic
activities were filtrated and desalted using PD-10 columns
(Pharmacia, Sweden) to remove inhibitory compounds. Individ-
ual enzyme activities were measured in four replicates in 96-well
microplates spectrophotometrically using the plate reader Infi-
nite M200 (Tecan, Switzerland). One unit of enzyme activity per
1 g soil dw (U/g soil dw) was defined as the amount of enzyme
catalyzing the formation of 1 ymol of reaction product per min
under the assay conditions.

Laccase (LAC, EC 1.10.3.2) activity was measured in 50 pL soil
extract by monitoring the oxidation of ABTS (2,2’-azinobis-3-
ethylbenzothiazoline-6-sulfonic acid) immediately after the
addition of 50 uL of 0.08% (W/V) ABTS solution with 150 pL
citrate-phosphate (100 mmol/L citrate, 200 mmol/L phosphate)
buffer (pH 5.0) at 420 nm.

Manganese (—dependent) peroxidase (MnP, EC 1.11.1.13)
activity was measured in 50 pL soil extract in the presence
of 200 ulL substrate for a MnP measurement solution
using the succinate-lactate buffer with MBTH (3-methyl-2-
benzothiazolinonehydrazone) and DMAB (3,3-dimethylamino-
benzoic acid). The substrate for MnP measurement was prepared

through the mixing of 42 mL succinate-lactate buffer (100 mmol/
L, pH 4.5), 56 mL DMAB solution (25 mmol/L), 2.8 mL MBTH
solution (1 mmol/L), 2.8 mL MnSO,; solution (2 mmol/L), and
2.8 mL peroxide solution (0.08 mmol/L). MBTH and DMAB are
oxidatively coupled by the enzyme, and the resulting purple
indamine dye is detected at 595 nm. The results were corrected
by the activities of the samples without MnSO, being substituted
by an equimolar amount of EDTA.

The activities of -D-glukosidase (p-D-G, EC 3.2.1.21), acid
phosphatase (AP, EC 3.1.3.2), arylsulfatase (AS, EC 3.1.6.1), and
lipase (LPS, EC 3.1.1.3) in soil extracts were measured according
to Baldrian (2009). Briefly, hydrolytic enzymes activities
were measured in 200 uL of soil extract in the presence
of the respective substrate (40 uL) in dimethylsulfoxid
(DMSO) at a final concentration as follows: (1) 2.75 mmol/L
MUFG (4-methylumbellyferyl--D-glucopyranoside) for -D-G,
(2) 2.75 mmol/L MUFP (4-methylumbellyferyl-phosphate) in
DMSO for AP, (3) 2.50 mmol/L MUFS (4-methylumbellyferyl
sulphate potassium salt) in DMSO for AS, and (4) 2.50 mmol/L
MUFY (4-methylumbellyferyl-caprylate) in DMSO for LPS. The
soil extracts in 96-well microplates were incubated at 40°C and
measurements of fluorescence were recorded with an excita-
tion wavelength of 355 nm and an emission wavelength of
460 nm. The background fluorescence measurement, standard
for corrections of fluorescence quenching, and quantification of
enzymatic activities based on standard curves has been
described elsewhere in Stursova and Baldrian (2011).

1.5.3. Analysis of PAHs

The extraction of PAHs in soil samples was carried out
according to US EPA (2007) using the ultrasonic bath extrac-
tion procedure with a continuous three re-extraction cycle.
For the determination of PAHs in soil samples, an aliquot
sample of 5 g (accuracy +0.001 g) was weighed into the glass-
capped flask (100 mL). Ultrasonic extraction of the sample in
the flask was performed with 30 mL hexane-acetone mixture
(1:1, V/V) in the ultrasonic bath system (Bandelin Sonorox
Digitec DT510/H, Germany) with addition of SS solution at
500 pg/L and sonicated for 30 min at a bath temperature of
35°C. The reaction mixture was then filtered through the
filtrate paper and rinsed with 5 mL of hexane. The sample was
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re-extracted twice with 30 mL of hexane-acetone (1:1, V/V)
following the same procedure. The extracts were collected
together and evaporated on a rotatory evaporator (Biichi
rotavapor R-300, Switzerland) at 40°C to near dryness (>1 mL),
dissolved in 5 mL of hexane and concentrated to 1-2 mL for
further purification according to US EPA (1996). The silica of
SPE cartridges was conditioned using 10 mL 15% (V/V)
dichloromethane-hexane, washed with 10 mL of hexane, and
followed by the elution of 10 mL 15% (V/V) dichloromethane-
hexane. The eluate was reconcentrated to 1 mL, and after the
addition of the IS solution at 500 pg/L, it was analyzed for PAHSs.
For the analysis of PAHs in roots, shoots, and P. ostreatus the
samples weighing 5, 5, and 2 g, respectively, were extracted and
treated using the same procedure as was described above for soil
samples.

Analysis of individual PAHs was performed by gas chroma-
tography coupled with a mass spectrometric detector (GC/MS)
according to US EPA (2014). The PAHs were analyzed in an Agilent
HP 6890 N gas chromatograph (Agilent Technologies, USA)
connected to an Agilent HP 5975 inert mass selective detector
(Agilent Technologies, USA) equipped with an Agilent 7683B
autosampler and DBEUPAH (20 m x 0.18 mm inner diameter,
0.14 pm film thickness) capillary column (Agilent J&W Scietific,
USA). Pure helium (HiQ, 6.0, Linde, Czech Republic) was used as
the carrier gas at a constant ramped flow rate of 1.0 mL/min. The
samples were injected under the pulsed splitless condition mode
(1 uL, purge flow 70 mL/min at 0.75 min). The mass spectrometer
was operated using electron ionization (70 eV). The temperatures
of inlet, transfer line, ion source, detector, and column have been
described elsewhere in Ko$nar et al. (2016). The PAHs in soil
extracts were identified based on the retention times of PAH
standards and quantified using the response factors related to
the respective internal standards based on an external five-point
calibration curve (10-1000 ug/L) for each individual PAH com-
pound. The calibration curves showed acceptable linearity
(R > 0.9985) for each of the PAHs. The quantification limits were
calculated in the range of 1.8 (ACE) and 5.6 (BghiP) ng/kg dw. The
SS recoveries of 2-FBP and p-TER-dy4 ranged from 89.7%-98.0%
and 90.5%-117.8% in the analyzed samples.

1.6. Data processing and statistical analysis

In this study, the sum of 16 individual US EPA priority PAHs
represented the content of total PAHs which were divided into
three groups according to their molecular weight and number of
rings as follows: (1) LMW PAHs — the sum of NAP, ACY, ACE, FLU,
PHE, and ANT; (2) MMW PAHs — the sum of FLUO, PYR, BaA, and
CHR; and (3) HMW PAHs — the sum of BbF, BKF, BaP, IPY, DBA,
and BghiP. The removal of PAHs in soil (rpan, ng’kg dw) was
calculated as follows:

TpaH = Cinitial—Cresidual

where, Ciniial (1g/kg dw) refers to the content of PAHs at O days
and Ciesiqual (ng/kg dw) refers to the content of PAHs at 120 days.
The bioaccumulation factor (BF) of PAHs were calculated as a
ratio of respective PAH content in a biomass to its PAH content in
soil, whereas the translocation factor (TF) of PAHs were
estimated as the ratio of respective PAH content in maize shoots
and roots. A pair-wise comparison (one-way ANOVA at p < 0.05)

followed by Tukey’s post-hoc test (« = 0.05) was performed to
evaluate the statistical differences. The conditions of one-way
ANOVA were confirmed using tests of normality and homoge-
neity of variance (Shapiro-Wilk and Levene tests). All statistical
analyses and figures were conducted in Microsoft Excel 2010
(Microsoft Corporation, USA) and Statistica 12.0 CZ software
(StatSoft, USA). A principal component analysis (PCA), in Canoco
4.5 software (Microcomputer Power, USA) was applied to make
visible similarity of different treatments and correlations among
the removal of total PAHs, microbial activity, fungal biomass,
and extracellular enzyme activities. Results of PCA were
visualized in the form of a bi-plot ordination diagram using
CanoDraw software (Microcomputer Power, USA).

2. Results and discussion
2.1. Natural attenuation and phytoremediation of PAHs

In natural attenuated PAH-contaminated soil (NA) the
changes of tested individual PAHs were negligible after the
period of 120 days (Fig. 1a-c) which is contradictory to the
results of Larsson et al. (2013) who reported, that most of the
low and medium molecular weight PAHs are readily biode-
gradable by the autochthonous soil microbiota. Furthermore,
using NA treatment, the lowest removal (significantly,
p < 0.05) of total PAHs by 72.9 ug/kg dw (4.8%) of all investi-
gated bioremediation strategies was observed. Simulta-
neously, the soil microbial activity (MA) in Table 2 decreased
significantly at the end of NA treatment and soil fungal
biomass (FB) was the lowest in comparison to other biological
treatments. Moreover, investigated ligninolytic enzymes (LAC
and MnP) and other extracellular enzymes activities in soil
(Table 3) were not significantly different (p < 0.05) in compar-
ison with their respective values at initial time. The results of
the principal component analysis (PCA) in Fig. 2 showed that
the data of PAH removal in NA treatment were clearly
separated from other treatments within the opposite vectors
of recorded data. It indicated that the bare soil did not provide
sufficient conditions for the PAH biodegradation.
Contradictorily, the phytoremediation treatment (P) using
maize plants (Z. mays) cultivated on the spiked soil increased the
removal of NAP, ACY, ACE, and FLU in a range from 18.8 to
31.4 ng/kg dw significantly (p < 0.05) in comparison to NA
treatment (Fig. 1a). The sum of low and medium molecular
weight PAHs decreased almost four times more than in NA
treatment and this resulted in the removal of total PAHs (Fig. 3)
by 162.6 ng/kg dw (10.7%). The increased removal of total PAHs in
P treatment could be related to the increased fungal biomass (FB)
and lipase activity (LPS) in soil (Tables 2 and 3) because the PCA
showed (Fig. 2) a positive correlation with the total PAH soil
removal. It seems that soil LPS enzymes could also be involved in
the PAH degradation pathway, as well the soil ligninolytic
enzymes, which is in concordance with the study by Balajil et
al. (2014). The higher fungal biomass than in NA treatment
(Table 2) could be caused by the autochthonous fungi growth
stimulated by plant exudates released in the maize rhizosphere
which were not investigated in this study. As the results of PCA
showed strong correlation among fungal biomass, ligninolytic
enzyme activities (MnP and LAC), and the total PAH soil removal

Please cite this article as: Ko$naf, Z., et al., Comparing the removal of polycyclic aromatic hydrocarbons in soil after different
bioremediation approaches in relation to the ext..., J. Environ. Sci. (2018), https://doi.org/10.1016/j.jes.2018.05.007

60



6 JOURNALOFENVIRONMENTAL SCIENCES

CONA BM+S1 mM+S2 mM+S3 6P mPAM+S1 SPAM+S2 = PAM+S3

PAH removal (ng/kg dw)
w0
<

NAP ACE

PAH removal (ug/kg dw)

PAH removal (ug/kg dw)

Fig. 1 - The PAH removal of (a) individual LMW PAHS, (b) individual MMW PAHS, and (c) individual HMW PAHs from soil, at the end
of the 120-day experiment. The columns of each respective PAH removal (means; n = 4) sharing different lowercase letters indicate
significant differences (p < 0.05) between the treatments as determined by Tukey’s test. Error bars indicate SD values of n = 4.
experiment.

it seems that boosted fungi biomass in our P treatment provoked there was no statistical difference between the P and NA
the production of soil ligninolytic enzyme activities which are treatment in the production of MnP and LAC, as shown in
known to be involved in PAH biodegradation. Unfortunately, Table 3. This lead to the suggestion that these ligninolytic

Table 2 - Microbial activity (MA) and fungal biomass (FB) in PAH-contaminated soil at 0 and 120 days of an experiment

(means = SD; n = 4).

Days NA M+S1 M+S2 M+S3 P PAM+S1 PAM+S2 PAM+S3
MA 0 40.7 £ 2.7bA 593 +1.0aA 59.6 + 1.6aB 582 1.7aA 40.1+3.0bA 583 +21aA 60.1+22aB 585+ 1.5aA
(ng TPF/ 120 249+21dB 612+ 18bA 664 +18aA 59.1+24bA 333:19cB 60.7 +24bA 67.6 =24aA 596+ 1.4bA
g soil dw-6 hr)
FB 0 0.2 +0.1aA 0.1 + 0.0aA 02+01aA 02+01aA 02=x0.1aA 01x00aA 02=x00aA 0.1=+0.0aA

(ug ergosterol/ 120 7.8 + 3.3cB 48.0 + 3.3abB 451 + 8.2bB 419+ 39bB 373 +51bB 66.5+74aB 65.8 + 15aB  54.4 + 12abB
g soil dw)

Means + standard deviations estimated from four replications within the same row followed by different lowercase letters indicate significant
differences (p < 0.05) among each treatment as determined by Tukey’s test. The different uppercase letters indicate significant differences
(p < 0.05) between 0 and 120th day of the experiment. Recorded data abbreviations: FB: fungal biomass; MA: microbial activity.
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Table 3 - The activities of selected extracellular enzymes in PAH-contaminated soil at 0 and 120 days of an experiment

(means = SD; n = 4).

Enzyme Days NA M + S1 M + S2 M + S3 P PAM +S1 PAM +S2 PAM+S3
(U/g soil dw)
LAC 0 0.3 +0.2aA 0.4 +04aA 0.2 + 0.1aB 0.2 + 0.1aA 0.1 + 0.1aB 0.4 + 0.3aA 0.4 + 0.3aA 0.2 + 0.1aA
120 0.2+ 0.1bA 0.2 +0.1bA 0.8 + 0.3abA 0.2 + 0.1bA 0.4 + 0.1abA 0.2 + 0.1bA 0.3 + 0.0bA 0.2 + 0.2bA
MnP 0 0.4 + 0.2aA 0.3 £0.1aA 0.3 +0.1aA 0.4 +0.1aA 0.3 + 0.1aA 0.4 + 0.1aB 0.3+0.1aB 0.4 + 0.0aB
120 04 +0.1cA 0.5 + 0.1bcA 0.9 + 0.4bA 0.5 + 0.0bcA 0.6 + 0.2bcA 0.5 + 0.0bcA 1.5 + 0.4aA 0.5 + 0.0bcA
3-D-G (¢] 1.2 + 0.5aA 1.2 = 0.3aA 0.8 + 0.6aB 1.0 = 0.3aB 1.4 + 0.5aA 1.1 + 0.3aA 1.1 + 0.1aA 1.0 + 0.3aA
120 1.1+0.2aA 14 +0.9aA 19 + 0.1aA 2.2 +0.7aA 2.1 + 0.9aA 1.8 + 0.7aA 22 +09aB 2.6+ 1.1aB
AP 0 27 +04aA 26 =03aA 23 +03aB 24 +0.3aB 2.3 +0.3aB 2.7 + 0.4aB 23+04aB 2.7 +0.3aB
120 25+03cA 3.2+0.9abcA 4.1+04bcA 3.2+ 04bcA 4.5 +0.1abcA 4.1 +0.1abcA 5.3 + 1.0aA 4.8 + 1.4abA
AS 0 0.1 +0.1aB 0.0 + 0.0aB 0.1 +0.1aA 0.1 + 0.1aB 0.1 + 0.0aB 0.1 + 0.1aB 0.1+ 0.0aB 0.1+ 0.1aB
120 0.7 + 0.1abA 0.2 £ 0.0cdA 0.2 +0.1dA 04 +0.1cdA 0.6 +0.1abA 0.7 + 0.3abA 0.8 + 0.1aA 0.9 + 0.1aA
LPS 0 6.0 + 1.2aA 6.1 + 0.9aB 6.3 £ 0.3aB 5.7 = 2.0aB 6.2 + 1.0aB 6.5 + 1.4aB 59+ 13aB 6.6+ 1.7aB
120 8.7 + 2.4dA 14.8 + 44bcdA 10.8 + 2.1dA 13.1 + 2.5cdA 19.3 + 4.2abcA 26.2 + 11abcA 29.1 + 8.0aA 26.3 + 5.0abA

Means =+ standard deviations estimated from four replications within the same row followed by different lowercase letters indicate significant
differences (p < 0.05) among each treatment as determined by Tukey's test. The different uppercase letters indicate significant differences
(p < 0.05) between 0 and 120th day of the experiment. Recorded data abbreviations: 3-D-G: j3-D-glukosidase; MnP: manganese peroxidase; LAC:

Laccase; AP: acid phosphatase; AS: arylsulfatase; LPS: lipase.

enzymes were increased only in the initial stages of tested P
treatment, which can be supported by Wang et al. (2009).

2.2. Mycoremediation and plant-assisted mycoremediation of
PAHs

Using the fungal substrates in mycoremediation (M) and
plant-assisted mycoremediation (PAM) treatments signifi-
cantly (p < 0.05) removed PHE, ANT, and FLUO in a range from
18.0t0 42.0 pg/kg dw in comparison to the non-amended soils

of NA and P treatment (Fig. 1a). The most appropriate fungal
substrate for the removal of individual PAHs in M and PAM
treatments was the S2 substrate (30-50 mm wood chips with
P. ostreatus). When using this fungal substrate the CHR and
BKF, BaP, and DBA from HMW PAHs group (Fig. 1c) were
significantly (p < 0.05) decreased from 10.8 to 42.2 ug/kg dwin
comparison to the respective treatments using S1 and S3
fungal substrates. Furthermore, using the S2 substrate also
significantly decreased the content of BbF, IPY, and BghiP
from HMW PAH group (Fig. 1c) in comparison to NA and P

< i @NA ap
~ i ® M+S1 A PAM+S1
® M+S2 A PAM+S2
® M+S3 A PAM+S3
*
Total PAHs gl
MA\
FB— _ a
MnP
L J
” o
e
- [ J
] e
LPS
S
S
L]
-1.0 1.0

Fig. 2 - Ordination diagram showing the results of a principal component analysis (PCA) to evaluate the multivariate data of
total PAH removal, microbial activity, fungal biomass, and extracellular enzyme activities in PAH-contaminated soil at the end
of 120-days experiment. The first axis of the PCA of total PAHs removal and presence of individual enzymes explained 43.5% of
the data variability, while the first two axes combined explained 64%. total PAHs: removal of total PAHs.
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Fig. 3 - The PAH removal of the sum of LMW, MMW, and HMW PAHSs and total PAHs from soil, at the end of the 120-day experiment.
The columns of each respective PAH group removal (means; n = 4) sharing different lowercase letters indicate significant differences
(p < 0.05) between the treatments as determined by Tukey’s test. Error bars indicate SD values of n = 4.

treatments. The fungal substrates applied into the soil could
stimulate the removal of PAHs due to the rich colonization of
P. ostreatus in soil as was indicated by the highest growth of
fungal biomass (FB) and microbial activities in soil (Tables 2
and 3) which correlated strongly with the removal of total
PAHs according to the results of PCA (Fig. 2). Therefore in M
and PAM treatments, the total PAH content dissipated in soil
4-7 times more than in NA treatment, and 2-3 times more
than in P treatment (Fig. 3).

The significantly (p < 0.05) higher removal of LMW, MMW,
HMW, and total PAH content from soil (Fig. 3) was observed after
mycoremediation and plant-assisted mycoremediation using the
S2 substrate containing the mycelium of P. ostreatus (M+S2 and
PAM+S2) than in other investigated treatments. Therefore these
suggested treatments could be the most efficient bioremediation
strategies of agricultural soil contaminated by PAHs. Unfortu-
nately, when using the same fungal substrate in M and PAM
treatments there were no statistical differences (p < 0.05) in the
removal of individual PAHs, except NAP which was removed by
60.6 ng’kg dw in PAM treatment using S2 substrate (Fig. 1a).
Therefore, the removal of total PAHs in M + S2 (541.4 ug/kg dw;
36%) and PAM+S2 (543.4 png/kg dw; 36.2%) in Fig. 3 was not
statistically different (p < 0.05) after the period of 120 days. This
was not expected because in PAM+S2 treatment the microbial
activities, fungal biomass, and soil enzyme activities such as
manganese peroxidase (MnP), arylsulfatase (AS), acid phospha-
tase (AP), and lipase (LPS) were significantly (p < 0.05) increased
than in M+ S2 treatment (Tables 2 and 3). Especially when the PCA
in Fig. 2 revealed the association of AP and LPS with the boosted
fungal biomass and MnP activity which correlated strongly with
the removal of total PAHs. This lead to the suggestion, that the
PAH removal in PAM treatment was enhanced only by the fungal
substrate. It is also possible that the positive effect of maize to
increase the removal of PAHs from soil of PAM+S2 treatment will
be reflected in post-harvest time as was indicated in Table 3 by
the significantly higher (p < 0.05) activities of soil MnP (1.5 U/g soil
dw), AP (5.3 U/g soil dw), and LPS (29.1 U/g soil dw).

Considering our M and PAM treatments using S2 fungal
substrate, the residual content of total PAHs at the end of the

experiment in Table 1 was lower than the limit of total PAHs
(1000 ng/kg dw) according to the Public Notice No. 153/2016 for
agricultural soils in the Czech Republic. This could provide
support for the development of fungal based bioremediation
of PAH contaminated agricultural soils.

2.3. Influence of soil PAHs on maize and P. ostreatus in the
development of bioremediation approaches

The PAH contaminated soil had no adverse effects on maize
growth (139.8-155.5 cm) as well on the biomass of roots
(14.6-17.4 g/(dw-pot)) and shoots (101.7-118.8 g/(dw-pot)) as
there was no significant differences (p < 0.05) between each of
the respective parameters investigated after the harvest at
day 120 of the experiment. This is in concordance with Dupuy
et al. (2015) who reported that the yields of maize biomass
planted on PAH contaminated soil were reduced only when
the PAH content in soil was higher than 250 mg/kg dw.

The fungal substrates in cooperation with maize exudates
could increase the bioavailability of PAHs in soil because the total
PAH content in the roots of PAM treatments from 51.4 to 56.2 ug/
kg dw were significantly higher than the 15.3 ng/kg dw achieved
in P treatment. The content of total PAHs was found only in
maize roots. However, the calculated BF values of total PAHs in
roots were very low (0.01-0.06) for each planted treatment. The
PAHs in shoots were not detected therefore the ability of PAHs to
transport from maize roots to shoots was not confirmed. Due to
this the TF values were not defined in our study. This could
indicate that the PAHs during the phytoremediation, as well
during the plant-assisted mycoremediation using fungal sub-
strates containing the mycelium of P. ostreatus, tended to be
biodegraded in the maize rhizosphere and blocked by root
surfaces, which was also indicated by Binet et al. (2000).

It was expected that the fungal amendments in PAH-spiked
soil would only increase the overall fungal biomass in soil, but
surprisingly P. ostreatus was able to create the oyster-shaped cap
biomass on the soil surface of M and P+M treatments. The
biomass of P. ostreatus of M and PAM treatments ranged
between 2.1 and 2.3 g/(dw-pot) without any significant
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differences (p < 0.05) between them. The individual PAHs in P.
ostreatus biomass were not detected, and the BFs of total PAHs
were not defined, therefore the uptake of PAHs from soil by P.
ostreatus biomass was not confirmed. Concerning the efficiency
of PAH extraction the ultrasonic extraction with three contin-
uous re-extraction cycles is mostly recommended for low PAH
contaminated solid samples according to US EPA (2007). The
ultrasonic bath system is commonly used for the PAH extrac-
tion from the environmental samples such as sewage sludge
(Oleszczuk and Baran, 2003), sediments (Dvorak et al., 2017),
soils (Garcia-Sanchez et al., 2018), and organic soil amendments
(Ko$naf and Tlustos, 2018). Moreover the ultrasonic extraction
method was optimized by Song et al. (2002) with no statistical
differences in PAH extraction efficiency between the ultrasonic,
shaking and Soxhlet extraction for less polluted solid samples.
Therefore, the ultrasonic extraction is also frequently used for
the PAH extraction from plant and animal samples with
acceptable PAH recovery (Li et al., 2017; Wang et al., 2018).

In our experiment PAH content in maize aboveground
biomass extracted using the ultrasonication was below the
limit of detection and PAH content in maize roots was lower
than 56.2 ng/kg dw. The low PAH content in maize biomass is
comparable with PAH content extracted from maize biomass
using a Soxhlet extraction presented by Feng et al. (2014).
Kos$nar et al. (2018) observed that the ability of maize roots to
take up individual PAHs from soil is significantly lower than
0.1%. The not detected PAH content in biomass of P. ostreatus in
our study is in concordance with the suggestion of Andersson
and Henrysson (1996) that P. ostreatus can stimulate the removal
of PAHs from soil only due to the production of ligninolytic
enzymes by the mycelium of P. ostreatus in soil. Therefore, the
harvested aboveground plant biomass can be used as fodder
and P. ostreatus could safely be edible, because the total PAHs
content was lower than the limit of PAHs (10 pg/kg dw)
according to the Public notice No. 53/2012 in the Czech Republic.

3. Conclusions

This study compared different approaches for the bioremedia-
tion of a soil contaminated by PAHs. The natural attenuation
decreased the content of total soil PAHs by 4.8% while the
phytoremediation using maize (Zea mays L., var. Colisee) by
10.7%. The tested Pleurotus ostreatus (Jacq.) P. Kumm., strain
HK3S (P. ostreatus) cultivated on the apple wood chips substrate
(30-50 mm) significantly (p < 0.05) removed the total PAH
content by 36% in mycoremediation treatment. This treated
soil reached the lower total PAH content than the limit required
for agricultural soils in the Czech Republic. When using the
same fungal substrate together with maize in plant-assisted
mycoremediation treatment, the removal of total PAHs was not
different from the previous treatment. Nevertheless, this plant-
assisted mycoremediation provided the highest soil microbial
activity, fungal biomass, and manganese peroxidase activity in
the end of the 120-experiment, which correlated strongly with
the removal of total PAHs in soil. This could be promising in
further improving development, directions, and management
of bioremediation methods based on plant-fungal soil systems
because the higher PAH removal could be reflected in the post-
harvest time, but this needs further research. Moreover, there

was no adverse effect of PAHs in soil on maize cultivation and
quality of harvested aboveground biomass and P. ostreatus
biomass does not present any environmental risk.
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ARTICLE INFO ABSTRACT

Keywords: Biological treatments are considered an environmentally option to clean-up polluted soil with polycyclic aro-
Autochthonous microbiota matic hydrocarbons (PAHs). A pot experiment was conducted to comparatively evaluate four different strategies,
Crucibulum l“e"e' including natural attenuation (NA), mycoaugmentation (M) by using Crucibulum leave, phytoremediation (P)
Natural attenuation using maize plants, and microbial-assisted phytoremediation (MAP) for the bioremediation of an aged PAH-

Microbe-assisted phytoremediation
Phytoremediation
Polycyclic aromatic hydrocarbons

polluted soil at 180 days. The P treatment had higher affinity degrading 2-3 and 4 ring compounds than NA and
M treatments, respectively. However, M and P treatments were more efficient in regards to naphthalene, indeno
[1,2,3-¢c,d]pyrene and benzo[g,h,i]perylene degradation respect to NA. However, 4, 5-6 rings undergo a strong
decline during the microbe-assisted phytoremediation, being the treatment which determined the highest rates
of PAHs degradation. Sixteen PAH compounds, except fluorene and dibenzo[a,h]anthracene, were found in
maize roots, whereas the naphthalene, phenanthrene, anthracene, fluoranthene, and pyrene were accumulated
in the shoots, in both P and MAP treatments. However, higher PAH content in maize biomass was achieved
during the MAP treatment respect to P treatment. The bioconversion and translocation factors were less than 1,
indicating that phystabilization/phytodegradation processes occurred rather than phytoextraction. The micro-
bial biomass, activity and ergosterol content were significantly boosted in the MAP treatment respect to the other
treatments at 180 days. Ours results demonstrated that maize-C. laeve association was the most profitable
technique for the treatment of an aged PAH-polluted soil when compared to other bioremediation approaches.

1. Introduction stable polycondensed aromatic structures determine their sequestration
to the soil particle in which the prolonged contact time promote the
The industrial pollution around the Czech city of Ostrava has dra- phenomenon of “soil aging”, thereby leading to their recalcitrance
matically increased during the last two decades as consequence of (Reid et al., 2000; Boopathy, 2002; Yap et al., 2010).
mining, metallurgical activities, and atmospheric deposition from fossil The selection of an appropriate remediation approach for PAH-
fuel power plants, resulting in serious and harmful accumulation of polluted soils is not an easy choice. Bioremediation strategies such as
polycyclic aromatic hydrocarbons (PAH) in agricultural areas natural attenuation, mycoaugmentation, and phytoremediation offer a
(Podlesdkova et al., 1998; Vacha et al., 2015). In this regard, PAHs have particularly attractive option for the cleanup of contaminated sites,
generated a great deal of interest in recent decades due to their muta- especially for the remediation of PAH-polluted soils (Mirsal, 2008).
genic, and carcinogenic properties and their recalcitrance into the en- Natural attenuation of soil allows the biodegradation of recalcitrant
vironment (Luch, 2009; EPA, 2015; IARC, 2010). Some physicochem- compounds by autochthonous microbial communities, which is com-
ical properties of PAHs, such as high hydrophobic character, and/or monly considered to be the primary mechanism for the natural removal
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pyrene; LME, Lignin-modifying enzymes; MAP, Microbe-assisted phytoremediation; M, Mycoaugmentation; NAP, Naphthalene; NA, Natural attenuation; PHE, Phenanthrene; P,
Phytoremediation; PAH, Polycyclic aromatic hydrocarbons; PYR, Pyrene
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of contaminants (Declercq et al., 2012). Mycoaugmentation, through
the use of white-rot fungi, has been suggested to be a profitable ap-
proach for cleaning up polluted soils, as previously reported by Covino
et al. (2010a, 2010b, 2010c). White-rot fungi are efficient degraders of
a wide range of organic contaminants through non-specific lignin-
modifying enzymes (LME) which are released into the extracellular
environment. Moreover, the hyphal growth of white-rot fungi makes
them able to extensively penetrate into soil and to serve, at the same
time, as dispersion vectors of autochthonous pollutant-degrading bac-
teria (Kohlmeier et al., 2005). The use of white-rot fungi requires the
concomitant addition of lignocellulosic substrates to improve their
ability to compete with the autochthonous microbiota. It has been ob-
served that the use of lignocellulosic inoculum carriers such as wheat
straw, corn cobs, and straw pellets significantly increased the growth
capacity and PAH degradation performance of Dichomitus squalens,
Pleurotus ostreatus, Coprinus comatus, Lentinus tigrinus, and Irpex lacteus
(Covino et al., 2010a, 2010b). Phytoremediation comprises a group of
technologies that use plants and their associated microorganism to re-
move pollutants from the environment or to make them less harmless
(Salt et al., 1998). This technology is particularly suited to the treat-
ment of large areas of surface contamination, when other methods may
not be as feasible (Boer and Wagelmans, 2016). Among the different
approaches for phytoremediation of pollutants, phytoextraction (up-
take of organic pollutants), phytodegradation (biotransformation/bio-
degradation of organic molecules) and phytovolatilization (release of
the volatile organics or their metabolites into the atmosphere), seem to
be less appropriate for the bioremediation of PAH-polluted soils, be-
cause until now, there has been no evidence that plants may act as PAH-
hyperaccumulators (Alagi¢ et al., 2015). Nevertheless, the phytost-
abilization and/or rhizodegradation has been shown as one of the most
powerful tool in PAHs removal which represents the process of sy-
nergistic nature occurring between plants and rhizospheric micro-
organisms (Haritash and Kaushik, 2009; Alagi¢ et al., 2015). A multi-
tude of changes take place in soil in the presence of roots which
increase the aeration, provide a habitat for microbial population
through their exudates, thereby allowing ideal conditions for stimu-
lating the growth of specific autochthonous microbial populations in-
volved in the PAH transformation into more bio-accessible compounds
(Larsson et al., 2013). Thus, the aerobic degradation occurs also in
deeper layers, as previously reviewed by Alagi¢ et al. (2015). Natural
attenuation, mycoaugmentation and phytoremediation approaches can
be used not only as remediation technologies in themselves but also in
combination. Thus, microbe-assisted phytoremediation optimizes the
synergic effect of plants and microorganisms and has been used for the
removal of organic contaminants (Glick, 2010). So far, some studies
have addressed the combined use of plants and biodegradative bacteria
with the aim to remove PAHs (Lin et al., 2008; Agnello et al., 2016), but
none of these have been conducted through the combination between
plants and white-rot fungi. In this view, the aim of this study was to
comparatively investigate the feasibility, in regards to biodegradation
outcome and evolution of the autochthonous microbial functionality, of
four different bioremediation approaches: a) natural attenuation (NA);
b) mycoaugmentation (M); ¢) phytoremediation (P); and d) microbe-
assisted phytoremediation (MAP) in an aged PAH-polluted soil. To do
the M approach, the white-rot fungus, namely Crucibulum laeve was
selected according to its previously reported ability to colonize de-
graded PAH-environments (Tornberg et al., 2003). Meanwhile, maize
plants were used for performing the P strategy due to its suitability for
stabilizing/degrading PAH (Kacalkova and Tlustos, 2011; Chirakkara
et al., 2016). The results derived from this study will allow us to gain
new insight in the applicability of biological strategies to deal with the
removal of PAH-polluted soil.
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2. Material and methods
2.1. Chemicals

Acetone and n-hexane were purchased from Chromservis (Czech
Republic) with the highest purity available. Standards of priority 16 US
EPA PAHs and internal standard solution (IS) containing napthal-
ene —d8, acenaphthene —d10, phenanthrene —d10, chrysene —d12, and
perylene —d12 were purchased from Restek (USA) in a solution of
methylene chloride.

2.2. Contaminated soil description

The aged PAH-polluted soil was collected from an agricultural field
close to the Olza River (49°50'08"N; 18°17'33"E, Ostrava, Czech
Republic). The total soil sample was obtained by mixing different sub-
samples collected from different zones of the field area at a depth of
0-20 cm. Subsequently, the soil was homogenized, air-dried at room
temperature and finally passed through a 5 mm mesh-sieve. The soil
was stored in polythene bags at 4 °C until its use. According to the US
textural classification, the soil was sand loamy soil (clay, 11%; silt, 6%;
sand, 83%) and the main properties of soil were: pH, 7.5; CEC,
7.6mmol g '; Cu 36.7 gkg !; N 2.9 gkg ™ '. Sixteen priority US
EPA PAHs were detected in the polluted soil and concentrations are
given in a detailed table in Supplementary material (Table S1).

2.3. Plant and fungal inocula preparation

Maize seeds (Zea mays L., var. Colisee) were surface disinfected by
immersion in 2% (v/v) hydrogen peroxide for 8 min (Garcia-Sanchez
et al., 2012). Then, seeds were thoroughly rinsed three times with
sterile water and used for the pot experiment.

Crucibulum laeve was obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ 8451). The strain was main-
tained at 4 °C and pre-cultured at 24 °C on 2% malt extract agar for 2
weeks in order to obtain fresh inoculum.

Barley seeds were chosen as lignocellulosic substrate carrier for
fungal inocula following the methodology previously described by
Reina et al. (2013). Before the inoculation, 18 g of barley seeds and
30 mL of distilled water were placed in Erlenmeyer flasks (250 mL) and
covered with cotton-wool stoppers and subsequently sterilized by au-
toclaving (121 °C, 45 min). The barley seeds were inoculated with
10 mL of the content of 4 fungal agar plates homogenized in 80 mL
sterile water (55% v/w) and were grown and incubated for 4 weeks at
24 °C under stationary conditions. In order to test the production of
LME by C. laeve, the laccase activity was measured after 4 weeks of
incubation by monitoring the oxidation of 2,2'-azino-bis(3-ethylben-
zothiazoline-6-sulphonic acid) (ABTS) (€420 nm: 36 mM ~'cm ~ 1) using a
combination assay in 50 mM sodium malonate buffer at pH 4.5 (Reina
et al., 2013). The dose of application to polluted soil was used in a ratio
of 0.6:10 [C. laeve inoculum:soil (w/w)] as previously described by
Lladé et al. (2012).

2.4. Experimental design setup

PAH degradation experiment was carried out in a series of identical
polypropylene pots with a total volume of 5L (20.5 cm length, 21 cm
width, and 18 cm height). Approximately 5 kg of contaminated soil was
individually stacked in each pot. Four treatments were conducted as
follows: a) natural attenuation (intrinsic cleanup ability of soil) (NA); b)
mycoremediation (soil inoculated with C. laeve) (M); c¢) phytor-
emediation (soil vegetated with maize) (P); d) microbial-assisted phy-
toremediation (soil vegetated with maize and inoculated with C. laeve)
(MPA). The moisture of the soil was kept to 60% of the field water-
holding capacity by weighing the posts regularly and adding sterile
distilled water as necessary. Each treatment was run in four replicates,
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and the location of the posts was randomly changed once a week. The
experiment was conducted in a roofed, outdoor, atmospheric pre-
cipitation-controlled, vegetation hall with natural temperature and
light. In the case of vegetated pots five seeds of maize were sown in
each pot. After germination, three 15-days-old maize seedlings of uni-
form size were selected and cultivated during the experiment. Soil
samples were collected by mixing five sub-samples randomly collected
from whole soil profile using a stainless steel tool after 0, 60, 120, 150,
and 180 days of experiment. Thereafter, soils from each pot were
homogenized and sieved (2 mm mesh) and subdivided into three sub-
samples, one of which was air-dried for PAH analysis; a second, which
was kept at 4 °C for enzymatic analysis; and a third, which was kept at
— 80 °C for ergosterol analysis. The plant biomass was harvested at full
maturity of maize (180 days), and roots and shoots were separated.
Roots were washed with distilled water to remove attached soil parti-
cles, and a portion of material (roots and shoots) was kept at 4 °C for
further analysis of PAH content.

2.5. Sample extraction and analysis of PAHs

PAH-specific analyses of soil and plant samples were done using the
ultrasonic extraction method, as previously described elsewhere
(Kosnar et al., 2016). Briefly, dry soil and plant samples (15¢g; 5 g,
respectively) were mixed with 30 mL n-hexane/acetone mixture (2:1 v/
v). Samples were extracted with the ultrasonic extraction system
(Bandelin Sonorox Digitec DT510/H, Germany) for 30 min and shaken
for 1h in an orbital shaker (GFL 3017, Germany). Thereafter, the
samples were mixed with 50 mL of deionized water, and after phase
separation, part of the upper n-hexane layer was pipetted out, cleaned
with Sep-Pak silica cartridges (Chromservis, Czech Republic), and then
concentrated to 1.0 mL by rotatory vacuum evaporation at 40 °C (Biichi
Rotavapor R-300, Switzerland). The IS solution at a concentration of
500 ng mL ™' was added to the extract before further analysis. Blanks
were prepared following the same procedure without adding the
sample. The certified reference material EC 2 - river sediment (Analy-
tika, Czech Republic) was used for quality control.

The sample extracts were analyzed using an Agilent HP 6890 N gas
chromatograph equipped with an Agilent 7683B injector including an
Agilent 10.0 pL syringe and connected to an Agilent HP 5975 inert mass
selective detector (GC/MSD, 6890 N/5975, Agilent Technologies, USA).
Quality control and assurance of gas chromatography analysis were
described by Kosnar et al. (2016).

2.6. Soil microbial biomass and activity

The soil microbial biomass was assayed by the quantification of the
dehydrogenase activity (EC 1.1) according to Garcia and Hernandez
(1997). One g of soil was incubated with 1 mL of 1.2% of triphenyl
tetrazolium chloride (TTC) dissolved in 0.1 M Tris-HCIl pH 7.6 for 24 h
at 30 °C. After incubation, the triphenylformazan (TPF) produced was
extracted with acetone in a ratio of 1:4 [soil extract: acetone (v/v)] and
measured spectrophotometrically at 490 nm. The results were calcu-
lated using a standard curve and expressed as pg TPF g~ ' dry soil.

Overall microbial activity was recorded through the hydrolysis of
the fluorescein diacetate (FDA) following the procedure described by
Adam and Duncan (2001). One g of soil sample was incubated with
0.2 mL of FDA dissolved in acetone and 7.5 mL of 60 mM K-phosphate
pH 7.6 for 60 min at room temperature. The reaction was stopped after
the addition of 7.5 mL of acetone and the suspension was centrifuged at
3500g for 150 min. The fluorescein produced was spectro-
photometrically measured at 490 nm and the results were expressed as
ug fluorescein g~ dry soil.

2.7. Ergosterol content

Soil fungal biomass was quantified by extracting ergosterol using
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the method of Djajakirana et al. (1996). Two grams of soil were sus-
pended in 50 mL of ethanol in amber bottles and shaken for 30 min at
250 rpm followed by centrifugation at 4400 rpm for 30 min. An aliquot
of 10 mL was transferred into a test tube and evaporated in a vacuum
rotary evaporator at 50 °C. The dry extract was dissolved in 1 mL me-
thanol and percolated through a syringe filter (cellulose-acetate,
0.45 um pore size) into an amber HPLC glass vial. Extracts were mea-
sured using an HPLC system (1260 Infinity, Agilent Technologies, USA)
equipped with a diode array detector and a Phenomenex Luna C18
column (250 mm X 4.60 mm; particle size 5 um; pore size 100 A)
equilibrated with pure methanol at a flow rate of 0.75 mL min~'. The
sample injection volume was 10 pL. Ergosterol was detected at 282 nm
and quantified using a calibration curve with the pure standard.

2.8. Statistical analysis

A pair-wise comparison (one-way ANOVA) of individual PAHs data
in each treatment was performed using the Tukey test (p < 0.05) with
SPSS software version 17.0. The degradation percentage of each in-
dividual PAHs (%) in each treatment was calculated following the
equation: [100 —(Ct*100)/Ct0], where C, refers to the content of each
PAHs at different times of sampling (60, 120, 150, and 180 days) and
C,o refers to the content PAHs at the initial time (0 days). A pair-wise
comparison of individual PAHs degradation including the sum of PAHs
fractions among different treatments at 180 days was done by one-way
ANOVA. Data of each PAH degradation were subjected to principal
component analysis (PCA) using PAST software package. One-way
ANOVA was used to compare individual PAHs content among different
treatments in roots and shoots at 180 days. To estimate the accumu-
lation rates of PAHs in plant tissues (roots and shoots), the bio-
concentration (BF) and translocation (TF) factors were used. BF was
calculated as a ratio of the compound content in the roots to its content
in the soil, whereas the TF was done according to the relationship be-
tween the PAHs content in shoots and roots. Statistical analysis to
analyze differences in BF and TF factors between treatments were cal-
culated by one-way ANOVA. A multiple pair-wise comparison (two-way
ANOVA) of soil microbial activities and ergosterol content was carried
out to compare differences among means within the same treatment
type as a function of time and among different treatments.

3. Results and discussion

3.1. Effect of bioremediation treatments in the degradation of PAH in an
aged polluted soil

3.1.1. Natural attenuation (NA)

The NA produced a decrease after 180 days of the initial PAH soil
content, reaching values from 1132 to 658.2 ug kg~ 1 (Table 1). Overall,
the degradation of individual PAHs indicated that the most susceptible
PAHs compounds to degrade within 60 days of experiment were the
ACEN, and DBA reaching percentages of removal ranged from 32.3%,
and 52.4% respectively (Table S2). The highest percentages of de-
gradation, in terms of 2-3 —C rings, were found in FLU, PHE and ANT,
with values amounting to 57%, 61.4% and 57.7%, respectively, at 180
days. The removal efficiency of the initial PAH content could be pos-
sibly related to the chemical structure, and thus, PAHs with 2-3 rings
are more readily biodegradable by the autochthonous soil microbiota,
but they are mostly prone to volatilization and photoxidation as re-
cently observed (Nanekar et al., 2015). The degradation of 4 ring hy-
drocarbons was also favored by the NA reaching higher rates of de-
gradation in the case of FLUO (57.2%) and PYR (45%) after 180 days of
experiment (Table S2). Biodegradation through the functional adapta-
tion of indigenous microorganisms seems to be the main pathway for
pollutant removal, as previously suggested by Declercq et al. (2012).
However, in this study, the removal of 5-6 rings under NA conditions
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Table 1
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Content of the individual PAHs (ug kg~ DW) in an aged polluted soil under natural attenuation after 0, 60, 120, 150, and 180 days. The data represent means ( = SD) of four replicate
measurements. Statistical pair-wise of data (one way ANOVA) were carried out according to the Tukey test. The same lowercase letters indicate a lack of statistically significant

differences (p < 0.05) among means within the same row.

Time of soil incubation

Compound 0 days 60 days 120 days 150 days 180 days
NAP 87 £1.7b 79.82 + 3.7b 78.82 + 2.6ab 72.82 = 3.9ab 65.5 + 3.7a
ACE 13.4 = 0.6b 12.2 = 0.7b 12.8 = 0.5b 9.2 = 0.3a 9.2 = 0.7a
ACEN 10.1 = 0.7¢ 6.8 + 0.1b 4.7 *+ 0.2a 5.6 + 0.3ab 5.5 * 0.4ab
FLU 12.7 + 0.9b 7.2 + 0.5a 6.9 + 0.1a 5.7 = 0.2a 5.5 = 0.3a
PHE 71.3 +2.2b 67 = 6.4b 35.8 = 2.3a 31.1 = 2.6a 27.4 * 3a
ANT 70.1 = 1.4b 74 = 12.9b 37.1 = 2.8a 33.1 = 3.3a 29.7 + 2.1a
Sum 2-3 rings 264.3 + 4.4c¢ 237.2 +13.2¢ 160.9 + 2.4b 142.6 = 3.7ab 138.2 = 3.7a
FLUO 153 = 2.2b 128.7 = 12.8b 92.8 = 6.1a 68.8  6.3a 65.2 + 5.9a
PYR 109.7 = 3b 98.3 % 6.5b 69.9 = 2.7a 60.6 = 5.4a 59.8 + 6.4a
BaA 94 + 2b 79.2 + 10.5ab 68.3 + 5.1ab 58.2 + 9.7ab 56.1 + 9.8a
CHR 88.9 + 0.9b 69 = 5.4ab 65.4 = 3.6a 50.6 = 6.7a 50.3 + 6.9a
Sum 4 rings 445 + 7.5¢ 375.2 + 29.3bc 296.1 *+ 9.4ab 238.3 = 25.3a 2345 = 27.2a
BbF 83.4 + 2.8a 79.4 = 7.4a 73 = 5a 64 + 6a 61.5 + 6a
BKF 941 = 1.1b 75.1 = 9.2ab 67 = 6.1a 58.9 = 3.2a 56.2 + 2.7a
BaP 103 + 5b 98.2 = 11.9b 68.2 = 5.7a 65 * 2.1a 63 + 1.5a
DBA 6+ 0.1b 2.8 + 0a 2.8 * 0a 2.8 * 0a 2.8 *+ 0a

PY 70 = 2.3a 66.8 = 6.3a 54.5 = 5.3a 48 *+ 7.2a 45.3 = 7.1a
BghiP 67.9 * 3a 71.1 = 10.7a 56.9 = 6.7a 56.9 + 5.6a 55.1 + 5.5a
Sum 5-6 rings 423 + 13.2¢ 393.4 + 39.8bc 322.3 *+ 23.1abc 295.6 = 19ab 284 = 18a

X 16 PAH 1132 = 20.8b 1016.4 = 80.8b 794.6 = 28.8a 691.3 = 42.3a 658.2 = 43.8a

was relatively low, compared with 2-3, 4 ring compounds (Table 1, S2).
In fact, significant percentages of degradation were only achieved in the
case of BaP reaching values up to 38% at 180 days. This finding is
consistent with the fact that higher ring number and alkyl substitution
exhibit higher hydrophobicity and are more likely to be adsorbed by the
soil matrix, which leads to lower bioavailability towards biodegrada-
tion (Guo et al., 2010).

3.1.2. Mycoaugmentation assisted by Crucibulum laeve (M)

The inoculation of C. laeve into the aged PAH-polluted soil resulted
in a reduction of £16 PAHs content, which amounted to 695.5 ug kg '
(Table 2). The individual 2-3 ring compounds such as ACEN, FLU, PHE,
and ANT were degraded throughout the frame time of the experiment,
reaching the highest percentages of degradation values: up to 47.9%,

Table 2

52.5%, 54.6%, and 55.6%, respectively, at 180 days (Table S3).
Meanwhile, NAP reached a percentage of removal amounting to 37.4%
which was significantly higher compared to NA (Table S6). This result
may suggest that the removal of NAP could be achieved enzymatically
by LME. However, in this study, the values of LME in soil samples
(laccases and Mn peroxidase) were very low and under the limit of
detection (data not shown). This fact is consistent with the previous
finding reported by Lladé et al. (2013), who observed a lack of laccase
and/or Mn peroxidase during the degradation of hydrocarbon com-
pounds in a bioaugmented microcosm; therefore, the degradation may
also be achieved by means of a high physical adsorption into the my-
celium or by intracellular enzymatic systems. The efficiency of M
treatment, in terms of 4 rings degradation, was lower compared with
those found during the NA of this soil (Fig. S1). However, in regards to

Content of the individual PAHs (ug kg ' DW) in an aged polluted soil under mycoaugmentation treatment after 60, 120, 150, and 180 days of incubation. The data represent means
( + SD) of four replicate measurements. Statistical pair-wise of data (one way ANOVA) were carried out according to the Tukey test. The same lowercase letters indicate a lack of

statistically significant differences (p < 0.05) among means within the same row.

Time of soil incubation

Compound 0 days 60 days 120 days 150 days 180 days

NAP 87 £ 1.7b 82.7 + 3.6b 60.3 + 0.9a 54.7 = 6a 54.3 + 6.3a
ACE 13.4 = 0.6b 11.1 = 0.7ab 11.4 = 0.7ab 9.6 + 0.4a 9.2 =0.2a
ACEN 10.1 = 0.7¢ 8.6 = 0.5b 5.4 = 0.4a 5.2 + 0.4a 5.3 = 0.5a
FLU 12.7 + 0.9b 10 + 1.7b 7.1 = 0.1ab 6.1 + 0.5ab 6.0 = 0.5a
PHE 71.3 = 2.2b 61.9 + 4.8b 37.7 = 1.9a 34.3 *+ 3.4a 323+ 27a
ANT 70.1 = 1.4b 63 = 7.9b 39 + 2.2a 32.7 = 3a 31.1 + 2.7a
Sum 2-3 rings 264.3 + 4.4c 237.2 = 8.5b 160.9 = 4.3a 142.6 + 11.7a 138.2 = 12a
FLUO 153 = 2.2b 136.8 = 8.7¢c 106.5 = 3.3b 93.2 = 10.5ab 73.5 + 4.6a
PYR 109.7 = 3b 101 £ 5.9bc 81.1 £ 2.4ab 72.8 £7.7a 689 + 7.1a
BaA 94 + 2b 87.9 + 8.6ab 71.9 + 5.1ab 62.2 = 10ab 57.2 * 8.4a
CHR 88.9 + 0.9b 89.9 + 7.9a 79 = 3.2a 77.1 = 3.4a 77.1 + 3.4a
Sum 4 rings 445 = 7.5¢ 415.7 = 26bc 338.4 + 8.4ab 305.4 + 24.5a 276.8 = 17.2a
BbF 83.4 = 2.8a 71.6 + 2.7ab 67.8 = 1.9ab 58.3 = 6a 58.2 *+ 6a
BkF 94.1 = 1.1b 809 + 47a 80.3 = 5.6a 69.6 = 11a 67.5 + 10.5a
BaP 103 = 5b 95.4 = 10b 66.5 = 2.5a 60.6 = 3.1a 59.1 £ 2.9a
DBA 6 = 0.1b 2.8 = 0a 2.8 £ 0a 2.8 * 0a 2.8 = 0a

PY 70 + 2.3a 61.9 + 54a 59.2 + 4.6a 53.8 = 6.5a 52.9 + 6.4a
BghiP 67.9 = 3a 73.8 + 4.9b 44.2 * 2a 41.4 = 1.1a 40.1 %= la
Sum 5-6 rings 423 + 13.2¢ 386.4 = 12.2bc 320.8 = 5ab 286.4 + 23.5a 280.6 = 23.2a
X 16 PAH 1132 + 20.8b 1039.3 = 45.2b 820.1 = 17.4a 734.4 = 59.3a 695.5 = 52.3a
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Table 3
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Content of the individual PAHs (ug kg ~! DW) in an aged polluted soil under phytoremediation after 60, 120, 150, and 180 days. The data represent means ( = SD) of four replicate
measurements. Statistical pair-wise of data (one way ANOVA) were carried out according to the Tukey test. The same lowercase letters indicate a lack of statistically significant

differences (p < 0.05) among means within the same row.

Time of soil incubation

Compound 0 days 60 days 120 days 150 days 180 days
NAP 87 +1.7b 85.2 + 2.5¢ 70 = 1.02b 47.8 = 3.8a 429 + 3.6a
ACE 13.4 = 0.6b 14.5 + 0.6b 13.7 = 0.6b 11.02 + 0.5a 10.1 = 0.4a
ACEN 10.1 £ 0.7¢ 7.7 + 0.3bc 4.4 = 0.3ab 5.7 + 0.6ab 6.2 % la
FLU 12.7 + 0.9b 11.3 + 1.4b 7 +0.7a 6.2 + 0.2a 6.3 = 0.2a
PHE 71.3 £ 2.2b 65.4 + 1.6b 26.7 * 0.7a 249 = 0.9a 25.1 + 1.1a
ANT 70.1 = 1.4b 68.1 + 1.8b 329 *21a 29 *+ 2.5a 27.8 + 2.4a
Sum 2-3 rings 264.3 + 4.4c 252.2 = 1.7¢ 154.8 = 4.3b 1247 + 8.1a 118.2 = 8.2a
FLUO 153 = 2.2b 141.9 = 5.5b 79.9 = 2.7a 70 = 2.9a 69.1 = 2.9a
PYR 109.7 + 3b 107.3 = 7.3b 55 % 2.6a 54.2 £ 1.9a 54.3 + 2.4a
BaA 94 + 2b 76.4 + 4.8b 62.4 + 4.01ab 56.9 = 5.9a 55.1 + 5.3a
CHR 88.9 = 0.9b 829 + 4.2b 66.6 + 2.1ab 57.3 = 4.8a 55.4 + 48a
Sum 4 rings 445 *+ 7.5¢ 408.3 = 4.7b 257.7 = 8.8a 238.4 + 13.2a 234 + 13.2a
BbF 83.4 £ 2.8a 76.5 + 3.6b 67.2 + 1.4ab 58.8 = 6.3a 57 + 5.9a
BKF 941 £ 1.1b 86.3 + 2.7a 77.8 = 5.1a 71.1 = 8.7a 69 * 9.6a
BaP 103 + 5b 95.5 + 10b 65.5 + 3.02a 58.6 = 5.7a 56.7 + 6.1a
DBA 6 + 0.1b 2.8 * 0a 28 %= 0a 28 * 0a 2.8 = 0a

PY 70 = 2.3a 71.4 + 1.5b 38.2 + 2.5a 371 =17a 36.2 + 1.8a
BghiP 67.9 + 3a 63.3 + 2.1b 48.1 = 1.1a 44.4 = 3.6a 43 * 3.5a
Sum 5-6 rings 423 = 13.2¢ 395.8 = 12.3b 299.7 = 9.1a 272.8 + 23.9a 264.5 = 24.9a
X 16 PAH 1132 + 20.8b 1056.3 + 15.7b 7121 = 21.7a 635.8 + 44.5a 616.6 = 45.8a

5-6 ring compound degradation, a remarkable percentage of degrada-
tion was significantly achieved in the case of BghiP, in an opposite
trend to NA treatment (Table S6) reaching percentages of degradation
amounting to 40% after 180 days of experiment. This finding may
suggest the potential ability of C. laeve to diffuse into the soil matrix and
potentially degrade this aromatic —C compound with a low bioavail-
ability through the monooxygenase system of cytochrom P-450, as
previously reviewed (Haritash and Kaushik, 2009). Overall, the PAH
degradation during the mycoaugmented treatment was not different in
relation to NA treatment, suggesting that the colonization of the upper
soil layer by C. laeve was hindered by the exceptional growth cap-
abilities of indigenous soil microbiota. This is in concordance with the
previous results found by Llado et al. (2013), in which a markedly
antagonist effect towards T. versicolor and L. tigrinus was observed by
the resident microbial populations.

3.1.3. Phytoremediation (P)

The X 16 PAHs achieved values up to 616.6 ug kg ! after 180 days
of phytoremediation treatment (P) (Table 3). The degradation of the
individual 2-3 rings reached percentages of degradation up to 50.5%
(NAP), 50% (FLU), 64.6% (PHE), and 60.2% (ANT), after 180 days of
experiment (Table S4). Maize plants could enhance the biodegradation
processes by stimulating the indigenous microbial biomass and/or ac-
tivity in the rhizosphere (Segura and Ramos, 2013). This finding may
suggest that autochthonous microbial communities of the present aged
PAH-polluted soil appear to be adapted and functional for degrading
most of the 2 rings, mainly in the case of the NAP which was found to be
the most degradable 2,3 ring compound when compared with NA and
M treatments. The degradation of the individual 4 rings was also sig-
nificantly increased during the soil phytoremediation, reaching per-
centages of degradation higher to those found in M treatments, espe-
cially in the case of PYR, BaA, and CHR (Table S6). However, the
removal of the individual 5-6 rings followed similar trend as it was
found in the case of NA and M treatments at 180 days. This treatment
reached percentages of degradation up to 47.1% and 36.7% for IPY and
BghiP, respectively, which significantly differed to those found in the
NA and M treatments (Table 56). Clearly, P treatment led to higher 2-3
and 4 rings compound degradation than NA and M treatments, re-
spectively, indicating the potential characteristic of maize plants to
clean up sites contaminated with aromatic compound during
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phytoremediation approaches (Fig. S1). There are two possible ex-
planations for these results. Firstly, it can be suggested that maize
plants had an active role in the rhizospheric degradation of PAHs as the
result of the action of plant enzymes released in root exudates. This
finding may be supported by previous studies reported by Tejeda-
Agredano et al. (2013) and Agnello et al. (2016), but in the rhizosphere
of alfalfa plants. Secondly, the desorption of PAHs from soil particles
could be stimulate through root exudates (abiotic factor) which could
favor their bioavailability and consequent degradation through in-
digenous microorganisms (Sun et al.,, 2012; Tejeda-Agredano et al.,
2013).

3.1.4. Microbe-assisted phytoremediation (MAP)

The joint action of plants and microbes has been suggested as a
profitable bioremediation approach to deal with all possible problems
caused by PAH contamination (Huguenot et al., 2015). In fact, the £ 16
PAHs in the MAP treatment after 180 days revealed a significant de-
crease reaching values up to 475.1 ugkg ' at 180 days (Table 4). In
regards to individual PAHs degradation, the most significant changes
were observed in the NAP, PHE and ANT removal reaching values up to
64.1%, 64.6% and 62.2%, respectively after 180 days of experimenta-
tion (Table S5), being significant higher in the case of NAP to those
found in the case of NA, and M (Table S6). The interaction between
maize roots and C. laeve appeared to be effective in terms of individual
4 rings degradation (Table 4). Thus, the highest percentages of de-
gradation up to 63.6%, 59.3% and 63.4% were achieved in the case of
FLUO, PYR and BaA, respectively, which significantly differed to those
found in other treatments (Table S6). However, the most significant
changes were detected concerning 5-6 ring compounds, which have
been reported to be the most potentially carcinogenic to humans or
animals (JARC, 2010; EPA, 2015). In these findings, BbF, BKF, BaP, and
BghiP were shown to be the most degraded 5-6 ring compounds,
reaching significant percentages of degradation up to 48.2%, 56.3%,
62.4%, and 54.3%, respectively (Table S5). The maize plant-C. laeve
association clearly suggests a synergistic contribution, and therefore
this treatment was the most effective approach in terms of 4, 5-6 rings
degradation in comparison with other treatments (Fig. S1). It should be
pointed out that the interaction between C. laeve and maize plants could
make several noteworthy further contributions, for example: it in-
creases the surface adsorption area through fungal hyphae, which can
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Table 4
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Content of the individual PAHs (ug kg ~' DW) in an aged polluted soil under microbe-assisted phytoremediation after 60, 120, 150, and 180 days of incubation. The data represent means
( + SD) of four replicate measurements. Statistical pair-wise of data (one way ANOVA) were carried out according to the Tukey test. The same lowercase letters indicate a lack of

statistically significant differences (p < 0.05) among means within the same row.

Time of soil incubation

Compound 0 days 60 days 120 days 150 days 180 days
NAP 87 =1.7b 84.6 = 2.2¢ 46.02 = 2.8b 41.1 = 1.6b 31.1 £ 1.2a
ACE 13.4 = 0.6b 12.1 £ 0.2¢ 11.7 = 0.7bc 9.8 + 0.2ab 8.8 £ 0.1a
ACEN 10.1 = 0.7¢ 8.9 + 1.6b 4.1 = 0.1a 4.6 + 0.3a 4.8 = 0.4a
FLU 12.7 = 0.9b 13.6 = 0.9b 7.2*0.2a 6.8 = 0.3a 6.7 = 0.3a
PHE 71.3 = 2.2b 70.9 = 3.9b 33.7 = 19a 27.9 = 1.6a 25.1 + 1.4a
ANT 70.1 = 1.4b 68.4 = 3.6¢ 37.4 = 0.9b 31.4 = 2.9ab 26.4 + 1.6a
Sum 2-3 rings 264.3 + 4.4c 258.5 *+ 6.3c 140.2 = 5.9b 121.6 + 3ab 102.8 = 2.9a
FLUO 153 = 2.2b 140.4 = 6.9b 76.5 *9.1a 65 = 2.7a 55.6 + 2.4a
PYR 109.7 = 3b 92.4 £ 4.7c 69.9 + 1.4b 59.1 *+ 4.6ab 44.7 *+ 4.5a
BaA 94 + 2b 79.5 *+ 5.7¢ 56.9 + 5.3b 46.9 + 1.3ab 343 *+ 1.2a
CHR 88.9 = 0.9b 83 + 5.9¢ 63.9 = 1.9b 56 + 2.2ab 46.7 * 2.1a
Sum 4 rings 445 * 7.5¢ 395.2 = 17.4¢ 267.15 = 17b 226.9 + 6.7ab 181.3 = 7.3a
BbF 83.4 = 2.8a 74.9 = 4.4¢ 58.1 + 4.2b 49.4 = 1.4ab 43 + 1.1a
BKF 941 = 1.1b 84.6 = 2.6b 54.4 + 6a 454 = 2a 41 = 0.9a
BaP 103 + 5b 92.5 + 9b 498 + 3.7a 424 = 1.4a 38.2 + 0.7a
DBA 6 + 0.1b 2.8 + 0a 2.8 = 0a 2.8 + 0a 2.8 = 0a

IPY 70 = 2.3a 63.9 *+ 4.6b 40.2 *+ 4.5a 37.3 = 3.2a 35.3 + 2.3a
BghiP 67.9 = 3a 57.1 = 5.4b 39.1 + 1.4a 329 = 19a 30.7 = 1.9a
Sum 5-6 rings 423 *+ 13.2¢ 375.9 = 21.4b 242.4 = 18.2a 210.3 + 1.5a 191.1 = 1.5a
X 16 PAH 1132 + 20.8b 1029.6 = 40.2¢ 649.7 = 40.4b 558.8 + 10ab 475.1 = 10.4a

also serve as support for bacterial transport through the soil; the al-
teration of root exudates increasing bioavailability and biodegrad-
ability of PAHs; and/or trophic contribution as previously reported by
Kanaly and Bartha (2009).

3.2. Overall assessment of PAH degradation (integrated multivariate
analysis)

A multivariate study based on principal component analysis was
used to obtain insight into similarities or differences among treatments
and the degradation of individual PAHs and their respective interaction
(Fig. S2). To address this purpose, sixteen individual PAHs degradation
were analyzed in each soil treatment (NA, M, P, and MAP) after 60,
120, 150, and 180 days. The analysis revealed that approximately 74%
of the total variance of the data was explained by the first of two
principal components (63.8% and 10.4%, respectively) (Fig. S2a).
Clearly, the position of loadings plot found in the case of DBA indicated
that this PAH was not modified by any component, whilst the 2 and 6
ring compounds, NAP and BghiP, were strongly separated by both
components (Fig. 52b). 150-d, 180-d NA, M and P treatments and 120-
d, 150-d, and 180-d MAP treatments were separate from the other
treatments by the first component (Fig. S2a), indicating that the prin-
cipal grouping factor in this study was the time of treatment. The main
PAH removal was reached in most of the individual compounds, as
indicated by the respective vector lengths (Fig. S2b). Interestingly, in
this study the 150-d and 180-d NA and P treatments, which showed
similar ratios of degradation for 4 rings within 150 days of experiment,
were located in the right-upper quadrant corresponding to FLUO, IPY,
PHE. Meanwhile, 150-d and 180-d M treatments, which were shown to
reach the higher values of degradation for NAP and BghiP, were placed
in the same quadrant (right-lower). The gradually degradation of ACE,
BDbF, BaP, BghiP and NAP during the microbe-assisted degradation was
evidenced in this study, as indicated the position of 120-d, 150-d, and
180-d MAP treatments in the right-lower quadrant (Fig. S2a). The PCA
analysis, moreover, indicated that 60-d M, P, and MAP treatments and
120-d M treatment were shown to be the less effective treatments de-
grading ANT, BKF, CHR, FLU, IPY, PHE, and PYR, as revealed their
respective position in the left-lower quadrant. Similarly, 60-d and 120-d
NA, and 120-d P treatments that were shown to lead a low ratio of
degradation of these compounds (NAP, ACE, BbF and BghiP), which
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were located in the opposite quadrant to those variables (Fig. S2a, b).

3.3. Effect of phytoremediation and microbe-assisted phytoremediation on
maize plants PAH accumulation

Maize plants were harvested at the end of the experiment (180
days), and data on plant biomass (roots and shoots) of both P and MAP
treatments were recorded (data not shown). No significant changes in
root (10 + 0.4; 10 = 1 g) or shoot (55.6 + 9; 47.2 + 3.6 g) dry weight
were found between P and MAP treatments, respectively.
Phytoremediation of PAH-polluted soil commonly involves four me-
chanisms: absorption by plants, volatilization, transformation by plant
exudates and enzymes, and the rhizodegradation through soil microbial
communities (Alagi¢ et al., 2015). The analysis of the individual PAH
content in maize samples revealed their presence in roots, except in the
case of FLU and DBA, which were under the limit of detection. The
content of £16 PAHs reached values up to 109.6 ugkg™' in MAP
treatment, whereas in P treatment it was up to 73.9 pg kg~ ' (Table $7).
Interestingly, NAP, ACEN, PHE, and ANT content were significantly
increased in the MAP treatment when compared to P treatment. This
fact might indicate an alteration of root exudates which are increasing
the bioavailability of PAHs owing to the assisted rhizodegradation sti-
mulated by C. laeve inoculation. However, this hypothesis requires a
further research. Meanwhile, no changes in regards to 4, 5-, 6 ring
compounds were found between both treatments, except in the case of
FLUO (Fig. 1). Similarly, maize shoots showed a similar trend as it was
found in the roots, thus the sum of 16 PAHs reached higher values in
MAP treatments (44.8 ug kg ') than in P treatment (29 ug kg ') (Table
S7). In this regard, MAP treatment resulted in higher accumulation of
NAP, PHE, ANT, FLUO, and PYR compared with P treatment (Fig. 1).
Conversely, 5- and 6 ring compounds were not detected in the above-
ground biomass of maize plants. This finding suggests that PAHs with
more than 4 aromatic rings are more hydrophobic and physically less
compatible with passing through cell membranes. In order to estimate if
the content of individual PAHs in maize tissues (roots and shoots) may
be associated with a phytoextraction process, the BF and TF were
analyzed (Table 5). In our study, the BF values indicated high accu-
mulation in NAP, ACEN, PHE, ANT, and FLUO compounds, in both
treatments (Table 5). However, the presence of C. laeve in the rhizo-
sphere of maize roots had a remarkable effect that significantly
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Table 5

Bioconversion (BF) and translocation (TF) factors after 180 days of experiment under P
phytoremediation (P), and microb d phytor diation (MAP.) BF and TF were
calculated as the ratio of concentration of each individual PAH in roots to its con-
centration in soil and between each individual PAH content in roots and shoots, re-
spectively. The data represent means ( = SD) of four replicate measurements. Statistical
pair-wise of data (one way ANOVA) were carried out according to the Tukey test. The
same lowercase letters indicate a lack of statistically significant differences (p < 0.05)
among means within the same row.

Treatments
BF TF
Compounds P MAP P MAP
NAP 0.1 = 0.02a 0.3 + 0.02b 0.45 = 0.06a 0.35 *+ 0.04a
ACE 0.4 + 0.03a 0.4 = 0.01a 0 0
ACEN 0.2 £ 0.01a 0.4 = 0.08b 0 0
FLU nd n.d nd nd
PHE 0.1 + 0a 0.2 + 0.02b 095 = 0.12a 0.98 * 0.05a
ANT 0.1 = 0.01a 0.2 + 0.02b 0.91 = 0.09b 0.64 *+ 0.06a
FLUO 0.1 + 0a 0.1 + 0.01b 1.16 = 0.27b 0.75 + 0.11a
PYR 0.03 = 0.01a 0.03 = 0.01a 1.73 £ 0.17a 2 x0.37a
BaA 0.03 = 0.01a 0.03 = 0a 0 0
CHR 0.03 = 0a 0.03 = 0a 0 0
BbF 0.01 = 0a 0.1 = 0a 0 0
BKF 001 *0a 0.1 + 0a 0 0
BaP 0.04 = 0a 0.05 = 0.01a 0 0
DBA n.d n.d n.d nd
PY 0.01 = 0.01a 0.01 = 0a 0 0
BghiP 0.01 = 0.01a 0.01 = 0a 0 0

enhanced the accumulation of the 2-3 ring compounds compared with
P treatments. On the other hand, the TF indicated that NAP, PHE, ANT,
FLUO, and PYR were found to be the only PAH compounds translocated
and accumulated in maize shoots, in both treatments (Table 5). Besides,
this factor indicated that the transfer of ANT and FLUO from roots to
shoots was significantly higher in P treatment compared to MAP
treatment. This result is consistent with the previous findings reported
by Agnello et al. (2016), who found that during microbe-assisted phy-
toextraction processes, TF values generally are decreased. Overall, it

BaA  CHR B_ld-‘
L .
aa aa
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a
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Fig. 1. Individual PAH content in roots and
shoots at 180 days of experiment in phy-
toremediation (P) and microbe-assisted
phytoremediation (MAP). Data are the mean

B8P mMAP ( = SD) of four replicates. The same lower-
case letters above bars indicate a lack of
statistically (p < 0.05) significant difference
between P and MAP treatments. nd = not
detected.

nd nd nd nd
BaF  BaP  IPY BghiP

has been reported that the 2-3 ring compounds are easily uptaken by
root plants through the cell wall and subsequently translocated to
shoots (Gao et al,, 2011). Some studies have suggested the potential
capacity of plant species rather for phytoextraction than phytostabil-
ization processes when BF and TF values are higher than 1 (Alagic¢ et al.,
2015; Agnello et al., 2016). However, in our study, BF ranged in value
from 0.01 to 0.4 in both P and MAP treatments. Meanwhile, TF reached
values up to 2, but only in the case of PYR, which could indicate that
the association of maize plants and C. laeve may be more effective for
phytostabilization/rhizodegradation rather phytoextraction processes.

3.4. Impact of treatments on soil microbial biomass and functionality

Dehydrogenase activity and FDA hydrolysis have been widely used
in soil as an accurate and simple index for overall microbial biomass
present only in viable cells and to determinate amounts of en-
zymatically active soil microorganisms, respectively (Green et al., 2006;
Woliniska and Stepniewska, 2012). In the context of remediation of
PAH-polluted soils, both dehydrogenase and FDA hydrolysis represent
useful indicators for a better understanding of the impact of biological
approaches on the autochthonous microbial activity. In this study, NA
was the treatment in which the lowest values of dehydrogenase activity
and FDA hydrolysis were recorded in the time frame of the experiment
as well as when compared with other treatments (Fig. 2a, b). Interest-
ingly, this treatment showed a significant decline in the £ 16 PAHs after
180 days (Table 1), which may indicate that the indigenous microbial
communities are adapted and functional to the PAH degradation. In
spite of this fact, it has to be considered that abiotic losses such as the
volatilization of low volatile fractions of PAHs and/or photooxidation
can also be responsible for PAH degradation (Nanekar et al., 2015). The
level of dehydrogenase activity and FDA hydrolysis was notably and
predictably stimulated by the application of viable fungal inocula in the
M and MAP treatment at the beginning of the experiment (Fig. 2a, b). In
some cases, the M treatment showed higher levels of dehydrogenase
activity and FDA hydrolysis compared with NA at any time of the ex-
periment. However, the dehydrogenase activity in M treatment had
similar values to those found in P treatment at 60, 150, and 180 days,
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Fig. 2. Dehydrogenase activity (a), FDA hydrolysis (b) and (c) ergosterol content in an aged PAH-polluted soil at 0, 60, 120, 150, and 180 days under natural attenuation (NA),
mycoaugmentation (M), phytoremediation (P), and microbe-assisted phytoremediation (MAP). Data are the mean = ( = SD) of four replicates. The same lowercase letters above bars
indicate that differences among treatments were not significant. The same uppercase letters indicate a lack of statistically (p < 0.05) significant difference within each treatment

throughout the frame time of the experiment.

and respect to MAP treatment after 120 days (Fig. 2a). Meanwhile, the
M treatment did not significantly modify the FDA hydrolysis in com-
parison to P and MAP treatments at any time of experiment, but it was
lower when compared with MAP treatment at 180 days (Fig. 2b). This
result might not be associated with the PAH degradation during M
treatment, but rather to an increase of the biomass and functionality of
resident soil microbial population, as the result of the presence of viable
inocula of C. laeve and/or the trophic contribution of the carrier used
(barley seeds) which contains great amounts of potential growth sub-
strates, such as cellulose and hemicellulose (Vane et al., 2006). Root
exudates are commonly composed of organic acids and/or sugars that
can be used as carbon sources by microbes (Liu et al., 2013). This fact
could explain the enhancement in the dehydrogenase activity and FDA
hydrolysis found in the P treatment during the experiment when
compared with the NA (Fig. 2a, b). Plants can stimulate the growth of
specific microbial communities in soil or induce enzyme systems of
existing bacterial population and accelerate bioremediation in soil (Liu
et al,, 2013). This is in concordance with previous findings described by
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Chen et al. (2016), in which it was markedly noted a strong rhizo-
spheric effect on degradation of PAHs through the stimulation of rye-
grass exudates. It was noteworthy that P treatment showed similar
trends as were previously observed in the M treatment, but the dehy-
drogenase activity was significantly lower compared with MAP treat-
ment at all the times tested (Fig. 2a). It has to be assumed that this
enhancement in the dehydrogenase activity, in the MAP treatment,
could be associated with an increase in the resident soil microbiota as a
consequence of an additive contribution of root exudates and C. laeve,
rather than a synergistic effect. Conversely, the soil microbial func-
tionality in the MAP treatment was significantly increased compared to
the NA, but it reached similar values to those found in M and P treat-
ments, except at 180 days, at which time the FDA hydrolysis was highly
enhanced (Fig. 2b). In this treatment, the highest PAH degradation
values (58%) were found, which may suggest the combination of root
exudates and inoculation of C. laeve provided for favorable conditions
that assisted growth of hydrocarbon degraders.
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3.5. Impact of treatments on soil fungal biota

To assess the influence of the inoculation of C. laeve and maize
plants on the soil fungal communities during the PAH degradation, the
ergosterol content in soil was assayed (Fig. 2c¢). Ergosterol content was
increased throughout the incubation period under the NA treatment.
Significant enhancement were found in the ergosterol content after 60
and 150 days compared with P and MAP treatments, whereas a decline
was detected at 180 days (Fig. 2¢). M treatment showed a similar trend
as previously was found during the NA, with the exception that er-
gosterol was significantly increased at 180 days compared to NA. Be-
sides, time-dependent changes were also found in this treatment
(Fig. 2¢). This may indicate that the growth and survival of C. laeve
were relatively low. Some studies have observed that immobilized
mycelia through natural lignocellulosic carriers reduce the growth in-
hibition by contaminants more than free mycelia (Covino et al., 2010a,
2010b). However, in our study, it is probable that the soil colonization
by C. laeve mycelia was very fast in the early days of incubation. The
addition of exogenous fungal inocula was markedly hindered by the
autochthonous fungal biota; the significant enhancement found at 180
days could be explained by a profuse growth of autochthonous fungal
populations as a result of trophic effect. Moreover, a study has also
found that the exogenous microbes decreased quickly after having been
introduced into soil as a consequence of factors such as moisture,
temperature, pH, and/or limited nutrients (Ducholm et al., 2015). The
ergosterol content was significantly increased during the experiment in
P and MAP treatment, reaching maximum values at 120 and 180 days,
but decreased at 60 and 150 days compared to NA and M treatments
(Fig. 2c). The fluctuations in the ergosterol content in both P and MAP
treatments are contradictory with the evidence that plant roots,
through exudates, are able to stimulate the soil fungal biomass. Cur-
iously, a study has compared the ergosterol content in the rhizosphere
of potato plants and in the bulk soils, observing higher soil fungal
biomass in planted soil compared with unplanted (IHannula et al.,
2010). In contrast, Chen et al. (2008) did not observe any difference in
fungal biomass, as estimated by phospholipid fatty acid analysis among
soils planted and unplanted with various legumes and grasses. So far, it
is not clear to what extent these different results could be caused by the
use of different methodologies. However, the stronger enhancement in
the ergosterol content at 180 days in both, P and MAP treatments re-
spect to NA (Fig. 2¢) which could be the consequence of the positive
influence of plant roots on soil microbial communities refers to the
“rhizosphere effect” (Mukerji et al., 2006). Contrary to expectation, our
study did not find clear differences in the ergosterol content between P
and MAP treatments. It could have been expected that root exudates
may have provided C sources for stimulating the growth of C. laeve;
however nutritional requirements of C. laeve, as a ligninolytic fungi, are
more complex than simple organic C compounds released by roots.
Nevertheless, it is also noteworthy that the degradation of PAHs
reached by MAP treatment was significantly higher compared with
other treatments, and, moreover, dehydrogenase and FDA activities
were highly enhanced. This finding may suggest that barley seeds were
probably a worthy trophic substrate for the autochthonous fungal mi-
crobial communities, and specific microbial communities involved in
PAH degradation, as previously reported in another study (Garcia-
Delgado et al., 2015). In our study, the application of new-generation
sequencing tools (NGS) and/or analysis of phospholipid fatty acids
(PLFA) and/or quantitative PCR would lead to a better understanding
of the complex potential interactions among autochthonous microbial
communities, exogenous fungi applications, and plant rhizosphere in a
PAH-polluted soil.

4. Conclusions

The present study compares different approaches for bioremedia-
tion of an aged PAH-polluted soil through natural attenuation,
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mycoaugmentation, phytoremediation, and microbe-assisted phytor-
emediation. Among all of them, the microbe-assisted phytoremediation
was found to be the most profitable approach reaching higher rates of
degradation close up 60% in relation to other strategies. Bioconversion
and translocation factors did not indicate higher capacities of maize
plants for phytoextraction of PAHs, but as a result, the microbe-assisted
phytoremediation showed a high potential for their stabilization/de-
gradation mediated by an active role of the autochthonous microbial
population. This study provided novel evidence with respect to mi-
crobe-assisted phytoremediation demonstrating that maize-C. laeve as-
sociation could be an environmentally sound management approach for
the treatment of aged PAH-polluted soils.
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HIGHLIGHTS

e Composting was more efficient in the removal of ash PAHs than vermicomposting

e Ash PAHSs showed a similar ability to be removed as the spiked PAHs

e 3D paraboloid PAH removal equations of each bioremediation treatment were estimated
e PAH first-order kinetics in composting and vermicomposting treatments were derived

e Resulted compost and vermicompost could be reuse e.g. as soil amendments
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Abstract

An experiment was established for the comparison of composting and vermicomposting
treatments to decrease the content of polycyclic aromatic hydrocarbons (PAHS) in biomass fly
ash incorporated to the organic waste mixture. The removal of PAHs from the ash—organic
waste mixture was compared to the same mixture spiked with PAHs. The removal of 16
individual ash PAHSs ranged between 28.7 and 98.5% within the 240-day experiment. The
higher dissipation of total PAH content of ash origin was observed at the end of composting
(84.5%) than after the vermicomposting (61.6%). The results showed that most of ash PAHs
were removed similarly as spiked PAHs with the aid of composting and vermicomposting.
The boosted manganese peroxidase in composting treatment indicated the increased activity
of ligninolytic PAH—degraders. The 3D model for the total PAH removal prediction was
conducted using the polarity index and organic matter and paraboloid equations in each
treatment were estimated (R? > 0.91). The two—phase model of pseudo—first order Kinetics
analysis showed faster PAH removal by the increased first rate constants in the first 120 days
of the experiment. The produced compost and vermicompost from the bioremediation

treatments could be reused e.g. as soil organic amendments.

Keywords: PAHSs; Elemental analysis; Enzyme activities; Biodegradation; First—order

kinetics

Capsule summary

Composting and vermicomposting approaches have a positive effect on the PAH dissipation
from the biomass fly ash and obtained compost and vermicompost could be used in

agriculture.
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1. Introduction

The polycyclic aromatic hydrocarbons (PAHSs) belong to the group of persistent pollutants
with two or more fused benzene rings, which are ubiquitous in the environment. Some of the
PAHs are known as mutagens, teratogens, or carcinogens. Therefore may pose a serious threat
to the surrounding environment and human health (Lamichhane et al., 2017). The PAH
formation is mainly associated with the incomplete combustion of fuels (Rtuzickova, 2018).
Due to their properties, the released PAHs can be accumulated mainly in soils, sediments, and
sewage sludge (Vacha et al., 2005; Dvorak et al., 2017; Garcia-Sanchez et al., 2018). The
unfavourable conditions of the burning process in biomass combustion plants lead to the PAH
formation followed by their accumulation in fly ashes derived from biomass. The relatively
high content up to 193 mg PAH/kg of ash dry weight (dw) was found in incinerated biomass
at 850 °C (Masto et al., 2015). However, the resulted ashes as waste products from biomass
combustion could be re—used in agriculture due to the relatively high amounts of nutrient
(Ochecova et al., 2017). The maximum content of PAHs in biomass ashes which could be
applied as a soil organic amendment and/or fertilizer is set to 20 mg/kg dw in the Czech
Republic (Public Notice No. 113, 2014). Before the possible reuse, an appropriate
bioremediation approach of highly PAH—contaminated biomass ash is needed (Reijnders,
2005). On the basis of our previous studies, the dissipation of ash PAHSs in natural attenuated
soil was negligible and the phytoremediation decreased the PAH content nearly by 30%.
When the phytoremediation of ash PAHs was assisted with organic amendments the PAH
removal increased up to 65% (Kosnat et al., 2018b; Ko$naf and Tlusto§, 2018). The
bioremediation of ash PAHSs incorporated to the co—composting with organic wastes could be
a more effective strategy as was indicated by the PAH removal from contaminated soil,
sewage sludge, or sediments (Cai et al., 2007; Mattei et al., 2016; Mizwar et al., 2016). The
vermiremediation of PAHs (composting using earthworms e.g. Eisenia andrei, Eisenia fetida
etc.) is also used to enhance the PAH removal from highly contaminated environmental
matrixes (Kuppusamy et al., 2017). The PAH biodegradation using these approaches occurs
mainly due to the high ability to increase the PAH bioavailability and stimulate the growth of
native microorganisms involved in PAH degradation (Poluszynska et al., 2017). The
autochthonous ligninolytic fungi present in obtained compost or vermicompost are known for
the production of extracellular ligninolytic enzymes, which are able to modify or completely
mineralize the PAHs (Kadri et al., 2017). Therefore, autochthonous fungi in obtained compost

or vermicompost could be promising in the bioremediation of PAHs. Moreover, earthworms
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with the aid of vermicomposting could be able to transform the PAHs by ingestion and
rendering them harmless (Sinha et al, 2002). The main objective of this work was to compare
the removal of ash PAHs through the co—composting and co—vermicomposting with organic

wastes over a period of 240 days.

2. Materials and methods
2.1. Characterization of experimental biomass fly ash and organic waste mixture

The experimental PAH-contaminated fly ash derived from wheat straw incineration was
collected at 20 MW combustion plant in the Czech Republic. Detailed description of the ash,
and its collection and preparation is mentioned in our previous study by Kosnaf et al. (2018b).
The experimental organic waste mixture used in this study was prepared by mixing livestock
manure, grass clippings, waste paper and wheat straw in the portion of 9:9:1:1 of each
respective waste material (w/w; fresh weight basis). This ratio was chosen to achieve the
optimal properties as described Ali et al. (2015). The main physico—chemical characteristics,
elemental analysis and PAH content in experimental biomass fly ash and organic waste

mixture are shown in Tables S1 and S2.

2.2. Experimental design setup

For the bioremediation of PAHs of biomass fly ash origin two different bioremediation
approaches were tested: composting and vermicomposting of ash incorporated to the organic
waste mixture as was described above. The bioremediation of spiked PAHs added into the
same organic waste mixture was used as a control treatment. The experiment was carried out
using 4 different treatments and each respective treatment was done in 4 replications as
follows: (1) Bioremediation of ash PAHs through the composting of organic waste mixture
amended with ash (COW+A); (2) Bioremediation of spiked PAHSs through the composting of
organic waste mixture spiked with PAHs (COW+S); (3) Bioremediation of ash PAHs through
the vermicomposting of organic waste mixture amended with ash (VOW+A); (4)
Bioremediation of spiked PAHs through the vermicomposting of organic waste mixture
spiked with PAHs (VOW+S). The 20 kg or 5 kg of fresh organic waste mixture was used in
each composting and vermicomposting treatment, respectively. The dose of applied ash (5%,

w/w) in respective treatments (COW+A and VOW+A) was based on the recommendation by
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Ali et al. (2015). Before the experiment was set up, the organic waste mixture in COW+S and
VOW+S treatments were contaminated artificially by a PAH mixture including US EPA
priority PAHs (SV Calibration Mix 5, Restek, Bellefonte, USA) in n—hexane (GC/MS grade,
Chromservis, Prague, Czech Republic) to reach the 500 ug of each individual PAH compound
per one kg of material dw according to the methodology by Smith et al. (2006). The material
of each treatment at 0 days of experiment was described by the elemental analysis in Fig. 1.
The resulted initial PAH content in each treatment is shown in Table 1.

The composting treatments (COW+A and COW+S) were carried out in the 120 L plastic
laboratory fermenters (8 in total) with a thermometer equipped with plastic insulation to
prevent heat losses (Graphical abstract). The forced aeration during the composting process
was provided by the aeration device (Atmos, Plzen, Czech Republic) equipped with a
flowmeter. Each organic waste mixture was aerated for 5 min out of each 60 min from the
bottom during the composting. The hoses from outlets on the top of all fermenters led into a
condensing flask to avoid the condensing of excess air inside the fermenter. This air flow was
set according to the experiences described by Habart et al. (2010) to achieve the optimal
conditions.

The vermicomposting treatments (VOW+A and VOW+S) using earthworms (Eisenia
andrei from Jakub Filip company, Luzice u Hodonina, Czech Republic) were conducted in the
plastic vertical vermireactors (VermuHut5, VermiTek Corporation, Portland, USA)
(Graphical abstract). Each vermireactor (8 in total) consisted of plastic trays (16 L) with a
perforated bottom. The base of the vermireactor equipped with an outlet was used as a keeper
of a possible leachate. The 2.5 kg of fresh cow manure substrate containing about 800
earthworms was placed into the first tray above the vermireactor base to provide an initial
environment for the earthworms. The raw material of VOW+A and VOW+S treatments was
put into the second tray. The new trays with organic waste mixture without the PAHSs as a
fresh feeding was placed after every 60" of experiment day gradually above the second tray to
increase the earthworm activity in the treated tray. Due to the perforated bottom earthworms
could move from one tray to another during the whole experiment.

The composting and vermicomposting experiments were hold for 240 days in two separate
laboratories at 25 °C. The temperature inside the fermenters during composting and through
the vermicomposting process is shown in Fig. S1. The material in each treatment was
manually homogenized every 14" day of experiment. The moisture of all materials was

regularly controlled during experiment and kept in a range of 60—70%. The samples from four
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treatments in four replications were collected after 0, 30, 60, 90, 120, 150, 180, 210, and 240
days in duplicates as a technical replication. The collected samples were dried at 35 °C in an

oven and ground with a mortar to a fine powder before the analysis of PAHS.

2.3. Analytical procedures and enzyme analysis

The changes in elemental analysis (total C, H, N, and S) of treatments during the 240—day
experiment was performed using an elemental analyser (CHNS Vario MACRO cube,
Elementar Analysensysteme, Hanau, Germany). Oxygen (Fig. 1e) was calculated by difference
between the ash—free organic matter (OM) and the sum of C, H, N, and S. Organic matter
(Fig. 1f) was determined using a procedure described elsewhere by Antizar-Ladislao et al.
(2006). The molar atomic ratios (H/C, O/C, C/N) and polarity index (PI) (Fig. 1g-j) was
calculated on moist and ash—free basis. The basic physico—chemical characteristics (Table S1)
were proceed using the methods described in our previous studies (Kosnat et al., 2018b;
Mercl et al., 2018). Extracellular enzyme activities (Fig. 2) of selected hydrolytic enzymes (-
D-glukosidase, acid phosphatase, lipase), and selected ligninolytic enzymes (manganese—
dependent peroxidase, lignin peroxidase, laccase) were measured in sample extracts using the
method described elsewhere in Kosnar et al. (2018a) using the Tecan Infinite M200 multi—
plate reader (Infinite M200, Tecan Trading AG, Minnedorf, Switzerland). Each enzyme
activity was expressed as U/g soil dw. The one unit (U) stands for the respective enzyme

producing 1 umol of each reaction product.

2.4 Analysis of PAHs

A five gram of each compost and vermicompost sample was extracted for PAHs using the
same procedure as was described in our recent study by Kosnarf et al. (2018a). Briefly, each
sample was extracted with 30 ml mixture (1:1, v/v) of acetone and hexane (Chromservis,
Prague, Czech Republic). The PAH extraction was carried out using the ultrasonic extraction
method described by US EPA (2007). The samples were sonicated in a bath (Sonorox Digitec
DT510/H, Bandelin, Berlin, Germany) at 35 °C for 30 min after the addition of 2-
flurobiphenyl at 2000 mg/L as the surrogate (Restek, Bellefonte, USA). Each sample extract
was then filtrated (Filtrate paper Grade 5B, Advantec, Tokyo, Japan) a re—extracted twice
using the same procedure. The respective sample filtrates were collected, evaporated to
dryness under vacuum at 40 °C (Rotavapor R-300, Biichi Labortechnik AG, Postfach,
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Switzerland), dissolved in hexane (1 mL) and purified using the SPE cartridges (Strata SI-1
Silica, Phenomenex, Torrance, USA) according the procedure described by US EPA (1996).
The concentrated eluate (1 mL) together with p-terphenyl-di4 as the internal standard at 500
ug/L (Restek, Bellefonte, USA) was then analysed for PAHSs following the method described
by US EPA (2014). The analysis of PAHs was carried out using an Agilent gas
chromatograph/mass selective detector (6890N/5975) with an Agilent autosampler (7683B)
(Agilent Technologies, Santa Clara, USA). The separation of PAHs was performed on a DB-
EUPAH (20 m length, 0.18 mm inner diameter, 0.14 um film) capillary column (Agilent J&W
Scientific, Folsom, USA) at a constant helium (6.0) flow rate (1.0 mL/min). The 1.0 uL of a
sample was injected in splitless regime (purge flow 70 mL/min at 0.75 min). The more
detailed chromatographic conditions and temperature regimes during the PAH analysis was
characterized in our previous study (Kosnat et al, 2016). The PAH
identification/quantification was carried out using the calibration curve of a PAH standard
(SV Calibration Mix 5, Restek, Bellefonte, USA) in a range from 10 to 1000 ug/L with the
PAH linearity higher than 0.9981. The PAH limit of quantification ranged 1.7-5.8 ug/kg dw.

The surrogate recoveries ranged from 88% to 117% in the analysed samples.

2.7 Statistical and data analysis

In this study, the 16 priority US EPA PAHSs are excluded by the ACE, FLU, IPY, and DBA
due to their non—detected or low content in initial experimental treatments. The sum of 12
selected individual PAHs (total PAHs) were sorted into three groups: (1) Low molecular
weight PAHs (LMW PAHs) — the sum of naphthalene (NAP), acenapthylene (ACY),
phenanthrene (PHE), and anthracene (ANT); (2) Medium molecular weight (MMW PAHS) —
the sum of fluoranthene (FLUO), pyrene (PYR), benzo[a]anthracene (BaA), and chrysene
(CHR); (3) High molecular weight PAHs (HMW PAHS) — the sum of benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BKF), benzo[a]pyrene (BaP), and benzo[g,h,i]perylene (BghiP).

The removal of PAHs (%) during the 240-day experiment (Fig. 3.) was calculated as follows:

G~ G

Rpay (%) = 100 X [T],

The removal rate constants of PAHs were obtained from the pseudo—order first kinetic

approximation using the linear integrated form of
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In [%] = —kt

i

where Ci (ng/kg dw) stands for the initial PAH content at O days (Table 1) and C; (ng/kg dw)
stands for the residual PAH content at the respective time of sample collection (30, 60, 90,
120, 150, 180, 210, or 240 days) (Tables S3-S6), k (1/day) is the first—order constant of PAH
removal (obtained by linear regression), and t is the time at the respective time of sample
collection.

All statistical analyses, such as data normality (Shapiro-Wilk test), homogeneity of variance
(Levene test), one-way analysis of variance at p < 0.05 (ANOVA) followed by post-hoc
Tukey's test (o = 0.05), and Pearson correlation analysis (Table S7-S8) were performed in
Statistica 12.0 (StatSoft, Tulsa, USA). Microsoft Excel 2010 (Microsoft Corporation,
Redmond, USA) and SigmaPlot 11.0 (Systat Software, San Jose, USA) were used for the

preparation of figures.

3. Results and discussion
3.1 Changes in elemental analysis of treatments during the bioremediation

The changes in material composition and parameters derived from the elemental analysis
of material used in each composting (COW+A and COW+S) and vermicomposting (VOW+A
and VOW+S) treatments were investigated during the 240—-day experiment (Figs. 1a—j). The
residual amounts of total elements (C, H, N, O), organic matter (OM), and molar atomic ratios
(H/C and C/N) in all treatments were significantly lower (p < 0.05) at the end of the
experiment than their respective initial amounts. The highest element reduction of 22.0 % was
observed in the case of total C (Fig. 1a) through the composting of organic wastes and ash
(COW+A) and the resulted residual amount of total C (18.6 %) was significantly (p < 0.05)
lower than in other treatments. As a result of decomposition of biomass, the similar trend was
observed also in the case of OM (Fig. 1f) which was decreased from 76.1% to 45.2% in the
same treatment. This change of total C was in line with the results derived from the
composting of organic waste mixture presented by Francou et al. (2008). The reduce of OM in
ash amended treatments was in agreement with the composting of PAH contaminated coal-tar
studied by Antizar-Ladislao et al. (2006). The total amount of H, N, and S (Figs. 1b—d)

decreased gradually during the composting and vermicomposting treatments with the addition
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of ash (COW+A and VOW+A). These changes in the most of collection times tended to be
statistically different (p < 0.05) when compared to the treatments without the ash (COW+S
and VOW+S). The decrease of these elements during composting of ash and organic waste
mixture could be associated with the abiotic/biotic losses under aerobic conditions, as was
indicated by Mahimairaja et al. (1994), which could be increased by the ash addition due to its
strong alkaline reaction. The total amount of O (Figs. 1le) and the H/C ratio (Fig. 1g) also
tended to be lower at the end of treatments with the ash addition than those in PAH spiked
treatments indicating a higher transformation process.

The C/N ratio (Fig. 1i) showed the opposite trend by the end of tested ash amended
treatments. The C/N ratio was decreased through the composting of organic waste mixture and
ash (COW+A) from 23.1 to 15.5 which was statistically higher (p < 0.05) in comparison to the
composting of PAH spiked organic waste mixture (COW+S). The changes of C/N ratio during
the vermicomposting experiment copied the trend observed in composting treatments. Our
changes of C/N ratio were comparable to those obtained by Amir et al. (2004). The O/C ratio
(0.90) and polarity index (PI) defined as (O+N)/C ratio (0.96) were significantly higher (p <
0.05) during the composting of organic waste mixture with ash (COW+A) (Figs. 1h and 1j)
than those (0.69 and 0.75, respectively) in vermicomposting treatment (VOW+A). However,
there was no statistical difference (p < 0.05) between the COW+A and COW+S treatments in
the O/C ratio and PI in the end of composting treatments and the same was true for the
vermicomposting treatments. The Pl was used to determine the approximate polar/nonpolar
characteristics of a sample for the prediction of PAH behaviour during the composting and
vermicomposting experiments according to the suggestions described by Xing et al. (1994).
The changes of Pl in our study showed the increasing polarity of a sample during the
experiments. This could cause a higher desorption of PAHs from an environmental matrix and
simultaneously could increase the solubility of aromatic rings, as was studied by Rutherford et
al. (1992). This trend could be also same for the increasing O/C ratio during our
bioremediation experiments because Huang and Weber (1997) observed the higher desorption
of phenanthrene from organic matter with the increasing of O/C ratio in soil and sediment

samples.

3.2 Enzyme activities in composting and vermicomposting treatments

In our study, the selected extracellular enzyme activities were measured at 0 days (initial

time) and at the end of experiment (240 days). The results of enzyme activities are shown in
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Fig. 2 excluded by the activities of lignin peroxidase and laccase as they were not detected at
the initial time, likewise by the end which is in concordance with the study by Novotny et al.
(2004). The B-D-glukosidase (B-D-G), acid phosphatase (AP) in all treatments and lipase
(LPS) only in vermicomosting treatments were significantly decreased (p < 0.05) in the end of
the experiment in comparison to their respective initial time. Simultaneously these enzyme
activities were also significantly reduced by the addition of ash into the organic waste mixture
when compared to the respective treatments without the ash. Decreased hydrolytic enzymes
activities in the end of composting and vermicomposting were in agreement with previous
study by Garcia-Sanchez et al. (2017) who reported the highest enzyme activities at 120 days
and after the 180 days of the experiment were gradually reduced to the initial values. The LPS
and manganese—dependent peroxidase (MnP) found in the end of composting and
vermicomposting treatments could be involved in the PAH removal during the whole
experiment as they were increased or not statistically different (p < 0.05) to their respective
initial amounts. Moreover, the MnP was significantly boosted in the end of each composting
treatment which could indicate a good ability of autochthonous MnP—producers to recolonize
the organic waste mixtures after the thermophilic phase of composting. The higher amounts of
LPS and MnP in composting treatments could provide good conditions for the removal of
PAHs of ash origin as there were strong correlations of LPS and MnP with the total PAH

removal which were observed in our previous study by KosSnar at al. (2018a).

3.2 Removal of PAHSs during the composting and vermicomposting treatments

The removal of 12 selected individual US EPA PAHs (%) during the composting and
vermicomposting is shown in Figs. 3a—l. The individual low molecular weight PAHs (LMW
PAHSs) of ash origin (Figs 3a—d) were removed from 89.3% to 96.9% by composting treatment
(COW+A) and the vermicomposting treatment (VOW+A) decreased the ash PAHSs in a range
of 65.0-86.3% by the end (240 days) of experiment. The total sum of ash LMW PAHS using
the composting treatment (Fig. 3m) was removed by 93.6%. This resulted in the statistically
highest (p < 0.05) removal from all treatments. The removal of individual ash PAHs from
medium molecular weight PAHs group (Figs 3e—h) and high molecular weight PAHs group
(Figs 3i-1) were comparable in the end of each bioremediation treatment. The composting was
a more efficient bioremediation approach than the vermicomposting in the dissipation of
individual PAHSs of ash origin from the MMW PAHs and HMW PAHSs groups. Therefore, the
total MMW PAHSs were decreased from ash by 80.1% (Fig. 3n) and HMW PAHSs by 73.1%
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(Fig. 30) which was statistically higher (p < 0.05) after the composting than in the end of
vermicomposting (45.3 % and 53.6%, respectively) treatment. Only in the case of spiked
MMW PAHs and HMW PAHSs in vermicomposting treatment there was a slightly higher PAH
removal in comparison to ash PAH removal using the same treatment. These differences
could be caused by significantly lower (p < 0.05) hydrolytic enzyme activities (3-D-G, AP,
and LPS) in ash amended vermicomposting treatment (VOW+A) as was indicated in Fig. 2.
The LMW PAHSs were removed more than MMW PAHs and HMW PAHSs within the same
bioremediation approach. This was in line with the study of PAH phytoremediation in soil
presented by Feng et al. (2014).

The total PAH removal from ash by 84.5% at the end of co—composting of the organic
waste mixture with biomass fly ash was significantly higher (p < 0.05) than the total ash PAH
removal (61.6%) by the vermicomposting after 240 days of experiment (Fig. 3p). The higher
removal of total ash PAHs by composting than vermicomposting could be caused by a
significantly higher (p < 0.05) polarity index (0.96) in composting (Fig. 1j) than in
vermicomposting (0.75) as a strong correlation was observed between the polarity index and
the total PAH removal (r > 0.65) by the Pearson correlation analysis (Table S7 and Table S8).
The same was true for the decrease of total organic matter which is also linked to the decrease
of total C during the bioremediation treatments within the Pearson correlation coefficients
higher than 0.94 (Table S7 and Table S8).

Therefore, the PAH removal (%) model using the changes of organic matter and polarity
index of each composting and vermicomposting treatment was conducted (Fig. 4) and the 3D

paraboloid equations were estimated as follows:

Feomp = —2.803exp(2) + 9.104x + 2.519exp(2)y — 8.799%exp(—2)x” — 1.205exp(2)y”,
and
Fyverm: = —1.685exp(2) + 7.349x + 5.270exp(1)y — 7.281exp(—2)x* — 7.463exp(0)y?,

where, rcomy, refers to the removal of PAHs during the composting (%), Tyverm: refers to the

removal of PAHSs during the vermicomposting (%), x refers to the organic matter (%), and y

refers to the polarity index value. The PAH removal equation for the composting was fitted
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with a sufficient coefficient of determination (R?> = 0.91) as well for the vermicomposting
(R2=0.92).

Our suggested bioremediation treatments showed the ability to decrease the PAHSs of ash
origin as well the spiked PAHSs. In most of the investigated sampling times the composting
treatment was a more efficient strategy than the vermicomposting in the removal of PAHs
from ash and spiked PAHSs as well. In most cases the removal of individual spiked PAHs
tended to copy the removal of PAHSs derived from ash which is in concordance with the work
presented by Kosnai et al. (2018b). The removal of total PAHs by 80.2% at day 120 of
composting treatment with ash PAHSs in organic wastes mixture was higher than the total PAH
removal by natural attenuation (5.7%), phytoremediation (29.4%), and plant assisted
phytoremediation (64.9%) in our previous 120-day experiments studied by Kosnar et al.
(2018b) and Kosnat and Tlustos (2018). The removal of total ash PAHs (84.5%) in the end of
our composting approach was higher than the 75.2% removal of total PAHs by composting of
aged PAH-contaminated soil by Antizar-Ladislao et al. (2005) or could be comparable with
the 82.9-88.1% PAH removal from a sewage sludge using the composting studied by
Oleszczuk (2006). The removal of total ash PAHs at day 120 of vermicomposting (54.1%)
was lower than in the assisted phytoremediaton described above. However, the removal of
total ash PAHSs (61.6%) in the end of our vermicomposting treatment was almost double than
the PAH removal from vermicomposting of soil presented by Hickman and Reid (2008).

The PAHSs in our study were gradually decreased during the first 120 days of tested
bioremediation treatments and after that time the changes in PAH removal started to be
negligible. This could be caused by the reduction of microorganisms involved in PAH
degradation, as was indicated by decreasing microbial activities after the 120" day of a
treatment as was reported in the study by Garcia-Sanchez et al. (2017). This is contradictory to
a high activity of MnP and LPS (Figs. 2c—d) in the end of experiment suggesting the possible
PAH stabilization within new substances formed during the maturation process of composting
or vermicomposting. The remaining PAHs could start to be more recalcitrant to a further
biodegradation due to the lesser bioavailability to the autochthonous PAH-degraders.
Nevertheless, the residual content of ash PAHs in the end of composting (1128 ug/kg dw) and
vermicomposting (2957 pg/kg dw) suggested that the obtained compost and vermicompost

could be reused as soil organic amendments (Public Notice No. 341, 2008).
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3.4 Kinetics of PAH removal in composting and vermicomposting treatments

The pseudo—first order kinetic analysis was performed to obtain the phase rate constant
(k) to compare the removal rate of PAHs in tested composting and vermicomposting
treatments as was described by Antizar-Ladislao et al. (2005). The rate constants of individual
ash and spiked PAHSs after the composting and vermicomposting approaches are shown in
Table 2. The PAH removal rate constants derived from one—phase pseudo—first order Kinetics
model in each composting and vermicomposting treatment ranged from 0.0024 to 0.01 per
day (R? = 0.71-0.99) and 0.002 to 0.0075 per day (R? = 0.69-0.97), respectively.

When the two-—phase pseudo-first order kinetics model using two separate regression
analyses in the two separate phases (first phase was for the 0-120 days and the second for
121-240 days of each treatment) was applied the difference between the first rate constant (ki)
and the second rate constant (k2) was observed. Using the two—phase model showed a 2-3
times greater first rate constant (ki) than second rate constant (k2) for most of the individual
PAHs from the low and medium molecular weight PAHs group in the whole experiment. The
two—phase model improved the fitting of pseudo—first order kinetics by the increase of R?
values than in the one—phase model, which is in line with study by Thiele-Bruhn and
Briimmer (2005). Removal rates of LMW PAHs, MMW PAHs, and HMW PAHs were also
investigated. The results indicated that the fastest PAH removal rates (0.0091-0.018) were
observed in the case of ash LMW PAHSs during the first 120 days of composting (COW+A).
The ki constant of total ash PAHs was 0.0093 per day (R? = 0.96) in the first period of that
composting treatment and after that time the ko constant was only 0.002 per day (R? = 0.99).
Our rate constants of total PAHSs in the first period of composting were comparable with the
study by Antizar-Ladislao et al. (2005) who published that the PAH loss rate constants from
soil were in range of 0.009-0.013 per day in composted soil-green waste mixtures. The ki
constants in vermicomposting treatments could be comparable with the rate constants in soil
amended with a sewage sludge compost studied by Feng at al. (2014).

In this study, the pseudo-first order kinetics analysis indicated that there were only a
slightly differences between the phase rate constants of ash and spiked PAHSs according to the
results of the two—phase model in tested bioremediation treatments. However, the two—phase
model also showed that the ki constants of total ash PAHs in composting treatment were

almost 2 times higher than the ki constant (0.0046 per day, R? = 0.99) in vermicomposting
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treatment, but the k2 in both treatments were comparable. This trend was also confirmed for
the spiked PAHs.

4. Conclusion

In the present study the bioremediation of PAHSs derived from biomass fly ash through the
240-day experiment of co—composting and co—vermicomposting with organic waste mixture
was investigated in comparison to the spiked PAH treatments. The composting and
vermicomposting were very effective in the removal of ash PAHs. The differences between
the removal of ash and spiked PAHs were negligible. The polarity index of PAH-
contaminated organic waste mixtures has increased with the decrease of organic matter during
the bioremediation and there was very strong correlation with the removal of total PAHS.
Manganese peroxidase and lipase activities indicated the presence of autochthonous PAH-
degraders during the bioremediation.

The significantly higher (p < 0.05) removal of PAHSs by 84.5% was observed in the end of
composting than the 61.6% total PAH removal by vermicomposting. The paraboloid
equations were estimated for the prediction of total PAH removal in relation to the organic
matter and polarity index in each tested treatment. The two—phase model of pseudo—first order
Kinetics analysis showed a faster PAH removal by the increased first rate constants in the first
120 days of the experiment. The compost and vermicompost obtained from the
bioremediation treatments could be reused, e.g. as soil organic amendments according to the

Czech legislation.
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Fig. 1. Changes of total C, H, N, S, O (a—¢) (%; moist free and ash free dw basis), organic
matter () (%; dw basis), and atomic ratios of H/C, O/C, C/N, Pl—polarity index: (O+N)/C (g—
J) derived from elemental analysis of treatments during the 240—days experiment. Error bars
indicate standard deviation of n = 4. Treatment abbreviations: COW+A (composting of
organic wastes and ash); COW+S (composting of organic wastes and spiked PAHS) treatment;
VOW+A (vermicomposting of organic wastes and ash); VOW+S (vermicomposting of
organic wastes and spiked PAHS)
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Fig. 2. Selected extracellular enzymes: a) 3-D-G (3-D-glukosidase); b) AP (acid phosphatase;
c) LPS (lipase); d) MnP (manganese peroxidase) activities (average + SD; n = 4) at initial time
(0 days) and in the end of the experiment (240 days). Error bars indicate standard deviation of
n = 4. Means within the same row followed by different lowercase letters indicate significant
differences (p < 0.05) between the treatments and uppercase letters indicate significant
differences (p < 0.05) between the time of collection (0 and 240 days) in each experimental
treatment as determined by Tukey’s test. Treatment abbreviations: COW+A (composting of
organic wastes and ash); COW+S (composting of organic wastes and spiked PAHS) treatment;
VOW+A (vermicomposting of organic wastes and ash); VOW+S (vermicomposting of
organic wastes and spiked PAHS)
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Fig. 3. Removal (%) of individual PAHs (a-1), LMW PAHs (m), MMW PAHSs (n), HMW
PAHs (o), and total PAHs (p) in each treatment (average + SD; n = 4) during the 240—days
experiment. Error bars indicate standard deviation of n = 4. Treatment abbreviations: COW+A
(composting of organic wastes and ash); COW+S (composting of organic wastes and spiked
PAHs) treatment; VOW+A (vermicomposting of organic wastes and ash); VOW+S
(vermicomposting of organic wastes and spiked PAHS)
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Fig. 4. Model of total PAH removal (%; z - axis) designed using the changes of OM-organic

matter (%; X - axis) and Pl— polarity index (%; y - axis) during the 240—days experiment
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Table 1. Initial PAH content (ug/kg dw) at 0 days in each treatment (average = SD; n = 4) of the 240—days experiment. Means within the same
row followed by different lowercase letters indicate significant differences (p < 0.05) between the treatments as determined by Tukey's test.
Treatment abbreviations: COW+A (composting of organic wastes and ash); COW+S (composting of organic wastes and spiked PAHS) treatment;

VOW-+A (vermicomposting of organic wastes and ash); VOW+S (vermicomposting of organic wastes and spiked PAHS).

_ _ - COW+A COW+S VOW+A VOW+S
Polycyclic aromatic hydrocarbons (PAHs)  Abbreviation
(ng/kg dw)
Low molecular weight PAHSs:
Naphthalene NAP 957.2 + 6.32 501.8 +4.2° 951.7 + 8.12 500.2 +5.7°
Acenapthylene ACY 632.7 + 6.3 506.3 +4.4° 630.3 + 3.82 505.3 +3.5°
Phenanthrene PHE 950.8 £ 132 495.0 +1.3° 937.2+6.72 495.6 +2.8°
Anthracene ANT 1057 + 122 495.9 + 6.8° 1002 + 36 495.6 +7.1°
Medium molecular weight PAHS:
Fluoranthene FLUO 9152 + 142 491.1 +2.8° 929.7 + 262 4939+ 1.6°
Pyrene PYR 328.6+7.5° 500.9 + 8.1° 353.8+ 19° 501.8 + 7.6
Benzo[a]anthracene BaA 326.5+6.8° 502.8 2.7 344.6 + 19° 504.8 + 2.6
Chrysene CHR 354.8 + 10P 496.5 +9.3? 348.4 + 1.8° 498.5 +9.32
High molecular weight PAHSs:

Benzo[b]fluoranthene BbF 763.8 £ 112 506.7 + 4.3 7343+ 17° 508.5 + 4.3
Benzo[K]fluoranthene BKF 335.0 = 12° 496.8 + 6.9 346.3 +5.8° 498.8 + 6.92
Benzo[a]pyrene BaP 726.2 + 162 503.8 £2.6° 772.0 + 192 505.4 +2.2°
Benzo[g,h,i]perylene BghiP 3347+ 12° 506.0 £5.1% 350.1 + 8.8° 506.0 + 6.5°

> Low molecular weight PAHs LMW PAHSs 3598 + 132 1999 + 7.5° 3522 + 442 1994 + 14°

Y Medium molecular weight PAHs MMW PAHs 1925 +4.3° 1991 + 102 1976 + 172 1999 + 102
> High molecular weight PAHs HMW PAHSs 2160 = 25° 2013 £ 6.9 2202 +31° 2013 +6.8?

3" Individual US EPA PAHs Total PAHs 7682 + 352 6003 + 12° 7701 £ 112 6002 + 13°
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Table 2. Removal rate constants of PAHs obtained from the pseudo—first kinetics using regression analysis in one—phase and two—phase models

in each treatment of the 240—days experiment. Treatment abbreviations: COW+A (composting of organic wastes and ash); COW+S (composting

of organic wastes and spiked PAHS) treatment; VOW+A (vermicomposting of organic wastes and ash); VOW+S (vermicomposting of organic

wastes and spiked PAHS).

COW+A COW+S VOW+A VOW+S

c orl‘:r)@(l)_lun d Rate constant (x103/day) Rate constant (x103/day) Rate constant (x103/day) Rate constant (x103/day)
k (R? ki (R?) k2 (R?) k (R?) ki (R?) k2 (R?) k (R?) ki (R?) k2 (R?) k (R?) ki (R?) k2 (R?)

NAP 10 (0.94) 15(0.96) 8.2(0.76) 7.9(0.82) 16(0.99) 2.2(0.81) 7.5(0.86) 15(0.96) 3.1(0.90) 2.9 (0.94) 15(0.96) 2.9 (0.93)
ACY  85(0.92) 9.1(0.99) 5.1(0.76) 88(0.95) 13(0.99) 5.6(0.97) 6.7(0.88) 4.9(0.99) 3.7 (0.79) 2.3(0.89) 4.9 (0.89) 1.4(0.97)
PHE 9.5(0.83) 16 (0.84) 2.6(0.86) 6.8(0.87) 6.6(0.93) 2.3(0.96) 5.0(0.83) 7.2(0.89) 1.1(0.63) 3.4(0.69) 7.6(0.85) 2.2 (0.74)
ANT  6.2(0.80) 18(0.97) 3.0(0.93) 5.6(0.93) 8.4(0.95) 3.4(0.88) 4.6(0.82) 2.9(0.87) 11(0.41) 2.4(0.97) 3.4(0.99) 2.0(0.93)
FLUO  50(0.88) 4.2(0.94) 1.9(0.94) 57(0.96) 8.4(0.98) 3.7(0.99) 2.3(0.84) 1.9(0.75) 1.9(0.75) 2.2(0.94) 4.4(0.96) 1.7 (0.99)
PYR  44(0.92) 6.9(0.95) 2.4(0.98) 5.2(0.95) 8.1(0.99) 3.3(0.99) 2.6(0.96) 2.7(0.81) 2.6(0.89) 2.1(0.69) 6.1(0.96) 0.3 (0.98)
BaA 6.9(0.84) 6.7(0.91) 1.7(0.95 5.6(0.92) 9.3(0.99) 3.1(0.89) 2.0(0.85) 5.4(0.99) 1.3(0.96) 1.9(0.86) 5.2(0.99) 1.5 (0.97)
CHR  45(0.92) 51(0.96) 23(0.92) 4.2(0.86) 9.2(0.99) 1.8(0.97) 2.4(0.95 1.0(0.95 2.8(0.93) 1.8(0.91) 3.6(0.99) 1.1(0.95)
BbF 43(0.86) 3.2(0.78) 1.4(0.89) 2.7(0.81) 7.5(0.99) 1.3(0.95) 0.7(0.84) 0.4(0.78) 0.2(0.77) 1.5(0.91) 2.1(0.99) 0.7 (0.82)
BKF 24(0.71) 7.8(0.94) 06(0.99) 35(0.76) 11(0.98) 12(0.81) 2.0(0.95) 2.4(0.79) 1.4(0.95) 1.1(0.94) 1.8(0.99) 0.7 (0.92)
BaP 5.6(0.75) 13(0.88) 0.7(0.95) 3.9(0.64) 14(0.96) 05(0.85) 1.5(0.78) 3.9(0.97) 0.5(0.94) 2.0(0.85) 1.1(0.88) 3.1(0.87)
BghiP  2.7(0.84) 6.9(0.95 15(0.99) 3.7(0.96) 4.2(0.99) 4.2(0.91) 0.9(0.97) 1.1(0.96) 0.7(0.96) 1.3(0.95) 2.2(0.99) 0.9 (0.93)
LMW PAHs 8.3 (0.87) 16(0.97) 3.8(0.97) 6.8(0.92) 9.7(0.99) 3.2(0.97) 54 (0.86) 7.6(0.98) 1.6(0.68) 2.8(0.89) 6.4(0.90) 2.1(0.99)
MMW PAHs 5.1 (0.90) 5.4(0.99) 2.1(0.97) 5.1(0.93) 8.8(0.99) 2.9(0.99) 2.3(0.97) 3.1(0.99) 2.1(0.90) 1.9(0.87) 4.7(0.99) 1.1(0.98)
HMW PAHs 4.1 (0.83) 7.1(0.88) 1.1(0.97) 3.5(0.84) 9.0(0.99) 18(0.87) 1.2(0.90) 2.0(0.96) 0.5(0.99) 1.5(0.99) 1.8(0.99) 1.4(0.98)
Total PAHs 5.5 (0.87) 9.3(0.96) 2.0(0.99) 4.7(0.90) 9.1(0.99) 2.4(0.96) 3.0(0.90) 4.6(0.99) 1.4(0.88) 1.9(0.94) 3.9(0.98) 15 (0.99)

k (x107%/day) represents phase rate constant from one—phase model, ki (x10/day), and k2 (x1073/day) represent the first and second phase rate

constants from two—phase model, R? refers to the coefficient of determination derived from Pearson correlation analysis.
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5 Sumarni diskuse

Tématem disertacni prace bylo zjistit vliv vybranych bioremedia¢nich metod na zmény
obsahu PAU ptitomnych v popelu po spalovani biomasy.

V prvni ¢asti sumarni diskuse (podkapitola 5.1) jsou shrnuty poznatky z védeckého
¢lanku (podkapitola 4.1), ve kterém byly diskutovany obsahy PAU v uletovych a roStovych
popelech po spalovani fytomasy (slamové popele) a dendromasy (dfevni popele). Obsah PAU
byl sledovan v 96 vzorcich popelu (24 tletovych a 24 rostovych z fytomasy, stejny pocet byl i
pro popel z dendromasy) odebranych v provozovnach, které spaluji biomasu pro energetické
ucely. Jednotlivé obsahy PAU v popelech, které vznikly za realnych podminek spalovani, byly
diskutovany ve vztahu k teploté spalovani a ve vztahu k obsahu nespaleného organického
uhliku. Vzorky popel byly charakterizovany zakladnimi fyzikalné — chemickymi metodami
(detail viz podkapitola 4.1).

V druhé ¢asti sumarni diskuse (podkapitola 5.2) jsou shrnuty poznatky z védeckych
¢lankt (podkapitoly 4.2 az 4.5), ve kterych byly diskutovany vybrané metody bioremediace
PAU v pude.

V podkapitole 4.2 byl zkouman vliv pfirozené atenuace a fytoremediace na zménu
obsahu PAU v pudé (vzdy 5 kg na nadobu) po aplikaci popelu (1 % w/w, dale jsou uvedena
vzdy jen procenta) ve vztahu k syntetickym PAU (0,1 mg/kg pro kazdy jednotlivy PAU). Jako
experimentalni popel z biomasy byl vybran tletovy popel po spalovani slamy, ve kterém byl
stanoven nejvyssi obsah PAU (detail viz podkapitola 4.2).

V podkapitole 4.3 byly v nadobovém experimentu sledovany zmény obsahu PAU v
pidé pomoci bioaugmentace (10 % piidavek kompostu nebo vermikompostu v pudé s 1 %
ptidavkem popelu) a fytobioaugmentace (péstovani rostlin na pidé se stejnymi davkami
popelu, kompostu nebo vermikompostu).

V podkapitole 4.4 byly v ramci nadobového experimentu sledovany zmény obsahu
syntetickych PAU v uméle kontaminované padé (0,1 mg/kg pro kazdy jednotlivy PAU)
pomoci mykoremediace: a) mykoaugmentace (5 % piidavek substratu s hlivou ustfi¢énou v
pude), b) fytomykoaugmentace (péstovani rostlin na piidé se stejnou davkou substratu).

V podkapitole 4.5 byly v ramci nadobového experimentu sledovany zmény obsahu

PAU v dlouhodobé kontaminované zemédélské piadé pomoci mykoremediace: a)
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mykoaugmentace (6 % pridavek substratu s penizovkou obecnou Vv pud€), b)
fytomykoaugmentace (péstovani rostlin na pud¢ se stejnou davkou substratu).

V ramci nadobovych experimentid s rostlinami kukufice seté (Zea mays L.) na padé
kontaminované PAU (podkapitoly 4.2 az 4.4) byla vyuzita kambizem modalni (Humpolec) a v
experimentu s pudou dlouhodobé kontaminovanou PAU (podkapitola 4.5) byla vyuzita
fluvizem glejova (Ostrava). Zakladni agrochemické charakteristiky vyuzitych pud jsou
uvedeny ve zminénych podkapitolach. V ramci vySe uvedenych bioremedia¢nich metod s
rostlinami byl posuzovéan vliv PAU v pid€ na vynos biomasy rostlin. Byla také zkouména
schopnost péstovanych rostlin extrahovat PAU z pidy. Na zaklad¢ stanovenych relativnich
odbért PAU rostlinami byl posouzen vliv rostlin na zmény obsahu PAU v padé.

V tieti casti sumarni diskuse (podkapitola 5.3) jsou shrnuty poznatky z védeckého
¢lanku (podkapitola 4.6), ve kterém byly diskutovany bioremediace PAU pomoci
kompostovani a vermikompostovani.

V podkapitole 4.6 byly sledovany zmény obsahu PAU ve smési biologicky
rozlozitelnych odpadt (smés hnoje skotu, zahradni travni sece, odpadni papirové lepenky a
obilné slamy v poméru 9:9:1:1 Cerstvé hmoty) po aplikaci popelu (5 %) a syntetickych PAU
(0,5 mg/kg pro kazdy jednotlivy PAU) v pribéhu kompostovani a vermikompostovani po
dobu 240 dni.

Ve ¢tvrté Casti sumarni diskuse (podkapitola 5.4) je uveden zavére¢ny piehled
ucinnosti jednotlivych bioremedia¢nich metod z hlediska poklesu celkového obsahu PAU za

stejné ¢asové obdobi (podkapitoly 4.2 az 4.6).

5.1 Sledovani obsahu PAU v popelu po spalovani biomasy

Obsahy jednotlivych 16 PAU v tletovych a roStovych popelech po spalovani fytomasy
nebo dendromasy dosahovaly znacné variability. S tim souvisi i znac¢na variabilita mezi
obsahy sumy nizkomolekuldrnich PAU (NM PAU), sttednémolekuldrnich PAU (SM PAU),
vysokomolekularnich PAU (VM PAU) a celkové sumy 16 PAU (PAU). Z vysledku bylo
ziejmé, ze uletové popele dosahovaly vyssiho obsahu PAU nez rostové popele. Masto et al.
(2015) popsali, ze uletovy popel dosahuje vétsiho specifického povrchu nez rostovy, a proto
1ze ocekavat vyssi schopnost akumulace PAU. V piedlozené studii obsahy individualnich 16

PAU v tuletovych popelech se lisily znacné v priméru od 0,1 do 8,3 mg/kg. Primérny obsah
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celkovych PAU v uletovém popelu z fytomasy (53,8 mg/kg) byl mnohem vys$si nez suma 6,11
mg/kg PAU, kterou stanovili Straka et Havelcova (2012). Nicméné, Johansson et van Bavel
(2003a) stanovili daleko vyssi obsahy PAU v uletovych popelech. Rostové popely z fytomasy,
stejné jako popely z dendromasy dosahovaly primérné sumy PAU nizsi nez 0,3 mg/kg. Ve
vSech testovanych popelech z biomasy pievladaly NM PAU nad SM PAU nebo VM PAU. To
bylo se shodné s vysledky, které publikovali Rey-Salgueiro et al. (2016). Vyssi obsah NM
PAU nez ostatnich PAU v popelech mohl byt zptisoben pyrolyzou probihajici béhem nizkych
teplot spalovani, jak ve své praci uvedli Garcia-Falcon et al. (2006).

Na zéklad¢ provedené Spearmanovy korelaéni analyzy byl zjistén velmi silny
statisticky prikazny (p < 0,05) pozitivni vztah (r = 0,80 az 0,97) mezi obsahem NM PAU, SM
PAU, VM PAU a celkové sumy PAU. Pearsonova korelacni analyza ukéazala velmi silny a
statisticky prikazny (p < 0,05) vztah mezi distribuci VM PAU v rostovych popelech a
celkovych PAU v tletovych popelech (r > 0,94). Z tohoto divodu by se obsah VM PAU v
rostovych popelech mohl pouzivat jako indikator kontaminace uletovych popeli PAU. S tim
souvisi také riziko emisi PAU v tletovych popelech, v pfipadé jejich nezachyceni na filtrech
spalovaciho zafizeni.

V predkladané praci celkové obsahy PAU v popelech dosahovaly zna¢né heterogenity
ve vztahu K teploté spalovani. To je ve shodé s Chagger et al. (2000), ktefi popsali vznik PAU
v popelech v prvotni fazi spalovani, kdy neni ustalena teplota spalovani a dostate¢ny piisun
kysliku, coz siln¢ ovliviiuje tvorbu PAU spojenou s jejich naslednou akumulaci ve
vznikajicich popelech. V piredlozené praci nejvyssi obsah PAU byl stanoven v uletovém
popelu z fytomasy (az 147 mg/kg) pii teploté¢ 500 — 750 °C. Tento popel navic dosahoval
nejvyssi sumy potencialné karcinogennich PAU (az 46 mg/kg). Dale v této studii bylo
zjisténo, ze stejné druhy popelt z fytomasy vzniklé pii vyssich teplotach spalovani (750 —
1000 °C) dosahovaly rapidné nizSich obsahti PAU (pfiblizné 9,5 mg/kg). Tento trend platil i
pro popely, které vznikly pii teplotach nizSich nez 500 °C. Pti téchto teplotich byly
potencidlné karcinogenni PAU v uletovych popelech z fytomasy pod mezi detekce.

Obsah organického nedopalu v popelech zavisi jak druhu a vlastnostech spalované
biomasy, tak i na kvalit¢ spalovaciho procesu (Gomez-Barea et al., 2009). Proto obsah
nespaleného organického uhliku v testovanych popelech dosahoval Siroké variability. Nejvyssi

obsah 55,2 % byl stanoven v uletovém popelu z fytomasy. V rostovych popelech z fytomasy
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byl maximalné 7,6 %. Podobny trend byl sledovan i v popelech z dendromasy. V popelech z
fytomasy a tletovém popelu z dendromasy byla navrzena kvadraticka regrese (r > 0,91) a v
roStovych popelech z dendromasy linearni regrese (r = 0,93) mezi nespalenym uhlikem a
obsahem celkové sumy PAU. Na tomto zaklad¢ byly pro jednotlivé druhy popelid odvozeny
rovnice k predikci celkového obsahu PAU na zakladé obsahu nespaleného organického uhliku
v popelech.

Kvalita popela z biomasy je hodnocena v mnoha statech odlisné. Johansson et van
Bavel (2003b) popsali, Ze ve Svédsku se nesmi v zemé&délstvi vyuzivat popel, ktery obsahuje
sumu potencialné karcinogennich PAU vyssi nez 0,3 mg/kg. Podle tohoto hlediska by se v
této studii nemohl vyuzivat pouze popel z fytomasy, protoze obsahoval sumu potencialné
karcinogennich PAU Vv rozmezi od 0,4 do 4,2 mg/kg. Podobné by tomu bylo i v Norsku dle
Haglund (2008), ktery v popelech z biomasy uvedl maximalni sumu celkovych PAU 3 mg/kg.
V CR by se nékteré popely z fytomasy mohly vyuzivat, jelikoz dle MZe CR (2014) je
maximalni suma PAU 20 mg/kg, avSak pida nesmi piekrocit preventivni sumu PAU (1
mg/kg) dle MZp CR (2016). V CR se miize zdat maximalni obsah PAU v popelech uréenych
k vyuziti v zem&délstvi jako pfili§ vysoky, ale naptiklad Nisbet et LaGoy (1992) pii tomto
obsahu nezaznamenali zadny vliv PAU na zivotni prostfedi. Na zaklad¢ ziskanych vysledki
stanoveni obsahu PAU v popelech lze popele ze spalovani dendromasy a roStové popele z
fytomasy doporucit k vyuziti v zeméd¢€lstvi. MoZzné vyuziti tletovych popelt z fytomasy v
zemédé€lstvi je nutné posuzovat vZdy individualné na zékladé provedeného rozboru obsahu
PAU, ale i jinych rizikovych latek danych legislativou (MZe CR, 2014). Pro mozné vyuziti
uletovych popelt z fytomasy s vysokym obsahem PAU v zeméd¢lstvi z divodu omezeni
skladkovani popela a navraceni zivin zpét do pudy bylo nutné zjistit vliv vybranych

bioremedia¢nich metod na zmény obsahu PAU v pud¢ po aplikaci popelu.

5.2 Bioremediace PAU v pudé
5.2.1 Prirozena atenuace

V ptipadé, ze experimentalni uletovy popel z biomasy (slamy) s obsahem PAU
(ptiblizné 160 mg/kg) byl aplikovan do pidy samostatné bez aditiv a ptida byla ponechana bez
rostlin, tak pfirozena schopnost puidy snizit obsah PAU v pudé¢ byla za 120 dnii zanedbatelna.

V pudé obohacené o popel v nadobovych experimentech se obsah PAU metodou ptirozené
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atenuace snizil do 5,7 %. Podobné tomu bylo i v ptipadé syntetickych PAU, jejichz celkovy
obsah se snizil 0 5,3 % (prumér ze dvou experimenttt). Vyssi tendence poklesu obsahu PAU
byla zaznamenana jiz za 60 dnt v piipadé dlouhodobé kontaminované pidy odebrané z
oblasti se silnou antropogenni ¢innosti. Rozdily v odstranéni PAU metodou pfirozené
atenuace v pudé¢ mohou byt piedev§im zplisobeny rozdilnym zastoupenim jednotlivych
prioritnich PAU, rozdilnymi charakteristikami experimentalnich pid a vlivem rocniku.
Residualni obsah PAU v pfirozené atenuované pudé nebyl v nékterych piipadech statisticky
vyznamn¢ rozdilny (p < 0,05) s pfisluSnym pocatecnim obsahem PAU. V této praci bylo
zjisténo, ze piirozena atenuace PAU v pudé nebyla pfili§ vhodnou bioremedia¢ni metodou
PAU, i kdyz Declercq et al. (2012) publikovali, Ze vétsina jednotlivych PAU ze skupin NM
PAU a SM PAU je dobie volatilni, fotodegradabilni a sndze degradovatelnd plvodnimi

mikroorganismy v padé.

5.2.2 Fytoremediace

V ramci fytoremediace PAU v pudé¢ po aplikaci kontaminovaného popelu z biomasy
jako experimentalni rostlina byla pouzivana kukufice seta (Zea mays L.), protoZze je vhodna
pro péstovani na pudach svysokym obsahem PAU jak publikovali Lin et al. (2007).
V piedlozené praci bylo zaznamenano, ze k nejvy$s§imu odstranéni individudlnich PAU o 58
% z pudy doslo v ptipadé naftalenu ze skupiny NM PAU. V pidé s rostlinami a pfidanymi
syntetickymi PAU se nejvice snizil acenaftylen o 87 % a v dlouhodobé kontaminované padé
bylo odstranéni jednotlivych PAU ze skupiny NM PAU velmi podobné. Ve srovnani s
pfirozenym utlumem doslo v prubéhu fytoremediace ke statisticky prukazné (p < 0,05)
vy$§imu odstranéni vétSiny jednotlivych PAU z popela kromé benz[a]antracenu,
benzo[Kk]fluorantenu, indeno[1,2,3-c,d]pyrenu, dibenz[a,h]antracenu a benzo[g,h,i]perylenu ze
skupiny VM PAU. Podobné tomu bylo i v ptipad¢ syntetickych PAU, ale i PAU v dlouhodobé¢
kontaminované pud¢. V provedenych experimentech byla prokdzana vhodnost pouziti
kukufice zejména na fytoremediace dvou az ctyf cyklickych PAU a benz[a]pyrenu, jako
jediného ze skupiny VM PAU, v padé odvozenych z popela po spalovani biomasy. Vhodnost
pouziti kukufice ve fytoremediacnich technologii je ve shod¢ s praci, kterou publikovali Xu et
al. (2006).

107



Celkova suma NM PAU v pudé po aplikaci popelu se péstovanim rostlin snizila v
priméru 0 47,6 %, dale suma SM PAU o0 19,8 % a suma VM PAU o0 13,9 %. Péstovanim
rostlin se celkovy obsah syntetickych NM PAU snizil podobn¢ 0 33 %, SM PAU 0 22,5 % a
VM PAU o 10,2 %. V ptipadé zmén obsahti PAU v dlouhodobé kontaminované plid¢ se
jednotlivé skupiny PAU snizily v rozmezi od 28,7 % do 42,0 %. V ptipadé¢ PAU pivodem z
popela bylo pozorovano vyssi odstranéni NM PAU nez SM PAU a VM PAU v puadé s
rostlinami. To bylo ve shodé s vyzkumy, které publikovali Feng et al. (2008) a Lee et al.
(2008). Moznym divodem vyssiho odstranéni NM PAU je schopnost kukufice podpofit riist a
aktivitu nativnich mikroorganismu v pidé zapojenych do degradace PAU. Vlivem exudace v
oblasti rhizosféry se podporuje vyssi biodostupnost zejména NM PAU pro rhizosférni
mikroorganismy schopnych odbouravat tyto polutanty (Segura et Ramos, 2013). Parrish et al.
(2005) uvedli, ze NM PAU jsou vice volatilni, vodorozpustné a méné lipofilni, coZ naznacuje
vyS$$i néachylnost k biodegradaci nez PAU s vyssi molekulovou hmotnosti. PAU s vyssi
molekulovou hmotnosti tihnou k vétsi stabilizaci v pudé vlivem sorpce na pidni organickou
hmotu (Cofield et al., 2007).

Na rozdil od ptidy bez rostlin, ptitomnost vegetace v ramci bioremediace PAU v padé
je velmi dulezita, protoze schopnost podpofit biodegradaci PAU v piadé ex planta, je
prokazatelna (Maila et Cloete, 2002). Rostliny v pudé kontaminované PAU jsou schopny
produkce extracelularnich hydrolytickych enzymi, které jsou obecné spojovany se
zvySovanim biodostupnosti PAU. Biodostupné PAU mohou byt nésledné v ramci
metabolismu pidnich organismi degradovany nebo transformovany (Nanekar et al., 2015).
Guo et al. (2017) ve své studii publikovali, Zze kukutice béhem fytoremediace méla schopnost
vlivem rostlinné exudace ménit zastoupeni pldnich mikroorganismii a v padé silné
kontaminované pyrenem podpofila rist celkové biomasy mikroorganismli a zvysila jejich
aktivitu v pudé. Nasledné bylo zjisténo, ze kmeny bakterii naptiklad Bacillus sp.,
Sphingomonas sp. a Pseudomonas sp. byly zapojeny do biodegradace PAU v pudé za
ptitomnosti kukufice. Nicméné, Gao et al. (2011) ve své praci uvedli, ze i arbuskularni
mykorrhiza, ktera se vytvari pii péstovani rostlin v pidé, podpofila pidni mikrobiotu k
degradaci vybranych PAU v pade.

Vyse zminéné diivody mohly pfispét k tomu, ze po ukonceni jednotlivych experimentl

s kukufici, ktera rostla na pude¢ s popelem, se celkovy obsah PAU v ptuidé prokazateln¢ snizil v
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rozmezi od 26,7 % do 29,4 %. V pud€ kontaminované syntetickymi PAU se jejich obsah
snizil podobné az o 21,8 %, nejvice pak v douhodobé kontaminované ptdé az o 36,9 %.
Provedené experimenty (podkapitoly 4.2 az 4.5) ukazaly, ze fytoremediace PAU v piadé po
aplikaci popelu probiha podobné jako fytoremediace PAU v pidé kontaminované uméle nebo
antropogenni ¢innosti. Ve srovnani s pfirozenou atenuaci vegetacni experimenty dosahly

pozitivnich rozdilti ve schopnosti rostlin snizit obsah PAU v pude.

5.2.3 Bioaugmentace a fytobioaugmentace

Bioaugmentacni a fytobioaugmenta¢ni metody, ve kterych se aplikoval kompost nebo
vermikompost, byly testovany pouze na pudé obsahujici PAU pivodem z popela. Bylo
zjisténo (podkapitola 4.3), ze bioaugmentace kompostu nebo vermikompostu vyrobenych ze
stejnych smési organickych odpadt v pide, méla pozitivni vliv na zménu obsahu PAU v padé
s popelem. Nebyl zaznamenan statisticky prikazny (p < 0,05) rozdil mezi kompostem a
vermikompostem na zménu obsahu PAU v pad¢. Ve srovnani s fytoremediaci PAU v pid¢ s
popelem byla bioaugmentace méné U€inn4, avSak byla vice i€¢inna ve snizeni obsahu PAU nez
v piipad¢ ptirozeného utlumu PAU v padé po aplikaci popela. Kombinace rostlin s
kompostem nebo vermikompostem (fytobioaugmentace) byla jest¢ ucinngjsi ve snizeni
obsahu PAU v padé nez jejich pfirozena atenuace, samostatna fytoremediace nebo
bioaugmentace. V ptdé obohacené popelem a kompostem nebo vermikompostem po sklizni
kukufice bylo zaznamenano snizeni obsahu PAU Vv rozmezi od 62,9 do 64,9 % za 120 dnd.
Podobné¢ jako v piipad¢ bioaugmentace i zde v ramci fytoaugmentace nebyl zaznamenan
statisticky prukazny rozdil mezi aplikovanymi materialy na bioremediace PAU. Pfidavky
organickych materidlii v pad¢ spole¢né s rostlinami podporuji autochtonni mikroorganismy,
méni polaritu polutanti a tim zvySuji jejich biodostupnost. Zaroven zminéné piidavky
obohacuji ptidu o nové druhy mikroorganismt, které mohou degradovat PAU v puadeé
(Ouvrard, et al. 2014).

5.2.4 Mykoremediace (mykoaugmentace a fytomykoaugmentace)
Lignocelul6zni substrat vyrobeny z 30 — 50 mm jablonové $tépky obsahujici mycelium
ligninolytické houby hlivy tustfiéné (Pleurotus ostreatus (Jacg.) P. Kumm.) (dale jen P.

ostreatus) byl nejucinnéjsi ze vSech testovanych mykoremediacnich substrati (podkapitola
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4.4) na snizeni obsahu vétSiny jednotlivych syntetickych PAU v pudé. Tento substrat s P.
ostreatus statisticky prukazné¢ (p < 0,05) snizil i obsah jednotlivych vysokomolekuldrnich
PAU az o 42 % ve srovnani s ptirozenym Gtlumem a fytoremediaci PAU v pudé¢, kde se
jednotlivé vysokomolekularni PAU snizily v maximu o 23 %. Aplikaci tohoto substratu se
zaroven snizila suma NM PAU o 37,8 %, suma SM PAU o 42,3 %, suma VM PAU o 28,7 %
a suma celkovych PAU 0 36 %. Jestlize byl stejny substrat pouzit v kombinaci s kukufici, tak
bioremedia¢ni efekt rostlin na konci experimentu (120 dnti) nebyl pozorovan, protoze pokles
obsahu celkovych syntetickych PAU v pudé nebyl od sebe statisticky rozdilny (p < 0,05). Je
mozné, ze k vyrazn€j$imu odstranéni PAU v pud¢é by doslo v delsim ¢asovém obdobi nez ve
zkoumanych 120 dnech, protoze metoda fytomykoaugmentace dosahovala statisticky
prukazné vysSich hodnot celkové ptudni biomasy hub, mikrobialni a mangan peroxidazové
aktivity nez metody pfirozené atenuace, samostatné fytoremediace a mykoaugmentace.
Zaroven bylo zjiSténo, ze zminénd biomasa hub a enzymatické aktivity v pidé velmi silné
korelovaly s celkovym odstranénim PAU z pudy.

Na mykoremediaci zeméd¢lské pudy kontaminované PAU antropogenni ¢innosti byly
vyuzity substraty (zrno je¢mene) prorostlé myceliem houby poharovky obecné (Crucibulum
leave Huds. dale jen C. leave). Substrat s C. leave snizil obsah PAU v pudé o 27,6 % a pokud
byl substrat aplikovan v kombinaci s rostlinami, tak se obsah PAU v ptudé snizil o 42,7 %. Po
120 dnech byly pozorovany podobné trendy jako pii vyuziti P. ostreatus. Avsak, po 180 dnech
samostatna mykoaugmentace pomoci C. leave snizila obsah PAU v pudé o 48 % a
fytomykoaugmentace o 58 %. Mnozi autoti uvedli, ze bioremediace pomoci hub by mohly byt
perspektivni pro vyuziti na bioremediace PAU v praxi (Li et al., 2012; Garcia-Delgado et al.,
2015). V této praci mykoaugmentace pomoci P. ostreatus dosahla zhruba o 30 % vyssiho
odstranéni syntetickych PAU, nez tomu bylo v ptfipad¢ ptfirozeného Gtlumu a ve srovnani s
fytoremediaci ptiblizné o 10 %. Avsak, mykoaugmentace pomoci P. ostreatus doséhla témét o
7 % nizs§iho odstranéni syntetickych PAU v piadé nez fytomykoaugmentace PAU v

dlouhodob¢ kontaminované zeméde€lské pudé pomoci C. leave za dobu 120 dnti.

5.2.5 Vliv PAU v piidé na rist rostlin a obsah PAU v rostlinach
Témér ve vSech diskutovanych bioremediacich PAU v plidé se jiz samostatnym

péstovanim rostlin docililo niz§iho celkového obsahu residudlnich PAU nez je preventivni
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obsah PAU dany legislativou (MZp CR, 2016). Pokud byl obsah residualnich PAU v ptdé po
sklizni rostlin stale vysoky, doporucuje se jejich péstovani i v dal§im vegetaénim obdobi
(Chirakkara et al., 2016).

V piipad¢ rastu rostlin kukufice na ptudé s popelem kontaminovanym PAU a na padé
se syntetickymi PAU, tak nebyly pozorovany zadné statisticky vyznamné rozdily (p < 0,05) ve
vynosu biomasy ve srovnani s rostlinami na pudé s obsahem PAU pod mezi detekce. To bylo
ve shod¢ s praci Wu et al. (2011). Dupuy et al. (2015) publikovali, ze k redukci biomasy a
porucham metabolismu rostlin doslo az pfi ristu kukufice na pidé s obsahem PAU vyssim
nez 50 mg/kg. V této piedlozené praci byl stanoven obsah PAU zejména v kofenech kukufice,
ktery byl nizsi nez 0,1 mg/kg. Stanovené bioakumulacni faktory (BAF) PAU v kotenech byly
vyrazné€ niz§i nez 1. Transloka¢ni faktory (TF) PAU zde nebyly stanoveny, protoze obsah
PAU v nadzemni biomase byl pod mezi detekce. Toto zjisténi je ve shod¢ s ptredchozimi
pracemi Wild et al. (2005) a Gao et al. (2011), ktefi uvedli, ze PAU jsou spiSe akumulovéany v
kofenovém kortexu, nez aby byly transportovany xylémem do nadzemni biomasy.

Déale vtéto predkladané praci byl stanoven procentudlni podil, kterym rostliny
kukutice prispély k celkovému odstranéni PAU z pudy. Tyto hodnoty byly vsak vyrazné nizsi
nez 1 % z celkového puvodniho obsahu PAU v puadé (~1,6 mg/kg). Z toho vyplynulo, ze
kukufice pravdépodobné podpotily pouze mikrobialni odstranéni PAU v oblasti rhizosféry
vlivem rostlinné exudace, tedy Ze dochazi spiSe k bioremediaci PAU ex planta jak uvedli
Binet et al. (2000). Podobné trendy byly pozorovany i v piipadé kombinovaného vyuziti
rostlin péstovanych na ptdé s popelem a kompostem nebo vermikompostem, ale i v ptipadé
mykoremediaci pudy pomoci substrati S P. ostreatus. VV experimentech, kde se aplikovaly
substraty obsahujici C. leave do pidy dlouhodobé kontaminované PAU, byly stanoveny PAU
I v nadzemni biomase, avSak jejich obsah byl témét zanedbatelny vzhledem k celkovému
odstranéni PAU z pldy. Stanovené BAF a TF byly tudiz vyznamné nizsi nez 1 a procentualni
podil rostlin na celkovém odstranéni PAU z pidy byl také vyrazné nizsi nez 1 %.

Pokud pfijmeme tezi, ze stanovené NM PAU a SM PAU se extrahovaly z pudy az do
nadzemni biomasy pies kofenovy systém, prokazalo se, ze pohyb PAU rostlinou kukufice je
mozny, avSak velmi omezeny. Nicméné, ve vSech experimentech s rostlinami, dana nadzemni
biomasa nepiedstavovala zadné riziko pro Zivotni prostfedi, jelikoz obsahovala celkovou

sumu PAU mensi nez 10 nasobek piipustného mnozstvi (0,01 mg/kg) dle MZ CR (2002) nebo
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mén¢é nez 0,05 mg/kg v susené biomase dle Natizeni Komise (ES) ¢. 1881 (2006). Pokud by
sklizend nadzemni biomasa po ukonceni fytoremedia¢niho opatfeni byla z hlediska vysokého
obsahu PAU vyhodnocena jako rizikova pro Zivotni prostfedi, musela by se skladkovat jako
nebezpecny odpad obsahujici PAU nebo by se mohla bioremediovat napiiklad

kompostovanim jak publikovali Mizwar et al. (2016).

5.3 Bioremediace PAU kompostovanim a vermikompostovanim

Kompostovani a vermikompostovani uletového popela z biomasy ve smeési s
biologicky rozlozitelnymi odpady byly velmi Géinné bioremediaéni metody z hlediska
odstranéni PAU z popela. Pokles obsahu PAU ve smési organickych odpadt byl porovnan s
poklesem obsahu syntetickych PAU ve stejné smési organickych odpadii. PAU plivodem z
popela byly podobné néachylné k odstranéni jako v ptipad¢ syntetickych PAU. To bylo ve
shod¢ i1 s pfedchozim experimentem zaméfenym na fytoremediace plidy po aplikaci popelu
kontaminované¢ho PAU. Béhem kompostovani a vermikompostovani bylo zaznamenano, ze se
obsah jednotlivych PAU sniZzil v rozmezi od 28,7 % az 98,5 % v ramci 240 denniho
experimentu. Bioremediace PAU kompostovanim vedla k 93,6 % poklesu NM PAU, avsak
tento pokles nebyl statisticky prukazné rozdilny (p < 0,05) ve srovnani s
vermikompostovanim. Naopak, béhem kompostovani byl zjistén prikazny rozdil v poklesu
sumy SM PAU (80,1 %) a sumy VM PAU (73,1 %) ve srovnani s vermikompostovnim, ve
kterém se suma SM PAU snizila 0 45,3 % a suma VM PAU o 53,6 %. To mohlo byt
zpusobeno prukazné (p < 0,05) nizsi aktivitou extracelularnich enzyml zaznamenanych ve
smési popelu s organickymi odpady po ukonceni vermikompostovani. Behem kompostovani,
ale 1 vermikompostovani byla zaznamendna vys§i schopnost degradace NM PAU nez SM
PAU a VM PAU z popela, podobné jako tomu bylo v piipadé fytoremediacniho opatieni.
Celkovy obsah PAU ve smési s organickymi odpady s popelem se po ukonéeni kompostovani
snizil statisticky vyznamné (p < 0,05) 0 84,5 % v porovnani s vermikompostovanim, kde se
celkovy obsah PAU snizil o 64,5 %.

Celkovy pokles obsahu PAU ve smési organickych odpadt s popelem nebo
syntetickymi PAU béhem kompostovani byl v této praci vyssi (84,5 %) nez pokles obsahu
PAU (75,2 %) v kontaminované pudé pomoci kompostovani, jak uvedli Antizar-Ladislao et

al. (2005). Pokles obsahu PAU (84,5 %) béhem kompostovani byl v této praci srovnatelny s
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82,1 az 88,1 % poklesem obsahu PAU v kompostovaném kalu z odpadnich vod ve studii,
kterou publikoval Oleszczuk (2006). Pokles obsahu PAU béhem vermikompostovani (50,5 az
54,1 %) byl v této predlozené praci téméf 2 krat vyssi nez pokles obsahu PAU v padé s
organickymi materialy, jak uvedli Hickman et Reid (2008). Avsak, pokles obsahu PAU po
ukon¢eni vermikompostovani byl v této piedlozené praci niz$i nez Vv experimentu na
bioaugmentace PAU v pidé¢ s popelem pomoci kompostu nebo vermikompostu, kde se
celkovy obsah PAU snizil o 62,9 az 64,9 %. Vyssi pokles obsahu PAU kompostovanim nez
vermikompostovanim mohl byt zplsoben tim, Ze béhem kompostovani bylo dosazeno
prukazné vyssiho (p < 0,05) indexu polarity (0,96) nez pii vermikompostovani (0,75), jelikoz
byla zjisténa silna korelace (r > 0,65) mezi indexem polarity a celkovym poklesem obsahu
PAU. K podobnému zjisténi se doslo i v piipad¢é vyssiho poklesu celkové organické hmoty
béhem kompostovani, ktery koreloval velmi siln¢ (r > 0,94) s celkovym odstranénim PAU. Na
tomto zaklad€ byly navrzeny 3D modely celkového poklesu PAU ve vztahu k rdstu indexu
polarity a poklesu organické hmoty béhem kompostovani a vermikompostovani s koeficienty
determinace (R?) vyssich nez 0,91. Z jednotlivych modeli byly odvozeny parabolické rovnice
k predikci poklesu celkového obsahu PAU v zavislosti na zménach indexu polarity a
organické hmoty. Z analyzy dvoufdzového reakéniho modelu bylo zjisténo, ze reakéni
konstanty popisujici rychlost poklesu celkovych PAU béhem prvnich 120 dnl dosahuji daleko
vyssich hodnot (max. 0,0093 za den) nez reakéni konstanty popisujici rychlost poklesu
celkovych PAU béhem 121 az 240 dnid (max. 0,0024 za den). To naznacovalo, ze PAU béhem
kompostovani a vermikompostovani se degradovaly zejména béhem prvnich 120 dna
experimentu.

Ziskané komposty a vermikomposty obsahujici PAU pivodem z popela nebo
syntetické PAU nepiedstavovaly Zadné riziko pro Zivotni prosttedi, protoze obsahovaly sumu
residualnich PAU nizsi nez 2 mg/kg danou legislativou (MZp CR, 2008). Z tohoto diivodu, by
se komposty a vermikomposty po ukonceni bioremediacniho opatfeni mohly vyuzivat

napiiklad jako plidni organicka aditiva.
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5.4 Souhrnny prehled vlivu zkoumanych bioremedia¢nich metod na zmény

obsahu PAU

Na zaklad¢é souhrnného piehledu v Tabulce 1 Ize ucinit zavér, ze kompostovani bylo
nejucinnéjsi bioremedia¢ni metodou vedouci k nejvyssimu poklesu celkovych PAU, které se
akumulovaly v popelu po spalovani biomasy. Podobné tomu bylo 1 v pfipad¢ syntetickych
PAU. V piipad¢ PAU v dlouhodobé kontaminované pad¢ se nejvice tyto PAU snizily v ramci

metody fytoaugmentace ptdy se substratem, ktery obsahoval C. leave.

Tabulka 1. Pokles celkového obsahu PAU (%; x + SD) v pid¢ v ramci jednotlivych
bioremedia¢nich metod za stejné casové obdobi (120 dni). Stejna velka pismena ve stejném

sloupci a stejna mala pismena ve stejném fadku znacni statisticky neprikazné rozdily mezi

variantami dle post-hoc Tukeyeho testu.

Pokles obsahu PAU v pidé (%0)
Bioremedia¢ni metoda Popel Syntetické | Antropogenni
Pfirozena atenuace 43 +2 15" 54+ 0,75 8,0 £2,5P2
Fytoremediace 28,1+1,9%°" | 21,8+1,8°" | 36.9+1,1B2
Bioaugmentace (kompost) 18,8 +1,8° — -
Bioaugmentace (vermikompost) 17,8 +2,1° - -
Fytobioaugmentace (kompost) 62,9 + 3,58 - -
Fytobioaugmentace (vermikompost) 64,9 + 2,38 - -
Mykoaugmentace D
(P. ostreatus na 10 — 30 mm substraté) B 189+25 B
Mykoaugmentace c
(P. ostreatus na 30 — 50 mm substraté) B 36,0+1,3 B
Mykoaugmentace D
(P. ostreatus na 10 — 50 mm substraté) B 22,2+0,7 B
Fytomykoaugmentace b
(P. ostreatus na 10 — 30 mm substraté) B 21,3+18 B
Fytomykoaugmentace c
(P. ostreatus na 30 — 50 mm substraté) B 36,2+2,5 B
Fytomykoaugmentace b
(P. ostreatus na 10 — 50 mm substraté) B 23,3+23 B
Mykoaugmentace (C. leave) - - 27,4 +1,1¢
Fytomykoaugmentace (C. leave) — — 42,7+ 1,0
Kompostovani 80,2+ 0,17 | 74,7+1,3” -
Vermikompostovani 54,1+23% | 505+0,882 —

* o W M [e] 14
Primér ze dvou experimentt; 1Nebylo zkoumano.
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6 Zavér

Piedkladana disertaéni prace je souborem komentovanych jiz publikovanych 5
impaktovanych védeckych praci a jedné védecké prace pripravené k odeslani do Casopisu s
impakt faktorem k recenznimu fizeni. Dosavadni piehled o pfitomnosti polycyklickych
aromatickych uhlovodiki (PAU) v uletovych a rostovych popelech po spalovani biomasy,
které vznikly za redlnych podminek spalovani, je v soucasné¢ dobé ve védecké literatute stale
velmi omezeny. Vyzkum zalozeny na recyklaci popelt s vysokym obsahem PAU v ramci
environmentalné Setrnych a ekonomicky dostupnych bioremedia¢nich metod nebyl pied touto
praci na zakladé dosavadnich znalosti védeckych publikaci proveden.

V prvni ¢asti experimentalni prace byla vénovana znacné pozornost sledovani obsahu
PAU v popelech po spalovani biomasy ve vztahu k teplot¢ spalovani a nespalenému
organickému uhliku. Druha c¢ast experimentalni prace se zabyvala vlivem vybranych
bioremediac¢nich metod na zmény obsahu PAU v pidé nebo ve smési s organickymi odpady.

Na zdklad¢ provedeného monitorovani obsahu PAU v popelech bylo zjisténo, ze z
hlediska tvorby PAU s jejich naslednou akumulaci ve wvznikajicich popelech bylo
nejrizikové)si spalovani slamy pfi teploté v rozmezi 500 az 750 °C. Popely po spalovani
dendromasy (dfevni popele) a rostové popely ze slamy (mimo popeld vzniklych v rozmezi
500 — 750 °C) byly vyhodnoceny jako bezrizikové z hlediska nizkého obsahu PAU a mohly by
se vyuzivat v zemé&délstvi. Uletové popely dosahovaly vyznamné vyssich obsahti PAU nez
rostové. Ve vétsiné popell pievazoval obsah nizkomolekularnich PAU nez obsah stfedné a
vysokomolekuldrnich PAU. Na zékladé vztahu mezi nespalenym organickym uhlikem a
celkovym obsahem PAU v popelech byly odvozeny rovnice, které by se v praxi mohly
vyuzivat k predikci obsahu PAU v popelech. Ziskané vysledky z monitorovani obsahu PAU v
popelech v této praci byly pouzity MZe CR jako podklad pro nastaveni legislativniho obsahu
PAU v popelech po spalovani biomasy urcenych pro vyuziti v zeméd¢lstvi.

Ve fytoremedia¢nich metodach byla pouzita rostlina kukufice seta (Zea mays L.).
Fytoremediace PAU v pudé po aplikaci popelu méla prokazatelné vyssi vliv na pokles obsahu
celkovych PAU nez ptirozend atenuace PAU v ptidé. PAU piivodem z popela byly podobné
nachylné k biodegradaci jako syntetické PAU v uméle kontaminované pidé. Metoda
fytobioagumentace PAU v padé po aplikaci popelu, tedy pomoci kompostu nebo
vermikompostu v padé s rostlinami, byla z hlediska poklesu obsahu PAU v pudé prokazatelné
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ucinnéjsi nez samostatnd fytoremediace nebo samostatnd bioaugmentace. V ramci
mykoremediace pudy kontaminované syntetickymi PAU bylo z hlediska vlivu na pokles
obsahu PAU v pudé nejvyhodné;jsi aplikovat 30 — 50 mm substrat ze Stépky obsahujici hlivu
ustfi¢nou (Pleurotus ostreatus). V tomto experimentu nebyl zaznamenan statisticky prikazny
rozdil mezi samostatnou aplikaci substratu v pud¢ a jeho kombinovanym vyuzitim s
rostlinami. Ve srovnani s fytobioaugmentaci PAU v popelu byla tato mykoremediace méné
ucinna. AvsSak, mykoremediace PAU v dlouhodobé kontaminované puadé pomoci
kombinovaného vyuziti rostlin a substratu s penizovkou obecnou (Crucibulum leave)
prokazala, ze i mykoremedia¢ni substraty maji velkou schopnost degradovat PAU v pud¢. Z
divodu produkce ligninolytickych enzymt v padé schopnych degradovat PAU je aplikace
mykoremedia¢nich substrati do pudy kontaminované PAU velice perspektivni metodou.
Vermikompostovani smési organickych odpadt s popelem bylo pomérné efektivni metodou
bioremediace PAU, avsak srovnatelnou s metodou fytobioagumentace PAU v pudé obohacené
0 popel. Nejefektivnéjsi metodou bioremediace PAU z popela bylo kompostovani ve smési S
organickymi odpady. PAU ve smési organickych odpadll po aplikaci popelu byly podobné
degradovatelné jako syntetické PAU. Kompostovani poskytlo vyssi rast indexu polarity,
vyznamnéjsi pokles organické hmoty a zvySenou aktivitu mangan peroxiddzy. Tyto parametry
korelovaly velmi silné s celkovym poklesem obsahu PAU. Dvoufazova analyza kinetiky
prvniho fadu ukazala, ze se PAU degradovaly zejména béhem prvnich 120 dnti pokusu.

V ramci experimentl s rostlinami kukufice seté (Zea mays L.) na pidé kontaminované
PAU bylo zjisténo, ze PAU v pidé nemély vyznamny Vvliv na redukci vynosu biomasy rostlin.
V ptipad¢ rustu rostlin na pidé s popelem byly PAU nalezeny zejména v kotenech rostlin. V
nadzemni biomase byly PAU stanoveny pouze v piipad¢ rostlin, které rostly na ptdé
dlouhodobé kontaminované PAU. Na zdklad€ stanoveného relativniho podilu rostlin na
celkovém poklesu obsahu PAU v pude bylo zjisténo, ze rostliny kukufice pravdépodobné
podporuji pouze bioremediaci PAU v pudé. Téméf ve vSech pfipadech byl po fytoremediaci
pudy residualni obsah PAU niZ§i neZ je preventivni obsah PAU v piidé dany legislativou.
Sklizena nadzemni biomasa z hlediska nizkého obsahu PAU nepiedstavovala Zadné riziko pro
zivotni prostfedi. Z divodu sumy PAU nizs§i nez 2 mg/kg dané legislativou by se ziskané
komposty a vermikomposty po bioremediaci PAU mohly vyuZivat naptiklad jako pidni

organicka aditiva.

116



7 Seznam literatury pouzité v literarnim prehledu a

diskusi

Abdel-Shafy, H. I., Mansour, M. S. M. 2016. A review on polycyclic aromatic hydrocarbons:
Source, environmental impact, effect on human health and remediation. Egyptian Journal
of Petroleum. 25 (1). 107-123.

Abhilash, P. C., Jamil, S., Singh, N. 2009. Transgenic plants for enhanced biodegradation and
phytoremediation of organic xenobiotics. Biotechnology Advances. 27 (4). 474-488.

Adams, G. O., Fufeyin, P. T., Okoro, S. E., Ehinomen, I. 2015. Bioremediation,
biostimulation and bioaugmentation: a review. International Journal of Environmental
Bioremediation & Biodegradation. 3 (1). 28-39.

Agnello, A. C., Bagard, M., van Hullebusch, E. D., Esposito, G., Huguenot, D. 2016.
Comparative bioremediation of heavy metals and petroleum hydrocarbons co-contaminated
soil by natural attenuation, phytoremediation, bioaugmentation and bioaugmentation-
assisted phytoremediation. Science of the Total Environment. 563-564. 693—703.

Ahmaruzzaman, M. 2010. A review on the utilization of fly ash. Progress in Energy and
Combustion Science. 36 (3). 327-363.

Alkorta, 1., Garbisu, C. 2001. Phytoremediation of organic contaminants in soils. Bioresource
Technology. 79 (3). 273-276.

Amir, S., Hafidi, M., Merlina, G., Hamdi, H., Revel, J. C. 2005. Fate of polycyclic aromatic
hydrocarbons during composting of lagooning sewage sludge. Chemosphere. 58 (4). 449—
458.

Andreoni, V., Cavalca, L., Rao, M. A., Nocerino, G., Bernasconi, S., Dell’Amico, E.,
Colombo, M., Gianfreda, L. 2004. Bacterial communities and enzyme activities of PAHs
polluted soils. Chemosphere. 57 (5). 401-412.

Antizar-Ladislao, B., Lopez-Real, J. M., Beck, A. J. 2004. Bioremediation of polycyclic
aromatic hydrocarbon (PAH)-contaminated waste using composting approaches. Critical
Reviews in Enviromental Science and Technology. 34 (3). 249-289.

Antizar-Ladislao, B., Lopez-Real, J., Beck, A. J. 2005. In-vessel composting-bioremediation
of aged coal tar soil: effect of temperature and soil/green waste amendment ratio.

Environment International. 31 (2). 173-178.

117



Antizar-Ladislao, B., Beck, A. J., Spanova, K., Lopez-Real, J., Russell, N. J. 2007. The
influence of different temperature programmes on the bioremediation of polycyclic
aromatic hydrocarbons (PAHSs) in coal-tar contaminated soil by in-vessel composting.
Journal of Hazardous Materials. 144. 340-347.

Antizar-Ladislao, B., Spanova, K., Beck, A. J., Russell, N. J. 2008. Microbial community
structure changes during bioremediation of PAHSs in an aged coal-tar contaminated soil by
in-vessel composting. International Biodeterioration & Biodegradation. 61 (4). 357-364.

Anyakora, C., Ogbeche, A., Palmer, P., Coker, H. 2005. Determination of polynuclear
aromatic hydrocarbons in marine samples of Siokolo Fishing Settlement. Journal of
Chromatography A. 1073 (1-2). 323-330.

Atagana, H. 1. 2004. Co-composting of PAH — contaminated soil with poultry manure. Letters
in Applied Microbiology. 39 (2). 163-168.

Atkins, A., Bignal, K. L., Zhou, J. L., Cazier, F. 2010. Profiles of polycyclic aromatic
hydrocarbons and polychlorinated biphenyls from the combustion of biomass pellets.
Chemosphere. 78 (11). 1385-1392.

Alvarez-Bernal, D., Garcia-Diaz, E. L., Contreras-Ramos, S. M, Dendooven, L. 2006.
Dissipation of polycyclic aromatic hydrocarbons from soil added with manure or
vermicompost. Chemosphere. 65 (9). 1642-1651.

Baldrian, P. 2008. Wood-inhabiting ligninolytic basidiomycetes in soils: Ecology and
constraints for applicability in bioremediation. Fungal Ecology. 1 (1). 4-12.

Bakker, M. 1., Casado, B., Koerselman, J. W., Tolls, J., Kolléffel, C. 2000. Polycyclic
aromatic hydrocarbons in soil and plant samples from the vicinity of an oil refinery. The
Science of the Total Environment. 263 (1-3). 91-100.

Bamforth, S. M., Singleton, I. 2005. Bioremediation of polycyclic aromatic hydrocarbons:
current knowledge and future directions. Journal of Chemical Technology and
Biotechnology. 80 (7). 723-736.

Basu, M., Pande, M., Bhadoria, P. B. S., Mahapatra, S. C. 2009. Potential fly-ash utilization in
agriculture: a global review. Progress in Natural Science. 19 (10). 1173-1186.

Baumard, P., Budzinski, H., Garrigues, P. 1998. Polycyclic aromatic hydrocarbons (PAHS) in
sediments and mussels of the western Mediterranean Sea. Environmental Toxicology and
Chemistry. 17 (5). 765-776.

118



Bernal, M. P., Alburquerque, J. A., Moral, R. 2009. Composting of animal manures and
chemical criteria for compost maturity assessment. A review. Bioresource Technology. 100
(22). 5444-5453,

Berra, M., Mangialardi, T., Paolini, A. E. 2015. Reuse of woody biomass fly ash in cement-
based materials. Construction and Building Materials. 76. 286—296.

Bignal, K. L., Langridge, S., Zhou, J. L. 2008. Release of polycyclic aromatic hydrocarbons,
carbon monoxide and particulate matter from biomass combustion in a wood-fired boiler
under varying boiler conditions. Atmospheric environment. 42 (39). 8863-8871.

Binet, P., Portal, J. M., Leyval, C. 2000. Fate of polycyclic aromatic hydrocarbons (PAH) in
the rhizosphere and myorrhizosphere of ryegrass. Plant Soil. 227 (1-2), 207-213.

Bojes, H. K., Pope, P. G. 2007. Characterization of EPA’s 16 priority pollutant polycyclic
aromatic hydrocarbons (PAHS) in tank bottom solids and associated contaminated soils at
oil exploration and production sites in Texas. Regulatory Toxicology and Pharmacology.
47 (3). 288-295.

Boopathy, R. 2000. Factors limiting bioremediation technologies. Bioresource Technologiy.
74 (1). 63-67.

Burken, J. G., Schnoor, J. L. 1998. Predictive relationships for uptake of organic contaminants
by hybrid poplar trees. Environmental Science & Technology. 32 (21). 3379-3385.

Byss, M., Elhottova, D., Ttiska, J., Baldrian, P. 2008. Fungal bioremediation of the creosote-
contaminated soil: influence of Pleurotus ostreatus and Irpex lacteus on polycyclic
aromatic hydrocarbons removal and soil microbial community composition in the
laboratory-scale study. Chemosphere. 73 (9). 1518-1523.

Cai, Q. Y., Mo, C. H., Wu, Q. T., Zeng, Q. Y., Katsoyiannis, A., Férard, J. F. 2007.
Bioremediation of polycyclic aromatic hydrocarbons (PAHSs)-contaminated sewage sludge
by different composting processes. Journal of Hazardous Materials. 142 (1-2). 535-542.

Cai, Q. Y., Mo, C. H.,, Wu, Q. T., Zeng, Q. Y. 2008. Polycyclic aromatic hydrocarbons and
phthalic acid esters in the soil-radish (Raphanus sativus) system with sewage sludge and
compost application. Bioresource Technology. 99. 1830-1836.

Cajthaml, T., Bhatt, M., Sasek, V., Matg&ji, V. 2002. Bioremediation of PAH-contaminated
soil by composting: a case study. Folia Microbiologica. 47 (6). 696—700.

119



Cachada, A., Ferreira da Silva, E., Duarte A. C., Pereira, R. 2016. Risk assessment of urban
soils contamination: the particular case of polycyclic aromatic hydrocarbons. Science of the
Total Environment. 551-552. 271-284.

Canet, R., Birnstingl, J. G., Malcolm, D. G., Lopez-Real, J. M., Beck, A. J. 2001.
Biodegradation of polycyclic aromatic hydrocarbons (PAHs) by native microflora and
combinations of white-rot fungi in a coal-tar contaminated soil. Bioresource Technology.
76 (2). 113-117.

Carrasquero-Duran, A., Flores, I. 2009. Evaluation of lead (II) immobilization by a
vermicompost using adsorption isotherms and IR spectroscopy. Bioresource Technology.
100 (4). 1691-1694.

Cerniglia, C. E. 1993. Biodegradation of polycyclic aromatic hydrocarbons. Current Opinion
in Biotechnology. 4 (3). 331-338.

Cofield, N., Banks, M. K., Schwab, A. P. 2008. Lability of polycyclic aromatic hydrocarbons
in the rhizosphere. Chemosphere. 70 (9). 1644-1652.

Coleman, J. O. D., Blake-Kalff, M. M. A., Davies, T. G. E. 1997. Detoxification of
xenobiotics by plants: chemical modification and vacuolar compartmentation. Trends in
Plant Science. 2 (4). 144-151.

Crecchio, C., Curci, M., Pizzigallo, M. D. R., Ricciuti, P., Ruggiero, P. 2004. Effects of
municipal solid waste compost amendments on soil enzyme activities and bacterial genetic
diversity. Soil Biology & Biochemistry. 36 (10). 1595-1605.

Cristaldi, A., Conti, G. O., Jho, E. H., Zuccarello, P., Grasso, A., Copat, C., Ferrante, M.
2017. Phytoremediation of contaminated soils by heavy metals and PAHs. A brief review.
Environmental Technology & Innovation. 8. 309-326.

Cunningham, S. D., Berti, W. R., Huang, J. W. 1995. Phytoremediation of contaminated soils.
Trends in Biotechnology. 13 (9). 393-397.

Cunningham S. D., Ow D. W. 1996. Promises and prospects of phytoremediation. Plant
Physiology. 110 (3). 715-719.

Cesko. Listina zakladnich prav a svobod. In: Sbirka zakont, Ceska republika. 1992, ro&. 1993,
Castka 1, usneseni piedsednictva Ceské ndrodni rady &. 2, s. 17-23. ISSN 1211-1244.
Dostupné z: <http://aplikace.mvcr.cz/sbirka-zakonu/ViewFile.aspx?type=z&id=22426>.
(overeno dne 27. 7. 2018).

120



Dare, P. Gifford, J., Hooper, R. J., Clemens, A. H., Damiano, L. F, Gong, D., Matheson, T.
W. 2001. Combustion performance of biomass residue and purpose grown species.
Biomass and Bioenergy. 21 (4). 277-287.

Declercq, 1., Cappuyns, V., Duclos, Y. 2012. Monitored natural attenuation (MNA) of
contaminated soils: state of the art in Europe — a critical evaluation. Science of the Total
Environment. 426. 393-405.

Demeyer, A., Voundi Nkana, J. C., Verloo, M. G. 2001. Characteristics of wood ash and
influence on soil properties and nutrient uptake: an overview. Bioresource Technology. 77
(3). 287-295.

Demirbas, A. 2005. Potential applications of renewable energy sources, biomass combustion
problems in boiler power systems and combustion related environmental issues. Progress
in Energy and Combustion Science. 31 (2). 171-192.

Demirbas, M. F., Balat, M., Balat, H. 2009. Potential contribution of biomass to the
sustainable energy development. Energy Conversation and Management. 50 (7). 1746—
1760.

Dias, A. P. L., Rinaldi, M. C. S., Domingos, M. 2016. Foliar accumulation of polycyclic
aromatic hydrocarbons in native tree species from the Atlantic Forest (SE-Brazil). Science
of the Total Environment. 544. 175-184.

Di Blasi, C. 2008. Modeling chemical and physical processes of wood and biomass pyrolysis.
Progress in Energy and Combustion Science. 34 (1). 47-90.

Di Gennaro, P., Moreno, B., Annoni, E., Garcia-Rodriguez, S., Bestetti, G., Benitez, E. 2009.
Dynamic changes in bacterial community structure and in naphthalene dioxygenase
expression in vermicompost — amended PAH-contaminated soils. Journal of Hazardous
Materials. 172 (2-3). 1464-14609.

Dong, C. D., Chen, C. F., Chen, C. W. 2012. Determination of polycyclic aromatic
hydrocarbons in industrial harbour sediments by GC-MS. International Journal of
Environmental Research and Public Health. 9 (6). 2175-2188.

Doudart de la Grée, G. C. H., Florea, M. V. A., Keulen, A., Brouwers, H. J. H. 2016.
Contaminated biomass fly ashes — Characterization and treatment optimization for reuse as

building materials. Waste Management. 49. 96-1009.

121



Duan, L., Liu, D., Chen, X., Zhao, C. 2012. Fly ash recirculation by bottom feeding on
circulating fluidized bed boiler co-burning coal sludge and coal. Applied Energy. 95. 295—
299.

Dupuy, J., Ouvrard, S., Leglize, P., Sterckeman, T. 2015. Morphological and physiological
responses of maize (Zea mays) exposed to sand contaminated by phenanthrene.
Chemosphere. 124. 110-115.

Eisler, R. 2000. Polycyclic aromatic hydrocarbons. Handbook of Chemical Risk Assessment:
Health Hazards to Humans, Plants, and Animals. Organics vol. 2. Lewis Publishers, Boca
Raton, Florida, pp. 1343-1411. ISBN: 1-56670-506-1.

Eggen, T., Majcherczyk, A., 1998. Removal of polycyclic aromatic hydrocarbons (PAH) in
contaminated soil by white rot fungus Pleurotus ostreatus. International Biodeterioration &
Biodegradation. 41 (2). 111-117.

Enell, A., Fuhrman, F., Lundin, L., Warfvinge, P., Thelin, G. 2008. Polycyclic aromatic
hydrocarbons in ash: determination of total and leachable concentrations. Environmental
Pollution. 152 (2). 285-292.

Fazel Todd, L., Landman, K., Kelly, S. 2016. Phytoremediation: an interim landscape
architecture strategy to improve accessibility of contaminated vacant lands in Canadian
municipalities. Urban Forestry & Urban Greening. 18. 242-256.

Feng, L., Zhang, L., Feng, L. 2014. Dissipation of polycyclic aromatic hydrocarbons in soil
amended with sewage sludge compost. International Biodeterioration & Biodegradation. 95
(Part A). 200-207.

Fernandez-Luquefio, F., Valenzuela-Encinas, C., Marsch, R., Martinez-Suarez, C., Vazquez-
Nuifiez, E., Dendooven, L. 2011. Microbial communities to mitigate contamination of
PAHSs in soil — possibilities and challenges: a review. Environmental Science and Pollution
Research. 18 (1). 12-30.

Field, J. A., de Jong, E., Feijoo Costa, G., de Bont, J. A. M. 1992. Biodegradation of
polycyclic aromatic hydrocarbons by new isolates of white rot fungi. Applied and
Environmental Microbiology. 58 (7). 2219-2226.

Forbes, E. G. A, Olave, R. J., Johnston, C. R., Browne, J. D., Relf, J. 2016. Biomass and bio-
energy utilisation in a farm-based combined heat and power facility. Biomass and
Bioenergy. 89. 172-183.

122


http://www.sciencedirect.com/science/journal/09648305

Fornes, F., Mendoza-Hernandez, D., Garcia-de-la-Fuente, R., Abad, M., Belda, R. M. 2012.
Composting versus vermicomposting: a comparative study of organic matter evolution
trough straight and combined processes. Bioresource Technology. 118. 296-305.

Freire, M., Lopes, H., Tarelho, L. A. C. 2015. Critical aspects of biomass ashes utilization in
soils: composition, leachability, PAH and PCDD/F. Waste Management. 46. 304-315.

Gan, S., Lau, E. V., Ng, H. K. 2009. Remediation of soils contaminated with polycyclic
aromatic hydrocarbons (PAHSs). Journal of Hazardous Materials. 172 (2-3). 532-549.

Gao, Y., Li, Q., Ling, W., Zhu, X. 2011. Arbuscular mycorrhizal phytoremediation of soils
contaminated with phenanthrene and pyrene. Journal of Hazardous Materials. 185 (2-3).
703-7009.

Garcia, R., Pizarro, C., Alvarez, A., Lavin, A. G., Bueno, J. L. 2015. Study of biomass
combustion wastes. Fuel. 148. 152-159.

Garcia-Delgado, C., Alfaro-Barta, 1., Eymar, E. 2015. Combination of biochar amendment and
mycoremediation for polycyclic aromatic hydrocarbons immobilization and biodegradation
in creosote-contaminated soil. Journal of Hazardous Materials. 285. 259-266.

Garcia-Falcon, M. S., Soto-Gonzalez, B., Simal-Gandara, J. 2006. Evolution of the
concentrations of polycyclic aromatic hydrocarbons in burnt woodland soils.
Environmental Science and Technology. 40 (3). 759-763.

Garcia Frutos, F. J., Escolano, O., Garcia, S., Babin, M., Fernandez, M. D. 2010. Bioventing
remediation and ecotoxicity evaluation of phenanthrene-contaminated soil. Journal of
Hazardous Materials. 183 (1-3). 806-813.

Garcia-Falcon, M. S., Soto-Gonzalez, B., Simal-Gandara, J. 2006. Evolution of the
concentrations of polycyclic aromatic hydrocarbons in burnt woodland soils.
Environmental Science & Technology. 40 (3). 759-763.

Garg, V. K., Gupta, R. 2011. Optimization of cow dung spiked pre-consumer processing
vegetable waste for vermicomposting using Eisenia fetida. Ecotoxicology and
Environmental Safety. 74 (1). 19-24.

Gaur, N., Narasimhulu, K., Pydisetty, Y. 2018. Recent advances in the bio-remediation of
persistent organic pollutants and its effect on environment. Journal of Cleaner Production.

pp. 1-74. In Press.

123



Gerhardt, K. E., Huang, X. D., Glick, B. R., Greenberg, B. M. 2009. Phytoremediation and
rhizoremediation of organic soil contaminants: potential and challenges. Plant Science. 176
(1). 20-30.

Gil, M. V., Casal, D., Pevida, C., Pis, J. J., Rubiera, F. 2010. Thermal behaviour and kinetics
of coal/biomass blends during co-combustion. Bioresource Technology. 101 (14). 5601—
5608.

Glick, B. R. 2003. Phytoremediation: synergistic use of plants and bacteria to clean up the
environment. Biotechnology Advanaces. 21 (5). 383-393.

Guo, M., Gong, Z., Allinson, G., Tai, P., Miao, R, Li, X, Jia, C., Zhuang, J., 2016. Variations
in the bioavailability of polycyclic aromatic hydrocarbons in industrial and agricultural
soils after bioremediation. Chemosphere. 144. 1513-1520.

Gomez-Barea, A., Vilches, L. F., Leiva, C., Campoy, M., Fernandez-Pereira, C. 2009. Plant
optimization and ash recycling in fluidised bed waste gasification. Chemical Engineering
Journal. 146 (2). 227-236.

Habart, J., Tlusto§, P., Han&, A., Svehla, P., Vana, J., Tluka, P., Jelinek, F. 2010. The role of
aeration intensity, temperature regimes and composting mixture on gaseous emission
during composting. Compost Science & Utilization. 18 (3). 194-200.

Hafidi, M., Amir, S., Jouraiphy A., Winterton, P., El Gharous, M., Merlina, G., Revel, J. C.
2008. Fate of polycyclic aromatic hydrocarbons during composting of activated sewage
sludge with green waste. Bioresource Technology. 99 (18). 8819-8823.

Haglund, N., 2008. NT (Nord Test) Technical Report (NT TR 613) — Guideline for
Classification of Ash from Solid Biofuels and Peat Utilized for Recycling and Fertilizing in
Forestry and Agriculture. Nordic Innovation Centre, Oslo. Norway.

Halek, F., Nabi, Gh., Kavousi, A. 2008. Polycyclic aromatic hydrocarbons study and toxic
equivalency factor (TEFs) in Tehran, Iran. Environmental Monitoring Assessment. 143 (1).
303-311.

Hamdi, H., Benzarti, S., Manusadzianas, L., Aoyama, l., Jedidi, N. 2007. Solid-phase
bioassays and soil microbial activities to evaluate PAH-spiked soil ecotoxicity after a long-
term bioremediation process simulating landfarming. Chemosphere. 70 (1). 135-143.

Hanc, A., Pliva, P. 2013. Vermicomposting technology as a tool for nutrient recovery from

kitchen bio — waste. Journal of Material Cycles and Waste Management. 15 (4). 431-439.

124



Han¢, A., Vasak, F. 2015. Processing separated digestate by vermicomposting technology
using earthworms of the genus Eisenia. International Journal of Environmental Science and
Technology. 12 (4). 1183-1190.

Han¢, A., Chadimova, Z. 2014. Nutrient recovery from apple pomace waste by
vermicomposting technology. Bioresource Technology. 168. 240-244.

Hané, A., Ochecova, P., Vasak, P. 2016. Changes of parameters during composting of
biowaste collected over four seasons. Environmental Technology. 38 (13-14). 1751-1764.

Haritash, A. K., Kaushik, C. P. 2009. Biodegradation aspects of polycyclic aromatic
hydrocarbons (PAHSs): a review. Journal of Hazardous Materials. 169 (1-3). 1-15.

Hays, M. D., Fine, P. M., Geron, C. D., Kleeman, M. J., Gullett, B. K. 2005. Open burning of
agricultural biomass: physical and chemical properties of particle—phase emissions.
Atmospheric Environment. 39 (6). 6747-6764.

Hickman, Z. A., Reid, B. J. 2008. Earthworm assisted bioremediation of organic
contaminants. Environment International. 34 (7). 1072-1081.

Huang, X. D., EI-Alawi, Y., Penrose, D. M., Glick, B. R., Greenberg, B. M. 2004. A multi —
process phytoremediation system for removal of polycyclic aromatic hydrocarbons from
contaminated soils. Environmental Pollution. 130 (3). 465-476.

Hustad, J. E., Skreiberg, @., Senju, O. K. 1995. Biomass combustion research and utilisation
in IEA countries. Biomass Bioenergy. 9 (1-5). 235-255.

Chagger, H. K., Kendall, A., McDonald, A., Pourkashanian, M., Williams, A. 1998.
Formation of dioxins and other semi-volatile organic compounds in biomass combustion.
Applied Energy. 60 (2). 101-114.

Chagger, H. K., Jones, J. M., Pourkashanian, M., Williams, A. 2000. The formation of VOC,
PAH and dioxins during incineration. Process Safety and Environmental Protection. 78
(B1). 53-59.

Chang, B. V., Chang, I. T., Yuan, S. Y. 2008. Anaerobic degradation of phenanthrene and
pyrene in mangrove sediment. Bulletin of Environmental Contamination and Toxicology.
80 (2). 145-149.

Chen, S. C., Liao, C. M. 2006. Health risk assessment on human exposed to environmental
polycyclic aromatic hydrocarbons pollution sources. Science of the Total Environment.
366. 112-123.

125



Chirakkara, R. A., Cameselle, C., Reddy, K. R. 2016. Assessing the applicability of
phytoremediation of soils with mixed organic and heavy metal contaminants. Reviews in
Environmental Science and Bio/Technology. 15 (2). 299-326.

Chirone, R., Salatino, P., Scala, F., Solimene, R., Urciuolo, M. 2008. Fluidized bed
combustion of pelletized biomass and waste-derived fuels. Combustion and Flame. 155 (1—
2). 21-36.

Chroma, L., Mackova, M., Macek, T., Martinek, V., Stiborova, M. 2002. Rostlinné
cytochromy P450 a peroxidasy a jejich uloha pii degradaci kontaminanti Zivotniho
protfedi. Chemické Listy. 95 (4). 212-222.

Innemanova, P., Filipova, A., Michalikova, K., Wimmerova, L., Cajthaml, T. 2018.
Bioaugmentation of PAH-contaminated soils: A novel procedure for introduction of
bacterial degraders into contaminated soil. Ecological Engineering. 118. 93-96.

Insam, M., de Bertoldi, M. 2007. Chapter 3 microbiology of the composting process. Waste
Management Series. 8. 25-48.

Iwamoto, T., Nasu, M. 2001. Current bioremediation practise and perspective. Journal of
Bioscience and Bioengineering. 92 (1). 1-8.

Jala, S., Goyal, D. 2006. Fly ash as a soil ameliorant for improving crop production — a
review. Bioresource Technology. 97 (9). 1136-1147.

James, A. K., Thring, R. W., Helle, S., Ghuman, H. S., 2012. Ash management review -
applications of biomass bottom ash. Energies. 5 (10). 3856-3873.

Janvijitsakul, K., Kuprianov, V. I. 2007. Polycyclic aromatic hydrocarbons in coarse fly ash
particles emitted from fluidized-bed combustion of thai rice husk. Asian Journal on Energy
& Environment. 8 (4). 654-662.

Jauhari, N., Mishra, S., Kumari, B., Singh, S. N., Chauhan, P. S., Upreti, D. K. 2018. Bacteria
Induced Degradation of Anthracene Mediated by Catabolic Enzymes. Polycyclic Aromatic
Compounds. pp. 1-14. In Press.

Jenkins, B. M., Baxter, L. L., Miles Jr., T. R., Miles T. R. 1998. Combustion properties of
biomass. Fuel Processing Technology. 54 (1-3). 17—46.

Jiao, X. C., Xu, F. L., Dawson, R., Chen, S. H., Tao, S. 2007. Adsorption and absorption of

polycyclic aromatic hydrocarbons to rice roots. Environmental Pollution. 148 (1). 230-235.

126


http://www.asian-energy-journal.info/
http://www.asian-energy-journal.info/

Johannes, C., Majcherczyk, A. 2000. Natural mediators in the oxidation of polycyclic
aromatic hydrocarbons by laccase mediator systems. Applied and Environmental
Microbiology. 66 (2). 524-528.

Johansson, 1., van Bavel, B. 2003a. Levels and patterns of polycyclic aromatic hydrocarbons
in incineration ashes. Science of the Total Environment. 311 (1-3). 221-231.

Johansson, 1., van Bavel, B. 2003b. Polycyclic aromatic hydrocarbons in weathered bottom
ash from incineration of municipal solid waste. Chemosphere 53 (2). 123-128.

Johnsen, A. R., Wick, L. Y., Harms, H. 2005. Principles of microbial PAH—degradation in
soil. Environmental Pollution. 133 (1). 71-84.

Johnson, D. L., Anderson, D. R., McGrath, S. P. 2005. Soil microbial response during the
phytoremediation of a PAH contaminated soil. Soil Biology & Biochemistry. 37 (12).
2334-2336.

Jordahl, J. L., Foster, L., Schnoor, J. L., Alvarez, P. J. J. 1997. Effects of hybrid poplar trees
on microbial populations important to hazardous waste bioremediation. Evironmental
Toxicology and Chemistry. 16 (6). 1318-1321.

Jumpponen, M., Ronkkomaki, H., Pasanen, P., Laitinen, J. 2013. Occupational exposure to
gases, polycyclic aromatic hydrocarbons and volatile organic compounds in biomass-fired
power plants. Chemosphere. 90 (3). 1289-1293.

Kacalkova, L., Tlustos, P. 2011. The uptake of persistant organic pollutants by plants. Central
European Journal of Biology. 6 (2). 223-235.

Kapanen, A., Vikman, M., Rajasdrkki, J., Virta, M., Itdvaara, M. 2013. Biotests for
environmental quality assessment of composed sewage sludge. Waste Management. 33 (6).
1451-1460.

Khan, A. A., de Jong, W., Jansens, P. J., Spliethoff, H., 2009. Biomass combustion in
fluidized bed boilers: potential problems and remedies. Fuel Processing Technology. 90
(1). 21-50.

Khillare, P. S., Jyethi, D. S., Sarkar, S. 2012. Health risk assessment of polycyclic aromatic
hydrocarbons and heavy metals via dietary intake of vegetables grown in the vicinity of
thermal power plants. Food and Chemical Toxicology. 50 (5). 1642—-1652.

King, A. J., Readman, J. W., Zhou, J. L. 2004. Dynamic behaviour of polycyclic aromatic
hydrocarbons in Brighton marina, UK. Marine Pollution Bulletin. 48 (3—4). 229-239.

127



Kipopoulou, A. M., Manoli, E., Samara, C. 1999. Bioconcentration of polycyclic aromatic
hydrocarbons in vegetables grown in an industrial area. Environmental Pollution. 106 (3).
369-380.

Kong, F., Sun, G., Liu, Z. 2018. Degradation of polycyclic aromatic hydrocarbons in soil
mesocosms by microbial/plant  bioaugmentation: performance and mechanism.
Chemosphere. 198. 83-91.

Koornneef, J., Junginger, M., Faaij, A. 2007. Development of fluidized bed combustion — an
overview of trends, performance and cost. Progress in Energy and Combustion Science. 33
(1). 19-55.

Kucerova, P., Mackova, M., Macek, T. 1999. Perspektivy fytoremediace pii odstranovani
organickych polutantii a xenobiotik z Zivotniho prostfedi. Chemické listy. 93. 19-26.

Kumar, A., Bisht, B. S., Joshi, V. D., Dhewa, T. 2011. Review on bioremediation of polluted
environment: a management tool. International Journal of Environmental Sciences. 1 (6).
1079-1093.

Lamichhane, S., Bal Krishna, K. C., Sarukkalige, R. 2016. Polycyclic aromatic hydrocarbons
(PAHSs) removal by sorption: a review. Chemosphere. 148. 336-353.

Lanzerstorfer, C. 2015. Chemical composition and physical properties of filter fly ashes from
eight grate — fired biomass combustion plants. Journal of Environmental Sciences. 30.
191-197.

Larsson, M., Hagberg J., Rotander, A., van Bavel B., Engwall M. 2013. Chemical and
bioanalytical characterisation of PAHs in risk assessment of remediated PAH -
contaminated soils. Environmental Science and Pollution Research. 20 (12). 8511-8520.

Latva-Somppi, J., Kauppinen, E. I., Valmari, T., Ahonen, P., Gurav, A. S., Kodas, T. T.,
Johanson, B. 1998. The ash formation during co-combustion of wood and sludge in
industrial fluidized bed boilers. Fuel Processing Technology. 54 (1-3). 79-94.

Lee, S. H., Lee, W. S., Lee, C. H., Kim, J. G. 2008. Degradation of phenanthrene and pyrene
in rhizosphere of grasses and legumes. Journal of Hazardous Materials. 153 (1-2). 892—
898.

Levendis, Y. A., Atal, A., Carlson, J. B. 1998. On the correlation of CO and PAH emissions
from the combustion of pulverized coal and waste tires. Environmental Science &
Technology. 32 (23). 3767-3777.

128


http://pubs.acs.org/journal/esthag
http://pubs.acs.org/journal/esthag

Lewtas, J. 1993. Complex mixtures of air pollutants: characterizing the cancer risk of
polycyclic organic matter. Environmental Health Perspectives. 100. 211-218.

Li, X., Wu, Y., Lin, X., Zhang, J., Zeng, J. 2012. Dissipation of polycyclic aromatic
hydrocarbons (PAHS) in soil microcosms amended with mushroom cultivation substrate.
Soil Biology and Biochemistry. 47. 191-197.

Li, Z,, Fan, L., Wang, L., Ma, H., Hu, Y., Jiang, Y., An, C,, Liu, A., Han, J., Jin, H. 2018.
PAH profiles of emitted ashes from indoor biomass burning across the Beijing-Tianjin-
Hebei region and implications on source identification. Aerosol and Air Quality Research.
18 (2). 749-761.

Liang, X., Guo, C., Liao, C., Liu, S., Wick, L. Y., Peng, D., Yi, X,, Lu, G., Yin, H., Lin, Z.,
Dang, Z. 2017. Drivers and applications of integrated clean-up technologies for surfactant-
enhanced remediation of environments contaminated with polycyclic aromatic
hydrocarbons (PAHSs). Environmental Pollution. 225. 129-140.

Liao, C., Liang, X., Lu, G., Thai, T., Xu, W., Dang, Z. 2015. Effect of surfactant amendment
to PAHs-contaminated soil for phytoremediation by maize (Zea mays L.). Ecotoxicology
and Environmental Safety. 112. 1-6.

Liao, C., Xu, W., Lu, G., Deng, F., Liang, X., Guo, C., Dang, Z., 2016. Biosurfactant-
enhanced phytoremediation of soils contaminated by crude oil using maize (Zea mays L.).
Ecological Engineering. 92. 10-17.

Liebeg, E. W., Cutright, T. J. 1999. The investigation of enhanced bioremediation through the
addition of macro and micro nutrients in a PAH contaminated soil. International
Biodeterioration & Biodegradation. 44 (1). 55-64.

Lin, H., Tao, S., Zuo, Q., Coveney, R. M. 2007. Uptake of polycyclic aromatic hydrocarbons
by maize plants. Environmental Pollution. 148. 614-6109.

Liste, H. H., Alexander, M. 2000. Accumulation of phenanthrene and pyrene in rhizosphere
soil. Chemosphere. 40. 11-14.

Liu, K., Han, W., Pan, W. P., Riley, J. T. 2001. Polycyclic aromatic hydrocarbon (PAH)
emissions from a coal-fired pilot FBC system. Journal of Hazardous Materials. 84 (2-3).
175-188.

129



Liu, R., Xiao, N., Wei, S., Zhao, L., An, J. 2014. Rhizosphere effects of PAH-contaminated
soil phytoremediation using a special plant named Fire Phoenix. Science of the Total
Environment. 473-474. 350-358.

Loser, Ch., Ulbricht, H., Heinz, S. 2004. Degradation of polycyclic aromatic hydrocarbons
(PAHS) in waste wood. Compost Science & Utilization. 12 (4). 335-341.

Macek, T., Mackova, M., Kas, J. 2000. Exploitation of plants for the removal of organics in
environmental remediation. Biotechnology Advances. 18 (1). 23-34.

Mackay, D., Fraser, A. 2000. Bioaccumulation of persistent organic chemicals: mechanisms
and models. Enviromental Pollution. 110 (3). 375-391.

Magdziarz, A., Dalai, A. K., Kozinski, J. A. 2016. Chemical composition, character and
reactivity of renewable fuel ashes. Fuel. 176. 135-145.

Mahmoudkhani, M., Richards, T., Theliander, H. 2007. Sustainable use of biofuel by
recycling ash to forests: treatment of biofuel ash. Environmental Science & Technology. 41
(11). 4118-4123.

Maila, M. P., Cloete, T. E. 2002. Germiantion of Lepidium sativum as a method to evaluate
polycyclic aromatic hydrocarbons (PAHs) removal from contaminated soil. International
Biodeterioration & Biodegradation. 50 (2). 107-113.

Manoli, E., Samara, C. 1999. Polycyclic aromatic hydrocarbons in natural waters: sources,
occurrence and analysis. Trends in Analytical Chemistry. 18 (6). 417-428.

Martin-Gil, J., Navas-Gracia, L. M., Gomez-Sobrino, E., Correa-Guimaraes, A., Hernandez-
Navarro, S., Sanchez-Bascones, M., Ramos-Sanchez, M. C. 2008. Composting and
vermicomposting experiences in the treatment and bioconversion of asphaltens from the
Prestige oil spill. Bioresource Technology. 99 (6). 1821-1829.

Masto, R. E., Sarkar, E., George, J., Jyoti, K., Dutta, P., Ram, L. C. 2015. PAHs and
potentially toxic elements in the fly ash and bed ash of biomass. Fuel Processing
Technology. 132. 139-152.

Mercl, F., Tejnecky, V., Szakova, J., Tlustos, P. 2016. Nutrient dynamics in soil solution and
wheat response after biomass ash amendments. Agronomy Journal. 108 (6). 2222—-2234.
Mercl, F., Tejnecky, V., Sagova-Mareckova, M., Dietel, D., Kopecky, J., Biendova, K.,

Kulhanek, M., Kosnat, Z., Szakova, J., Tlustos, P. 2018. Co-application of wood ash and

130



Paenibacillus mucilaginosus to soil: the effect on maize nutritional status, root exudation
and composition of soil solution. Plant Soil. 428 (1-2). 105-122.

Mizwar, A., Sari, G. L., Juliastuti, S. R., Trihadiningrum, Y. 2016. Bioremediation of soil
contaminated with native polycyclic aromatic hydrocarbons from unburnt coal using an in-
vessel composting method. Bioremediation Journal. 20 (2). 98-107.

McGrath, T., Sharma, R., Hajaligol, M. 2001. An experimental investigation into the
formation of polycyclic-aromatic hydrocarbons (PAH) from pyrolysis of biomass materials.
Fuel. 80 (12). 1787-1797.

McGrath, T. E., Wooten, J. B., Chan, W. G., Hajaligol, M. R. 2007. Formation of polycyclic
aromatic hydrocarbons from tobacco: the link between low temperature residual solid
(char) and PAH formation. Food and Chemical Toxicology. 45 (6). 1039-1050.

McKendry, P. 2002. Energy production from biomass (partl): overview of biomass.
Bioresource Technology. 83 (1). 37-46.

Meagher, R. B. 2000. Phytoremediation of toxic elemental and organic pollutants. Current
Opinion in Plant Biology. 3 (2). 153-162.

Megharaj, M., Ramakrishnan, B., Venkateswarlu, K., Sethunathan, N., Naidu, R. 2011.
Bioremediation approaches for organic pollutants: a critical perspective. Environment
International. 37 (8). 1362-1375.

Meharg, A. A., Wright, J., Dyke, H., Osborn, D. 1998. Polycyclic aromatic hydrocarbon
(PAH) dispersion and deposition to vegetation and soil following a large scale chemical
fire. Environmental Pollution. 99 (1). 29-36.

Michel, A., Panagiotis, P., Chafic-Touma, S. Technologies and materials for renewable
energy, environment and sustainability. Energy Procedia. 119. 1-2.

MPO CR. Ministerstvo primyslu a obchodu Ceské republiky. 2012. Narodni akéni plan Ceské
republiky pro energii z obnovitelnych zdroji. 2012. MPO CR. Praha s. 103.

MPO CR. Ministerstvo primyslu a obchodu Ceské republiky. 2017a. Obnovitelné zdroje
energie. MPO CR. Praha. s. 59.

MPO CR. Ministerstvo primyslu a obchodu Ceské republiky. 2017b. Podil obnovitelnych
zdrojti energie na koneéné spotiebé energie 2010 — 2015. MPO CR. Praha. s. 7.

MZ CR. Ministerstvo zdravotnictvi Ceské republiky. 2002. Vyhlaska &. 53 ze dne 15. unora

2002 Sb., kterou se stanovi chemické pozadavky na zdravotni nezavadnost jednotlivych

131



druhti potravin a potravinovych surovin, podminky pouziti latek ptidatnych, pomocnych a
potravnich dopliikil. In: Sbirka zakonii Ceské republiky. 2002. astka 22. 866-984.

MZe CR. Ministerstvo zemédélstvi Ceské republiky. 2014. Vyhlagka &. 131 ze dne 3.
cervence 2014, kterou se méni vyhlaSka Ministerstva zemédélstvi ¢. 474/2000 Sb., o
stanoveni pozadavku na hnojiva, ve znéni pozdéjsich ptedpist, a vyhlaska ¢. 377/2013 Sb.,
o skladovéni a zptisobu pouzivani hnojiv. In: Sbirka zakont Ceské republiky. 2014. astka
56. 1314-1316.

MZp CR. Ministerstvo Zivotniho prostiedi Ceské republiky. 2008. Vyhlaska ¢. 341 ze dne 26.
srpna 2008 Sb., o podrobnostech nakladani s biologicky rozlozitelnymi odpady a o zméné
vyhlasky €. 294/2005 Sb., o podminkach ukladani odpadt na skladky a jejich vyuzivani na
povrchu terénu a zméné vyhlasky €. 383/2001 Sb., o podrobnostech nakladani s odpady
(vyhlaska o podrobnostech nakladani s biologicky rozlozitelnymi odpady). In: Sbirka
zédkonti Ceské republiky. 2008. ¢astka 110. 1-14.

MZp CR. Ministerstvo Zivotniho prostiedi Ceské republiky. 2016. Vyhlagka &. 153 ze dne 9.
kvétna 2016 o stanoveni podrobnosti ochrany kvality zemédé€lské plidy a o zméné€ vyhlasky
¢. 13/1994 Sb., kterou se upravuji nékteré podrobnosti ochrany zemédélského ptidniho
fondu. In: Sbirka zakonti Ceské republiky. 2016. ¢astka 59. 2692—2704.

Moody, J. D., Freeman, J. P., Fu, P. P. Cerniglia, C. E. 2004. Degradation of benzo[a]pyrene
by Mycobacterium vanbaalenii PYR-1. Applied and Environmental Microbiology. 70 (1).
340-345.

Morf, P., Hasler, P., Nussbaumer, T. 2002. Mechanisms and kinetics of homogeneous
secondary reactions of tar from continuous pyrolysis of wood chips. Fuel. 81 (7). 843-853.

Mueller, K, E., Shann, J. R. 2006. PAH dissipation in spiked soil: impacts of bioavailability,
microbial activity and trees. Chemosphere. 64. 1006-1014.

Mulligan, C. N., Yong, R. N. 2004. Natural attenuation of contaminated soils. Environment
International. 30 (4). 587-601.

Nabeela, F., Murad, W., Khan, I., Mian, I. A., Rehman, H., Adnan, M., Azizullah, A. 2015.
Effect of wood ash application on the morphological, physiological and biochemical

parameters of Brassica napus L. Plant Physiology and Biochemistry. 95. 15-25.

132



Nagendran, R., Selvam, A., Joseph, K., Chiemchaisri, C. 2006. Phytoremediation and
rehabilitation of municipal solid waste landfills and dumpsites: a brief review. Waste
Management. 26 (12). 1357-1369.

Nam, K., Chung, N., Alexander, M. 1998. Relationship between organic matter content of soil
and the sequestration of phenanthrene. Environmental Science & Technology. 32 (23).
3785-3788.

Nanekar, S., Dhote, M., Kashyap, S., Singh, S. K., Juwarkar, A. A. 2015. Microbe assisted
phytoremediation of oil sludge and role of amendments: a mesocosm study. International
Journal of Environmental Science and Technology. 12 (1). 193-202.

Natizeni Komise (ES) ¢. 1881/2006 ze dne 19. prosince 2006, kterym se stanovi maximalni
limity nékterych kontaminujicich latek v potravinach. In: Utedni véstnik. L 364, 20. 12.
2006. s. 5.

Newman, L. A., Reynolds, C. M. 2004. Phytodegradation of organic compounds. Current
Opinion in Biotechnology. 15 (3). 225-230.

Nigam P., Banat, I. M., Marchant, R. 1998. Degradation of naphthalene by bacterial cultures.
Environment International. 24. 671-677.

Nichols, T. D., Wolf, D. C., Rogers, H. B., Beyrouty, C. A., Reynolds, C. M. 1997,
Rhizosphere microbial populations in contaminated soils. Water, Air, & Soil Pollution. 95
(1). 165-178.

Nisbet, I. C. T., LaGoy, P. K. 1992. Toxic equivalency factors (TEFs) for polycyclic aromatic
hydrocarbons (PAHSs). Regulatory Toxicology and Pharmacology. 16 (3). 290-300.

Obernberger, 1., Supancic, K. 2009. Possibilities of utilisation from biomass combustion
plants. In: Proceedings of the 17th European Biomass Conference & Exhibition, June/July.
Hamburk, 2009, ETE - Renewable Energies (Ed.), Italy. pp. 12. ISSN 2282-5819.

Ochecova, P., Tlustos, P., Szakova, J. 2014. Wheat and soil response to wood fly ash
application in contaminated soils. Agronomy, Soils & Environmental Quality. 106 (3).
995-1002.

Ochecova, P., Tlustos, P., Szakova, J., Mercl, F., Maciak, M. 2016. Changes in nutrient plant
availability in loam and sandy clay loam soils after wood fly and bottom ash amendment.
Agronomy, Soil & Environmental Quality. 108 (2). 487-497.

133



Ochecova, P., Mercl, F., Kosnaf, Z., Tlusto§, P. 2017. Fertilization efficiency of wood ash
pellets amended by gypsum and superphosphate in the ryegrass growth. Plant, Soil and
Environment. 63 (2). 47-54.

Oleszczuk, P. 2006. Influence of different bulking agents on the disappearance of polycyclic
aromatic hydrocarbons (PAHSs) during sewage sludge composting. Water, Air, and Soil
Pollution. 175 (1-4). 15-32.

Oleszczuk, P. 2007. Changes of polycyclic aromatic hydrocarbons during composting of
sewage sludges with chosen physico-chemical properties and PAHs content. Chemosphere.
67 (3). 582-591.

Oleszczuk, P., Baran, S. 2005. Polycyclic aromatic hydrocarbons content in shoots and leaves
of willow (Salix viminalis) cultivated on the sewage sludge — amended soil. Water, Air and
Soil Pollution. 168 (1-4). 91-111.

Olson, P. E., Fletcher, J. S., Philip, P. R. 2001. Natural attenuation/phytoremediation in the
vadose zone of a former industrial sludge basin. Environmental Science and Pollution
Research. 8 (4). 243-249.

Orecchio, S., Amorello, D., Barreca, S., Valenti, A. 2016. Wood pellets for home heating can
be considered environmentally friendly fules? Polycyclic aromatic hydrocarbons (PAHS) in
their ashes. Microchemical Journal. 126. 267-271.

Ouvrard, S., Leglize, P., Morel, J. L. 2014. PAH Phytoremediation: rhizodegradation or
rhizoattenuation? International Journal of Phytoremediation. 16 (1). 46-61.

Panda, S. S., Mishra, L. P., Muduli, S. D., Nayak, B. D., Dhal, N. K. 2015. The effect of fly
ash on vegetative growth and photosynthetic pigment concentrations of rice and maize.
Biologija. 61 (2). 94-100.

Park, N. D., Rutherford, P. M., Thring, R. W., Helle, S. S. 2012. Wood pellet fly ash and
bottom ash as an effective liming agent and nutrient source for rye grass (Lolium perenne
L.) and oats (Avena sativa). Chemosphere. 86. 427—-432.

Parrish, Z. D., Banks, M. K., Schwab, A. P. 2005. Assessment of contaminant liability during
phytoremediation of polycyclic aromatic hydrocarbon impacted soil. Environmental
Pollution. 137 (2). 187-197.

134



Perna, l., Ochecova, P., Szakova, J., Hanzli¢ek, T., Tlustos, P. 2016. Determination of plant-
available nutrients in two wood ashes: the influence of combustion. Conditions
Communications in Soil Science and Plant Analysis. 47 (13-14). 1664-1674.

Phillips, L. A., Greer, C. W., Farell, R. E., Germida, J. J. 2012. Plant root exudates impact the
hydrocarbon degradation potential of a weathered—hydrocarbon contaminated soil. Applied
Soil Ecology. 52. 56-64.

Pickard, M. A., Roman, R., Tinoco, R., Vazquez-Duhalt, R. 1999. Polycyclic aromatic
hydrocarbon metabolism by white rot fungi and oxidation by Coriolopsis gallica UAMH
8260 Laccase. Applied and Environmental Microbiology. 65 (9). 3805-3809.

Pitman, R. M. 2006. Wood ash used in forestry — a review of the environmental impacts.
Forestry. 79 (5). 563-588.

Podlesakova, E., Némecek, J., Vacha, R., Pastuszkova, M. 1998. Contamination of soils with
persistant organic xenobiotic substances in the Czech Republic. Toxicological and
Environmental Chemistry. 66 (1-4). 91-103.

Potter, C. L., Glaser, J. A., Chang, L. W., Meier, J. R., Dosani, M. A., Herrmann, R. F. 1999.
Degradation of polynuclear aromatic hydrocarbons under bench—scale compost conditions.
Enviromental Science & Technology. 33 (10). 1717-1725.

Rajamma, R., Ball, R. J., Tarelho, L. A. C., Allen, G. C., Labrincha, J. A., Ferreira, V. M.
2009. Characterisation and use of biomass fly ash in cement — based materials. Journal of
Hazardous Materials. 172 (2-3). 1049-1060.

Ram, L. C., Masto, R. E. 2014. Fly ash for soil amelioration: a review on the influence of ash
blending with inorganic and organic amendments. Earth—Science Reviews. 128. 52—74.

Ravindra, K., Sokhi, R., Van Grieken, R. 2008. Atmospheric polycyclic aromatic
hydrocarbons: source attribution, emission factors and regulation. Atmospheric
environment. 42 (13). 2895-2921.

Reijnders, L. 2005. Disposal, uses and treatments of combustion ashes: a review. Resources,
Conservation and Recycling. 43 (3). 313-336.

Rey-Salgueiro, L., Omil, B., Merino, A., Martinez-Carballo, E., Simal-Gandara, J. 2016.
Organic pollutants profiling of wood ashes from biomass power plants linked to the ash

characteristics. Science of the Total Environment. 544. 535-543.

135



Rezek, J., in der Wiesche, C., Mackova, M., Zadrazil, F., Macek, T. 2008. The effect of
ryegrass (Lolium perenne) on decrease of PAH content in long term contaminated soil.
Chemosphere. 70. 1603-1608.

Richter, H., Howard, J. B. 2000. Formation of polycyclic aromatic hydrocarbons and their
growth to soot — a review of chemical reaction pathways. Progress In Energy and
Combustion Science. 26 (4-6). 565-608.

Ribbing, C. 2007. Environmentally friendly use of non-coal ashes in Sweden. Waste
Management. 27 (10). 1428-1435.

Ross, A. B., Jones, J. M., Chaiklangmuang, S., Pourkashanian, M., Williams, A., Kubica, K.,
Andersson, J. T., Kerst, M., Danihelka, P., Bartle, K. D. 2002. Measurement and prediction
of the emission of pollutants from the combustion of coal and biomass in a fixed bed
furnace. Fuel. 81 (5). 571-582.

Sack, U., Heinze, T. M., Deck, J., Cerniglia, C. R., Martens, R., Zadrazil, F., Fritsche, W.
1997. Comparison of phenanthrene and pyrene degradation by different wood-decaying
fungi. Applied and Environmental Microbiology. 63 (10). 3919-3925.

Saidur, R., Abdelaziz, E. A., Demirbas, A., Hossain, M. S., Mekhilef, S. 2011. A review on
biomass as a fuel for boilers. Renewable and Sustainable Energy Reviews. 15 (5). 2262—
2289.

Saier, M. H., Trevors, J. T. 2010. Phytoremediation. Water, Air, and Soil Pollution. 205
(Suppl 1). 61-63.

Salam, M. A., Shirasuna, Y., Hirano, K., Masunaga, S. 2011. Particle associated polycyclic
aromatic hydrocarbons in the atmospheric environment of urban and suburban residential
area. International Journal of Environmental Science and Technology. 8 (2). 255-266.

Samanta, S. K., Singh, O. V., Jain, R. K. 2002. Polycyclic aromatic hydrocarbons:
environmental pollution and bioremediation. Trends in Biotechnology. 20 (6). 243-248.

Sarenbo, S. 2009. Wood ash dilemma — reduced quality due to poor combustion performance.
Biomass Bioenergy. 33 (9). 1212-1220.

Sayara, T., Sarra, M., Sanchez, A. 2010. Effects of compost stability and contaminant
concentration on the bioremediation of PAHs—contaminated soil trough composting: a case
study. Journal of Hazardous Materials. 179 (1-3). 999-1006.

136



Segura, A., Ramos, J. L. 2013. Plant — bacteria interactions in the removal of pollutants.
Current Opinion in Biotechnology. 24 (3). 467—-473.

Semple, K. T., Reid, B. J., Fermor, T. R. 2001. Impact of composting strategies on the
treatment of soils contaminated with organic pollutants. Environmental Pollution. 112 (2).
269-283.

Schneider, J., Grosser, R., Jayasimhulu, K., Xue, W., Warshawsky, D. 1996. Degradation of
pyrene, benz[a]anthracene, and benzo[a]pyrene by Mycobacterium sp. strain RIGII-135,
isolated from a former coal gasification site. Applied and Environmental Microbiology. 62
(1). 13-19.

Schwitzguébel, J. P. 2017. Phytoremediation of soils contaminated by organic compounds:
hype, hope and facts. Journal of Soils and Sediments. 17 (5). 1492-1502.

Simoneit, B. R. T. 2002. Biomass burning — a review of organic tracers for smoke from
incomplete combustion. Applied Geochemistry. 17 (3). 129-162.

Singh, D. P., Gadi, R., Mandal, T. K., Saud, T., Saxena, M., Sharma, S. K. 2013. Emissions
estimates of PAH from biomass fuels used in rural sector of Indo—Gangetic Plains of India.
Atmospheric Environment. 68. 120-126.

Skoblia, S., Tenkrat, D., Vosecky, M., Pohotely, M., Lisy, M., Balas, M., Prokes, O. 2006.
Vyuziti biomasy jako obnovitelného zdroje energie. Chemické listy. 100 (S1). 20-24.

Soudek, P., Petrova, S., Benesova, D., Kotyza, J., Vanék, T. 2008. Fytoremediace a
moznosti zvySeni jejich u€innosti. Chemické listy. 102. 346—-352.

Srogi, K. 2007. Monitoring of environmental exposure to polycyclic aromatic hydrocarbons: a
review. Environmental Chemical Letter. 5 (4). 169-195.

Steenari, B. M., Karlsson, L. G., Lindquist, O. 1999. Evaluation of the leaching characteristics
of wood ash and the influence of ash agglomeration. Biomass and Bioenergy. 16 (2). 119—
136.

Steger, K., Eklind, Y., Olsson, J., Sundh, 1. 2005. Microbial community growth and utilization
of carbon constituents during thermophilic composting at different oxygen levels.
Microbial Ecology. 50 (2). 163-171.

Stiborova, M., Hudecek, J., Paca Jr., J., Martinek, V., Paca, J. 2004. Enzymy metabolizujici
kontaminanty Zivotniho prostfedi. Chemickeé Listy. 98. 876—890.

137



Straka, P., Havelcova, M. 2012. Polycyclic aromatic hydrocarbons and other organic
compounds in ashes from biomass combustion. Acta Geodynamica et Geomaterialia. 9 (4).
481-490.

Stroud, J. L., Paton, G. I., Semple, K. T. 2007. Importance of chemical structure on the
development of hydrocarbon catabolism in soil. FEMS Microbiology Letters. 272 (1). 120—
126.

Susarla, S., Medina, V. F., McCutcheon, S. C. 2002. Phytoremediation: An ecological
solution to organic chemical contamination. Ecological Engineering. 18 (5). 647—658.

Szakova, J., Ochecova, P., Hanzlicek, T., Pernd, 1., Tlusto§, P. 2013. Variability of total and
mobile element contents in ash derived from biomass combustion. Chemical Papers. 67
(11). 1376-1385.

Tang, J. C., Maie, N., Tada, Y., Katayama, A. 2006. Characterization of the maturing process
of cattle manure compost. Process Biochemistry. 41 (2). 380-389.

Tao, S., Jioa, X. C., Chen, S. H., Liu, W. X., Coveney Jr, R. M., Zhu, L. Z., Luo, Y. M. 2006.
Accumulation and distribution of polycyclic aromatic hydrocarbons in rice (Oryza sativa).
Environmental Pollution. 140 (3). 406-415.

Tlustos, P., Szédkova, J., Vyslouzilova, M., Pavlikova, D., Weger, J., Javorska, H. 2007.
Variation in the uptake of arsenic, cadmium, lead, and zinc by different species of willows
Salix spp. grown in contaminated soils. Central European Journal of Biology. 2 (2). 254—
275.

Tlustos, P., Ochecova, P., Szakova, J., Perna, 1., Hanzlicek, T., Habart, J., Straka, P. 2012.
Monitoring kvality popelii ze spalovani biomasy. Certifikovana metodika. Ceska
zemédé€lska univerzita v Praze. Praha. 26 s. ISBN 978-80-213-2327-8.

Tlustos, P., Ochecova, P., Kaplan, L., Szédkova, J., Habart, J. 2014. Aplikace popell ze
spalovani biomasy na zemédélskou piidu. Ceska zemé&délska univerzita v Praze. Praha. 26
s. ISBN 978-80-213-2514-2.

Tuor, U., Winterhalter, K., Fiechter, A. 1995. Enzymes of white—rot fungi involved in lignin
degradation and ecological determinants for wood decay. Journal of Biotechnology. 41 (1).
1-17.

US EPA. 1999. Compendium of methods for the determination of toxic organic compounds in

ambient air. Environmental Protection Agency, Compendium Method TO-13A. pp 1-42.

138



Dostupné z: <https://www3.epa.gov/ttnamtil/files/ambient/airtox/tocomp99.pdf> (ovéteno
dne 27. 7. 2018).

Vamvuka, D., Kakaras, E. 2011. Ash properties and environmental impact of various biomass
and coal fuels and their blends. Fuel Processing Technology. 92 (3). 570-581.

van den Broek, R., Faaij, A., van Wijk, A. 1996. Biomass combustion for power generation.
Biomass and Bioenergy. 11 (4). 271-281.

Vanék, V., Balik, J., Cemy, J., Pavlik, M., Pavlikova, D., Tlustos, P., Valtera, J. 2012. Vyziva
zahradnich rostlin. Academia. Praha. 570 s. ISBN: 978-80-200-2147-2.

Vassilev, S. V., Baxter, D., Andersen, L. K., Vassileva, C. G. 2010. An overview of the
chemical composition of biomass. Fuel. 89 (5). 913-933.

Vassilev, S. V., Baxter, D., Vassileva, C. G. 2014. An overview of the behaviour of biomass
during combustion: part 1l. Ash fusion and ash formation mechanisms of biomass types.
Fuel. 117 (Part A). 152-183.

Vécha, R., Polacek, O., Horvathova, V. 2003. State of contamination of agricultural soils after
floods in August 2002. Plant, Soil and Environment. 49. 307-313.

Vécha, R., Horvathova, V., Vyslouzilova, M. 2005. The application of sludge on
agriculturally soils and the problem of persistant organic pollutants. Plant, Soil and
Environment. 51. 12-18.

Véacha, R., Cechmankova, J., Havelkova, M., Horvathova, V., Skala, J. 2008. Prestup
polycyklickych aromatickych uhlovodikii z ptidy do vybranych rostlin. Chemické Listy.
102. 1003-1010.

Vacha, R., Cechmankova, J., Skala, J. 2010. Polycyclic aromatic hydrocarbons in soil and
selected plants. Plant, Soil and Environment. 56 (9). 434-443.

Vacha, R., Cechmankova, J., Skala, J., Vachova, T. 2011. Use of dredged sediments on
agricultural soils from viewpoint of potentially toxic substances. Plant, Soil and
Environment. 57 (8). 388-395.

Vacha, R., Sanka, M., Hauptman, I., Zimova, M., Cechmankova, J. 2014. Assessment of
limit values of risk elements and persistent organic pollutants in soil for Czech legislation.
Plant, Soil and Environment. 60 (5). 191-197.

139



Vacha, R., Skala, J., Cechméankova, J., Horvathova, V., Hladik, J. 2015. Toxic elements and
persistant organic pollutants derived from industrial emmisions in agricultural soils of the
Northern Czech Republic. 15. 1813-1824.

Vervaeke, P., Luyssaert, S., Mertens, J., Meers, E., Tack, F. M. G., Lust, N. 2003.
Phytoremediation prospects of willow stands on contaminated sediment: a field trial.
Environmental Pollution. 126 (2). 275-282.

Vidali, M. 2001. Bioremediation. An overview. Pure and Applied Chemistry. 73 (7). 1163—
1172.

Vondrackova, S., Tlusto$, P., Hejcman, M., Szakova, J. 2017. Regulation of macro, micro,
and toxic element uptake by Salix x smithiana using liming of heavily contaminated soil.
Journal of Soils and Sediments. 17 (5). 1279-1290.

Wang, K., Zhang, J., Zhu, Z., Huang, H., Li, T., He, Z., Yang, X., Alva, A. 2012. Pig manure
vermicompost (PMVC) can improve phytoremediation of Cd and PAHs co—contaminated
soil by Sedum alfreidii. Journal of Soils and Sediments. 12 (7). 1089-1099.

Wei, Y. L., Bao, L. J., Wu, C. C., He, Z. C., Zeng, E. Y. 2015. Association of soil polycyclic
aromatic hydrocarbon levels and anthropogenic impacts in a rapidly urbanizing region:
spatial distribution, soil-air exchange and ecological risk. Science of the Total
Environment. 473-474. 676-684.

Werther, J., Saenger, M., Hartge, E. U., Ogada, T., Siagi, Z. 2000. Combustion of agricultural
residues. Progress in Energy and Combustion Science. 26 (1). 1-27.

Wild, E., Dent, J.,, Thomas, G. O., Jones, K. C. 2005. Direct observation of organic
contaminant uptake, storage, and metabolism within plant roots. Environmental Science
and Technology. 39 (10). 3695-3702.

Williams, A., Pourkashanian, M., Jones, J. M. 2001. Combustion of pulverised coal and
biomass. Progress in Energy and Combustion Science. 27 (6). 587—-610.

Williams, A., Jones, J. M., Ma, L., Pourkashanian, M. 2012. Pollutants from the combustion
of solid biomass fuels. Progress in Energy and Combustion Science. 38 (2). 113-137.

Wilson, S. C., Jones, K. C. 1992. Bioremediation of soil contaminated with polynuclear
aromatic hydrocarbons (PAHS): a review. Environmental Pollution. 8 (3). 229-249.

Winquist, E., Bjorklof, K., Schultz, E., Rdsdanen, M., Salonen, K., Anasonye, F., Cajthaml, T.,
Steffen, K. T., Jergensen, K. S., Tuomela, M. 2014. Bioremediation of PAH-contaminated

140



soil with fungi — from laboratory to field scale. International Biodeterioration &
Biodegradation. 86 (Part C). 238-247.

Wu, F. Y., Yu, X. Z., Wu, S. C,, Lin, X. G., Wong, M. H. 2011. Phenanthrene and pyrene
uptake by arbuscular mycorrhizal maize and their dissipation in soil. Journal of Hazardous
Materials. 187 (1-3). 341-347.

Xiao, Y., Oorsprong, M., Yang, Y., Voncken, J. H. L. 2008. Vitrification of bottom ash from
a municipal solid waste incinerator. Waste Management. 28 (6). 1020-1026.

Xu, S. Y., Chen, Y. X.,, Wu, W. X,, Wang, K. X,, Lin, Q., Liang, X. Q. 2006. Enhanced
dissipation of phenanthrene and pyrene in spiked soils by combined plants cultivation.
Science of the Total Environment. 363 (1-3). 206-215.

Yin, C., Rosendahl, L. A., Kar, S. K. 2008. Grate—firing of biomass for heat and power
production. Progress in Energy and Combustion Science. 34 (3). 725-754.

Zhang, X. X., Cheng, S. P., Zhu, C. J.,, Sun, S. L. 2006. Microbial PAH-degradation in soil:
degradation pathways and contributing factors. Pedosphere. 16 (5). 555-565.

Zhang, S., Yao, H., Lu, Y., Yu, X., Wang, J., Sun, S., Liu, M., Li, D., Li, Y., Zhang, D. 2017.
Uptake and translocation of polycyclic aromatic hydrocarbons (PAHSs) and heavy metals by
maize from soil irrigated with wastewater. Scientific Reports. 7. 12165.

Zarubova, P., Hejcman, M., Vondrackova, S., Mrnka, L., Szdkova, J., Tlustos, P. 2015.
Distribution of P, K, Ca, Mg, Cd, Cu, Fe, Mn, Pb, and Zn in wood and bark age classes of
willows and poplars used for phytoextraction on soils contaminated by risk elements.
Environmental Science and Pollution Research. 22 (23). 18801-18813.

141


https://www.google.cz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjUgP7F_5fNAhUELhoKHSPpCZsQFgggMAA&url=http%3A%2F%2Fwww.springer.com%2Fenvironment%2Fjournal%2F11356&usg=AFQjCNFvhMtrvxURj3dTu2jEjsHRIrYEPw

