CESKA ZEMEDELSKA UNIVERZITA V PRAZE
Fakulta agrobiologie, potravinovych a prirodnich zdrojt

Katedra agroenvironmentalni chemie a vyzivy rostlin

Uplatnéni biocharu pri remediaci piid kontaminovanych

rizikovymi prvky

doktorska disertacni prace

Autor: Ing. Katerina Pracke

Skolitel: prof. Ing. Pavel TlustoS$, CSc.

Konzultant: prof. Ing. Jifina Szakova, CSc.

Praha 2018



(I 6 Y DO 1
2. Literarni prehled......ccocivuiiiiiniiiiiieiiiiieiieiiiiiieiiniiteiietiniesessatosssssssnsossssssssssnses 2
2.1. Kontaminace pud rizikovymi prvky a jeji mozna remediace................coevveiiiinnin.n.. 2
2.1.1. RizIKOVE PIVKY V DIOSTEEC. .ottt e, 2
2.1.2. Mozné zdroje kontaminace pld.............ooeiiiiiiiiiiiiiiiii e 3
2.1.3. RiZIKOVE PIVKY V POAS. ..., 5
2.1.4. Sorpce prvkU V PUAE. ....ouin i 5
2.1.5. Metody remediace kontaminovanych pid.................cooiiiiii 9
2.2. Stabilizace rizikovych prvkli pomoci pldnich aditiv...............oooo 10
2.2.1. Biochar jako pldni aditiviume...........ooiiiii e 12
2.2.2. BIOCNAT V PUAE. ...t 19
2.2.3. Vyuziti biocharu v remediacnich technologiich.....................o . 22
3. HYPOLEZY @ CIle PracCe..c.ciieiieiiieiiniieiieiiniieeieiinrosessassssossssssosssssssnsosssssssnssssssnses 25
4. PubliKovaneé ClANKY.....c.oceiieiiniiieiiaiieesaiinionessassnsossssssssssssssnsossssssssssssssssssssssssns 26
O, SumArni diSKuZe......coviiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiciti e eieei e ee e as 105

5.1. Fyzikalni a chemické vlastnosti biocharii jako vysledek rozdilnych vstupnich materiali a

105
teplot pyrolyzy: predurcuji osud téchto materidlti v pide?..........ccvevvveviieiiieiieieeieeees
5.2. Biochar a jeho schopnost sorpce kadmia, 0lova a zinku.................cceeeeeeeeeeeeeeeen, 108
5.3 Biochar a jeho vliv na rist rostlin a pohyb rizikovych prvka v kontaminované pidé........ 110
5.4 Biochar pfipraveny z kontaminované biomasy a jeho plisobeni na rist rostlin................ 114
B ZAVET..eeruteutiutenreeitete et ettt et b e e bbbt e b e s bt e b e s an e s an e neenes 116

7. Seznam pouZité literatury vztaZeny Kk literarnimu prehledu a sumarni diskuzi............. 118



Podékovani

Réda bych podékovala svému skoliteli prof. Ing. Pavlu TlustoSovi, CSc., za odborné
vedeni prace, viely pratelsky pfistup, rady, pfipominky a ¢as, ktery mi béhem prace vénoval.
Déle patfi mé velké diky pani prof. Ing. Jifin¢ Székové, CSc., za cenné rady, pomoc
a podporu v celém priabéhu vyzkumu, studia a pii tvorbé odbornych publikaci.

Velmi si vazim a dé€kuji vSem c¢leniim katedry za pomoc pfi realizaci vyzkumnych
praci a vytvoreni ptatelského prostiedi, zvlast€¢ pak Ing. Hané Zamecnikové a Ing. Jané

Najmanové, za vstiicny pristup pti analyzach vzorkd.



1. Uvod

Vyuzivani ptirodnich zdrojii povazujeme za samoziejmou soucést vSednich aktivit.
Ptinasi to vSak sva tuskali — krom¢ odCerpavani surovin také nasledné znecistovani prostiedi
jejich zpracovanim, kdy vyznamny dopad této kontaminace zaznamenavame i V ptipad¢ pidy,
kterd povahou svych vlastnosti ma schopnost akumulovat fadu rizikovych slouc¢enin. V dnesni
dobé¢ si uvédomujeme negativni vliv na ptirodu a soucasnym trendem a nutnosti je nachdzet
rizna alternativni a Setrné feSeni dekontaminace prostiedi.

V souvislosti s kontaminaci pud jsou studovany i moznosti piipadné remediace danych
pud tak, aby se tyto pudy daly vyuzit k zemédélskym ucelim. Jednou z moznosti je
fytoextrakce s vyuzitim plantazi rychlerostoucich dievin. Efektivnost takovych opatieni je
V soucasné dobé¢ intenzivné pozorovana a hodnocena. Problémem na nckterych lokalitach je
extrémné vysoky obsah rizikovych prvkd, ktery vyrazné negativné ovliviiuje riist sledovanych
rostlin. Vzhledem k tomu, Ze tvorba biomasy je klicova pro efektivni fytoextrakci, je vhodné
navrhnout kombinaci remediacnich technologii, a to fytoremediace a imobilizace — aplikace
pudnich aditiv, ktera jsou schopna riznymi mechanismy rizikové prvky v ptidé fixovat tak,
aby se snizila jejich mobilita vpudé, atim ijejich toxicita pro péstované rostliny.
V optimalnim piipadé je tfeba dosahnout maximalniho odbéru prvkd rostlinami pii
minimalnim ovlivnéni biochemickych procest v té€chto rostlindch. Nasnad¢ je také otazka, jak
nalozit s kontaminovanou biomasou. Existuje moznost termochemického zpracovani biomasy
— pyrolyza, kde jsou vysledné produkty olej a plyn dale vyuzitelné pro energetické ucely —
terminem biochar. Biochar je v poslednich letech velmi intenzivné zkouman jako pudni
aditivum zlepSujici ptdni vlastnosti a byly popsény jeho schopnosti poutat organické
i anorganické polutanty. Divodem jsou zejména jeho fyzikalni vlastnosti, kdy bylo potvrzeno,
7e se jedna o materidl stabilni, alkalicky a porézni. Atraktivni je jeho pfiprava, pii niZ jsou
limitovany emise oxidu uhli¢itého. Timto zpisobem by se daly velmi efektivné zpracovat
ur€ité typy odpadi za vzniku latek, které lze dale vyuzit. Pfedmétem vyzkumu je vhodnost
materidli pro efektivni pyrolyzu a pfipravu pozadovanych vystupii. Vlastnosti vystupnich
latek jsou podminény vlastnostmi vstupnich materiali. Jestlize predpokladame, ze
potifebujeme biochar schopny imobilizovat kontaminanty v pidé, je tfeba se zabyvat otdzkou
Z ¢eho a za jakych podminek vhodny biochar ptipravit a nasledné jak a za jakych podminek

ho do ptdy aplikovat.



2. Literarni prehled

2.1 Kontaminace pud rizikovymi prvky a jeji moznd remediace

2.1.1 Rizikové prvky v biosfére

Biosféra je ptrirozené prostiedi zivych organismu tvofici komplexni biologickou vrstvu
Zem¢. V biosféie se vyvinuly rtizné typy ekosystémi s vyrovnanym cyklem chemickych
prvkil, slouCenin atoku energie. OvSem zasahy Clovéka tyto vyrovnané pochody znacné
ovlivnily a dale ovliviuji. Stopové prvky jsou pfirozené chemické prvky, které se vyskytuji
V riznych mnozstvich a na rozmanitych mistech po celém svété. Vétsinu chemickych prvki
dalezitych pro zivot na Zemi poskytuje pida. Stopové prvky jsou piijimany rostlinami
amnozstvi piijaté do pletiv rostlin zpravidla koreluje s jejich mnozstvim v pudé¢. S timto
jevem vyvstavaji problémy pro samotné rostliny, zvifata a nasledné ¢loveka, kdy organismy
mohou trpét pfemirou, ¢i naopak nedostatkem stopovych prvki, dle jejich obsahti a mobilnich
podila v pude.

Biochemické funkce stopovych prvkll jsou znamy, plisobi jako kofaktory enzymil,
jsou stavebnimi jednotkami proteinli, jsou odpovédné za pienos elektroni v dulezitych
chemickych procesech. Mnoho stopovych prvki je nezbytnych pro ¢lovéka i rostliny. Existuje
ale také mnoho prvki, které nejsou ve vysokych koncentracich toxické pro rostliny, oviem
pro ¢lovéka a zvifata ano. Pfijmem téchto prvkil zvitaty se tak zvySuje mnoZzstvi téchto prvka
Vv potravnim fetézci (Kabata-Pendias a Mukherjee, 2007).

Za rizikové prvky, tedy takové, které mohou ve zvySenych koncentracich zptisobovat
zavazné zneCisténi biosféry, jsou povazovany: As, Ag, B, Ba, Be, Cd, Co, Cr, Cu, F, Hg, Mn,
Mo, Ni, Pb, Sb, Se, Sn, Tl, V aZn. Termin rizikové prvky je také spjat s terminem tézké
kovy, ktery se vztahuje na prvky majici hustotu vys§i nez 5 g.Cm'3' Oznacuje kovy
a metalloidy, které se vSeobecné poji se zneciStovanim prostifedi a toxickym plsobenim
(Adriano, 2001). Tézké kovy jsou stalé a z prostiedi je lze velmi obtizné odstranit. Problém
nastava, kdyz je jejich obsah v prostiedi vysoky, diky pfirozenému podloZzi nebo antropogenni
¢innosti (Prasad, 2008).

Pida obsahuje rizikové prvky riznych pivodi: 1) litogenni, tzn. ptivodni horninové
podlozi (naptiklad chrom, nikl a kobalt se hojn¢ vyskytuji na hadcovych ptidach, zinek zase
na zinkitovych (Prasad, 2008)), ii) pedogenni, tedy pochazejici z horninového podlozi, ale
vlivem pudotvornych procesi se méni formy téchto prvki, iii) antropogenni, to znamena

spojeny s ¢innosti ¢lovéka (Kabata-Pendias a Mukherjee, 2007).



Se stale rostouci produkci apoptavkou po vyuzivani kovll v rozvinutych ale
I V rozvojovych zemich se zvySuje pravdépodobnost rozptylovani tézkych kovii do prostiedi.
Tyto prvky mohou byt uvoltiovany do prostiedi od chvile, kdy jsou téZeny, az po dobu, kdy
jsou zpracovavany a vyuzivany v primyslovych odvétvich (Adriano, 2001).

Také zemédé€lska produkce mize piispét ke zvysSeni obsahu rizikovych prvka v pide,
protoze s jeji intenzitou se zvySuje pouzivani hnojiv, ktera mohou tyto prvky obsahovat. Mezi
rizikova hnojiva patii fosfore¢na nebo pouzivani Cistirenskych kalii, kde se mohou objevit
vysSi obsahy tézkych kovi. Urc€it¢é mnozstvi prvki se mohlo ojedinéle vyskytnout
i v pesticidech (Gimeno-Garcia akol., 1996). Dalsi zat¢z pudy mulze souviset iSe
skladovanim odpadi jak komunalnich, tak nebezpecnych, a s potencidlnim unikem prvka
Z téchto materidl do pudy. Do ovzdus$i se pak rizikové prvky dostavaji spalovanim uhli.
Mnozstvi kovli uvolnénych pii spalovani zavisi na technologii a typu uhli (Adriano, 2001).
Tyto prvky se pak S$ifi v prostfedi pomoci vétru, vody anakonec se dostdvaji do pldy
a sedimentd, kde jsou vazany. Biologicka ptistupnost kovii klesa organismim s mirou jejich
sorpce v pudé, kdy je vyssi biologickd dostupnost prvkil pozorovana u antropogennich zdroja
kontaminace, nez kdyZ se tyto prvky ve vyssich koncentracich nachazeji v podlozi (Prasad,

2008).

2.1.2 Mozné zdroje kontaminace pid
ochrany pudy, pfiCemz takzvana stara zaté¢z je vyznamnym ohrozenim pro lidské zdravi
(Némecek a kol., 2010). Jedna se o zavazny problém z hlediska dal$iho Sifeni téchto prvkia do
potravniho Fetézce nebo jejich vyplavovani (Prasad a Hagemeyer, 1999).

Jak uvadéji Panagos akol. (2013), v Evropé se nachazi 1170000 potencialng
kontaminovanych lokalit (v 33 zemich), tedy mist, kde je moZzna kontaminace ptidy. VSechny
zdroje ale nejsou ovétené, takze na téchto lokalitach musi byt jesté proveden detailni vyzkum.
Lokalit identifikovanych jako kontaminované bylo nalezeno 127 000. Z tohoto poétu je az

46 % remediovano. Kontaminanty pudy jsou ptedevsim tézké kovy a mineralni oleje (graf 1).
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Graf 1. Prehled hlavnich kontaminanti v Evropé (Panagos a kol., 2013)

Fenolicke latky 1,3 %

Literatura popisuje mozné zdroje kontaminace: skladky, aredly s ropnym primyslem,
vojenské zakladny (Panagos akol., 2013). Dalsi vstupy kontaminanti do piady uvadi
Némecek a kol. (2010). Jedna se o aplikace odpadnich latek recyklovatelnych v pidé, zaplavy
v mistech vyskytu fluvizemi, kde byly zachyceny prvky obsazené ve vod¢ v dusledku absence
¢i nedostate¢né funkce ¢istiren odpadnich vod (COV), komposty se zvysenym obsahem
kontaminantt, ptevrstveni piid stavebnimi odpady a havérie.

K oblastem s vysokou kontaminaci ur¢ité¢ patii mista se staletimi trvajici
metalurgickou a hornickou ¢innosti. Hornictvi a metalurgie vede ke zvySeni prvku v pudé
uvolnénim jejich loZisek v mateiské horning (Vrubel a kol., 1996; Sichorova a kol., 2004).
Kromé rozsifeni kovli atmosférickou depozici se 1ze setkat s nehodami, jako je poniceni stén
sedimentac¢nich lagun kovohuti povodni a naslednym roz§ifenim rizikovych prvki do povodi

(Bortvka a Véacha, 2006).

Zdroje moznych anorganickych kontaminantl 1ze shrnout nasledovné:
A / Primyslové aktivity

- tézebni a zpracovatelsky prumysl

- stavebni pramysl

- cementarny.

B / Vyroba energie

- spalovani fosilnich paliv

- jaderné elektrarny

- spalovani komunalniho odpadu.



C | Zeméd¢lstvi
- aplikace Cistirenskych kala
- aplikace mineralnich hnojiv
- aplikace pesticidi.
D / Doprava
(Kabata-Pendias a Mukherjee, 2007)

2.1.3 Rizikové prvky v pudé

Pida je dilezitou soucasti terestrickych ekosystému a hraje kliCovou roli v riznych
kolobézich prvkl. Ma funkci jako tlozisté, filtr a je to misto mnoha premén, ¢imz podporuje
vyvazenost vztahu biotickych a abiotickych slozek (Kabata-Pendias, 1995). Puda je
komplexni heterogenni medium skladajici se z pevné faze (mineraly, organickd hmota),
plynné faze (pidni vzduch) a faze kapalné (pidni voda). Faze na sebe navzajem pisobi a tvori
uceleny systém, kterym ionty prvkl prochdzeji (Alloway, 1999). Pida je vSak také misto, kde
se mohou kumulovat rizikové prvky, pficemz sorpce na pevnou fazi je hlavnim procesem
odpovédnym za jejich akumulaci (Bradl, 2004). Schopnost pidy zadrzovat kovy v pevné fazi
pudy (¢imz pfemistuje polutanty z ptidniho roztoku a dochazi k interakci mezi témito
rozhranimi), je zdkladnim mechanismem, kterym plida snizuje moznost rozsifeni

kontaminantl do dal$ich slozek zivotniho prostiedi (Petruzzelli, 1997).

2.1.4 Sorpce prvku v pidé

Sorpci je mozno definovat jako akumulaci kovi v pudé avztahuje se k procesu
udrzeni iontd kovu v ni, coz zdvisi na afinité¢ kovu k pidnim c¢asticim (Petruzzelli, 1997).
Sorpce rizikovych prvka ajejich distribuce mezi piadou akapalnou fazi je predevSim
ovlivilovana pidnim typem, slouceninou prvku, jeho koncentraci, pidnim pH, pomérem
pevné a kapalné faze pidy, dobou kontaktu, redox potencidlem, vyménnou pliidni kapacitou,
pludni vrstvou, klimatickymi podminkami a podilem organickych castic v pid¢ (Bradl, 2004;
Kabata-Pendias, 1995; Baranc¢ikova a Makovnikova, 2003). Padni pH ma prevladajici vliv na
sorpci kovi, jako jsou kadmium a zinek. VIiv redox potencialu je vyznamny predevsim u téch
rizikovych prvki, které se v pidé mohou vyskytovat ve vice nez jednom oxida¢nim stupni
(As, Cu, Hg, aPb). Obsah vody v pad¢ také souvisi se schopnosti sorpce, kdy snizujici se
obsah vody v ptidé ma za nasledek vys$i mnozstvi navazanych kovi. Pfitomnost nékterych
soli mize mit také vliv na dostupnost kovii pro rostliny. Naptiklad chloridové anionty zvySuji

sorpci kovi vznikem iontu nebo neutralni Castice (Petruzzelli, 1997).



Mechanismy sorpce byvaji jednoduse popisovany jako: 1) specificka sorpce, ktera je
charakterizovédna jako vice selektivni a mén¢ vratna vcetné vytvareni komplext na vnitinich
povrsich ¢Castic, i1) nespecifickd sorpce neboli iontova vymeéna, kterd zahrnuje slabé a méné
selektivni komplexy vné ¢astic. Specifickd sorpce se vyznacuje pevnou a nevratnou vazbou
kovu na organickou hmotu ¢i jilovy mineral. Nespecificka sorpce je elektrostaticky jev, kdy
jsou kationty z ptdniho roztoku vyménény za kationty pobliz povrchu ¢astice. Kationtova
vyména se vyznacuje slabou vazbou mezi kovem a nabitou ptidni castici a je vratnad (Bradl,
2004). Existuji rizné druhy sil vazajici kovové ionty k pevnym c¢asticim, které je pak drzi.
Jejich rozsah je od elektrostatickych az po kovalentni, z nichz pak vyplyvaji vazebné energie
(Petruzzelli, 1997).

Hlavni slozky pevné faze ovliviiujici sorpci jsou piitomnost jilovitych castic, obsah
a slozeni organické hmoty, obsah oxidl Zeleza, manganu a hliniku, fosfati a karbonatd (Dube
a kol., 2001; Bradl, 2004; Sparks, 1995).

Obecné¢ plati, ze permanentni naboj na jilovitych casticich reaguje s kovovymi ionty
prostiednictvim nespecifickych elektrostatickych sil. Tento naboj jilovych mineralt je
pfevazné zaporny, coz je velmi dulezity faktor ovlivitujici sorpéni vlastnosti piid (Loughnan,
1969). Jsou mozné i dalsi vazby na koncich slouéenin jilovitych minerali, které jsou schopny
reagovat s kovy. Jedna se o konce —SiOH a —AIlOH skupin. Je tieba zminit hodnotu pH, kdy
pii vysokych hodnotach hydrolytické reakce c¢ini sorpci ireversibilni z divodu vytvofeni
hydroxo-polymerovych forem na koncich silikatovych sloucenin (Petruzzelli, 1997).

Organicka sloZka obsahuje velké mnoZstvi organickych funkénich skupin, které jsou
schopny s kovy velmi dobie reagovat. Do téchto funkénich skupin se fadi karboxylové,
karbonyloveé, fenyl-hydroxylové, aminové, imidiazoloveé, sulfylhydrylové a sulfonové
skupiny. Sorpéni vlastnosti organickych a anorganickych ¢astic pidy jsou ovlivnény poctem
a typem funkénich skupin, pfistupnych koviim (Dube a kol., 2001). Tvorba organokovovych
komplext je nejvice zavisla na specifickém povrchu ptidy a obsahu organického uhliku (Gao
a kol., 1997) a rozpustného organického uhliku (Al-Wabel a kol., 2002).

Oxidy ahydratované kovové oxidy maji velkou schopnost vazat se s kovy. Tato
schopnost souvisi se stupném krystalizace a morfologie sorp¢nich povrchi. Na
nekrystalizovanych oxidech s —OH skupinou s jedinym atomem hliniku se miize nestaly naboj
vybalancovat pomoci navazani kovu (Dube a kol., 2001).

Dal§im faktorem, ktery ovliviluje podminky a intenzitu sorpcnich procest je
ptitomnost ligandi. Tvofi se pak takové ,trojkomplexy jako ligand — kov — pidni Castice.

Sorpce kovu se zvySuje, jestlize ma komplex ligand — kov vysokou afinitu k ptidnim ¢asticim,
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nebo jestlize ligand samotny disponuje vysokou afinitou k plidnim ¢asticim. Takovy ligand
pak pomédha kovu navézat se. Ke snizeni sorpce dochazi v disledku slabé afinity k plidnim
casticim komplexd, ligandii samotnych nebo ligandu ke kovu. (Petruzelli, 1997).

Mobilita prvkl je dana jejich elektrochemickymi vlastnostmi a stabilitou mineralu.
V dusledku vysoké dynamiky chemickych procest v pudé jsou piemény nepfietrzité. Obsah
mobilnich kovll v pidé také velmi ovliviiuje Stupenn zvétravani, ale vyznamnou roli hraji
I dalsi faktory: pH, vyménna puidni kapacita a redox potencial (Kabata-Pendias, 1995).

Litogenni slozka je zdrojem spiSe imobilnich prvki v ptidé, mize vSak dojit k jistym
preménam diky pidnim podminkdm, ale také diky Cinnosti mikroorganismi i kofenovym
exudatim (Kabata-Pendias, 1995). Mobilitu kovi a jejich distribuci také ovliviiuje pfitomnost
oxidl zeleza a manganu. Je to dualezitd skupina tvotici koloidni ¢astice, které za pritomnosti
vody vytvareji hydratované formy schopné velmi silné vazat kovy. Tyto formy nejsou lehce
rozpustné, a proto jsou nepiistupné rostlinam (Petruzzelli, 1997). I kdyZ mobilita kovli zavisi
na jejich chemicko-fyzikalnich vlastnostech, je mozné, Ze ji ovliviuje i jejich afinita
K ur¢itym pudnim casticim. Mobilngjsi kovy (Cd, Zn) se vyskytuji hlavné jako anorganické
komplexy, kdezto mén€ mobilni (Pb) jsou vazany pifedev§im na silikdtovych Ccasticich
(Kabata-Pendias, 1995).

Pro popisovani sorpce rizikovych prvki vpadé se vyuziva empirickych ¢i
semiempirickych modeld, kdy emipirické modely maji za cil popsat a hodnotit experimentalni
data, zatimco semiempirické modely udavaji popis zdkladnich mechanismi sorpce. Empirické
modely se obvykle zaklddaji na jednoduchych matematickych vztazich mezi koncentraci
prvka v kapalné fazi a pevné fazi po ustanoveni rovnovahy za konstantni teploty, kdy je
rovnovaha dana rovnosti chemického potencialu téchto dvou fazi. Tyto vztahy jsou nazyvany
»izotermy* (Bradl, 2004). Jednovrstevnou sorpci plynu na homogenni planarni povrch poprvé
matematicky popsal a vysvétlil Irving Langmuir v roce 1916. Freundlichova izoterma je
vhodna pro modelovani heterogenniho povrchu, ovSem ne vzdy je spravné interpretovana,
fyzikalni vyznam parametru | /n neni ve vétSin€ studovanych systému zcela jasny. Tabulka
1 prezentuje porovnani nejpouzivangjSich izoterem (Zhao akol., 2011). Langmuirova
izoterma popisuje monovrstevnou sorpci na homogenni povrchy, pficemz kazdé vazebné
misto zachycuje jednu Ccastici a adsorbované molekuly nemohou po povrchu migrovat
a navzajem se ovliviiovat. Existuji dalsi rovnice obsahujici dva parametry pro modelovani dat:
Temkinova izoterma, rovnice Redlich-Patersonova, Flory-Hugginsova a Dubinin-
Raduskevichova, Halseyho izoterma a Brunauer-Emmer-Tellerova (BET) izoterma. Redlich-

Patersonova izoterma je pak kombinaci Langmuirovy a Freundlichovy izotermy a jedna se

7



0 nejpouzivanéj$i model. Pii modelovani sorpce vysokych koncentraci se pfiblizuje
Freundlichové izotermé, pii nizSich koncentracich Langmuirové. Tato rovnice je velmi
popularni pro odhadovéani sorpce tézkych kovi. Tothova izoterma je podobnd Redlich-
Patersonové¢ a také kombinuje vlastnosti jak Langmuirovy, tak Freundichovy izotermy. Dobie
popisuje sorpci heterogennich systémti (Dursun, 2006). Sipsova izoterma vystihuje model
biologické sorpce tézkych kovi s vysokou hodnotou koeficientu korelace (Apirakitul
a Pavasant, 2008).

Tabulka 1. Piiklady izoterem popisujici sorpci (dle Zhao a kol., 2011)

Izoterma dle Rovnice funkce
Freundlich qe=KyzCl"
. _ K,C,
Langmuir q. = q’"‘”‘1+KLce
. RT
Temkin q. = Tln (aC.)
[
. . RTIn (<
Dubinin-Radushkevich B B l"(cs)
9e = qmaxexp(—(—5+—)
BE,
. 0
Flory-Huggins logc— =log K gy + npylog(1 —0)
0
K
Halsey q.=(Dtmn
C.
BC,
Brunauer, Emmett, Teller (BET 9e = 9 max C
( ) qmax(ce_cs)[l‘l'(B_l)(ﬁ)]
. _ (KsC.)
Sips Qe = dmax T (g, Co)
bTCe
TOth qe - qmax(l +(bTCe)nT)l/nT
. K rpC
Redlich-Paterson qeo = L"ﬁ
1+a RPC e

Vysvétlivky: C, - koncentrace po ustanoveni rovnovahy, C, - rozpustnost adsorbatu pfi dané teploté, Eg -
charakteristika energie vztazena k referencni slozce, q. - nasorbované mnozstvi, qms - sorpéni kapacita
(saturovana monovrstva). Kinetické rovnice: qe - mnoZstvi sorbované v rovnovaze, q - mnozstvi nasorbované
v daném dase ,t“, C - koncentrace sorbatu v roztoku v ¢ase, C; - koncentrace sorbatu v sorbentu v Gase,

parametry a konstanty jednotlivych rovnic.



Sorpce muze byt popsana Ctyfmi obecnymi typy izotererm (obrazek 1): 1) S— typ
indikuje, ze za nizkych koncentraci kovii ma povrch nizkou afinitu pro jejich sorpci, ta se
zvySuje se zvysujici se koncentraci kovi; ii) L — typ ukazuje vysokou afinitu pifi nizkych
koncentracich kovi, se zvySuji koncentraci se afinita snizuje; iii) C— typ predstavuje
odd€lujici mechanismus, kdy se ionty kovl nachazeji v mezifazi ptidni ¢astice a ptidniho
roztoku rovnomérng; iv) H — typ vyjadfuje vysokou afinitu a tvorbu komplext vnitini sféry

povrchi (Sparks a kol., 1995).

Obrazek 1. Zakladni typy sorpénich izoterem (Sparks a kol., 1995)

S L C H

’

Sorbované
mnozstvi

Rovnovazna koncentrace

2.1.5 Metody remediace kontaminovanych pid

Z divodu mozné toxicity rizikovych prvkd vyzaduje tento problém efektivni
a dostupné feSeni. Byly popsany remediacni technologie zalozené na fyzikalnich, chemickych
nebo biologickych procesech. Vybér typu remediaéni metody zavisi na typu kontaminantu,
typu pudy a celkové charakteristice remediovaného mista (Alloway, 1999). Mulligan a kol.
(2001) shrnuji pouzitelné remediacni technologie pud kontaminovanych rizikovymi prvky
takto: i) zadrzovani (fyzikalni, enkapsulace, vitrifikace); ii) ex-situ technologie (fyzikalni
separace, chemické promyvani pud, pyrometalurgie); iii) in-situ technologie (reaktivni
bariéry, vymyvani vodou, elektrokinetickymi postupy, fytoremedi¢ni technologie). Ackoliv
mohou byt nékteré popsané metody velmi efektivni (Basta a McGowen, 2004), jsou velmi
ekonomicky naro¢né a k pudé nesetrné, az piimo drastické (napiiklad vitrifikace: taveni
anorganickych latek elektrickym proudem na amorfni materidl podobny skloving).
Environmentéaln¢ Setrné a ekonomicky vyhodné jsou fytoremediacni postupy, kdy se
k odstranovani, ¢i stabilizaci rizikovych prvka pouzivaji rostliny. Fytoimobilizace je proces,
kdy zdmérné péstované rostliny uvoliuji do pudy latky, a tak kovy tvofi komplexy a stavaji se
imobilni. Pfi fytoextrakci se vyuzivaji rostliny, které kovy z pidy extrahuji a kumuluji ve
svych pletivech (Mulligan a kol., 2001). Existuji rostliny, které jsou schopny ve svych

pletivech kumulovat extrémné vysoké obsahy rizikovych prvkd, nazyvame je
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hyperakumulatory. Bylo popsdno az 400 druhii rostlin schopnych zvySené akumulace
rizikovych prvki. Patii mezi n¢ rostliny z tropického i mirného pasma, pfevazné rostouci na
pudach bohatych na tézké kovy a nalezicich do mnoha riznych celedi (Assungdo akol.,
2003). Rychlerostouci difeviny, jako jsou vrby a topoly (Salicaceae), vykazuji velmi dobrou
schopnost akumulace rizikovych prvki, zejména Cd a Zn, a jejich vyhodou je velky narust
biomasy, coz mize vést k vyznamnému odbéru téchto prvka za vegetacni obdobi (Jensen
a kol., 2009; Meers a kol., 2007, Robinson a kol., 2000).

Potencial vyuzivani rychlerostoucich dievin, které zajist'uji dostate¢ny nartist biomasy,
byl pozorovan na extrémné i mirné kontaminovanych, vapenatych i pis¢itych padach (Jensen
a kol., 2009; Tlustos a kol., 2007; Meers a kol., 2007). U téchto metod se uvazuje 0 odstranéni
(extrakci) kovll z plidy, zcehoz plynou nasledné otazky, jak skladovat a dal nakladat

s kontaminovanou biomasou.

2.2 Stabilizace rizikovych prvkii pomoci pudnich aditiv

Slibnou in-situ remedia¢ni metodou, kdy bychom uvazovali vyuzivani kontaminované
pudy bez extrakce rizikovych prvku, je fixace rizikovych prvka aditivem aplikovanym do
pudy (Guo a kol., 2006). Aplikuji se takova aditiva, ktera jsou schopna sorbovat rizikové
prvky, tvofit s nimi komplexy ¢i srazeniny atim omezit jejich pohyb (Basta a McGowen,
2004; Kumpiene a kol., 2008). Tato metoda vychazi z tradi¢nich agrotechnickych opatieni,
jako je aplikace fosfatd, vdpna nebo organické hmoty pii pestovani rostlin k zvySeni jejich
produkce a omezeni mobility a ptistupnosti rizikovych prvki rostlinam (Bolan a kol., 2003).
Omezeni piistupnosti rizikovych prvki rostlindm a omezeni jejich vyplavovani je dosahovano
riznymi mechanismy sorpce, tedy sorpci na mineralni povrch, tvorbou stabilnich komplexii
s organickymi ligandy, srdZzenim nebo iontovou vyménou. Také sraZzeni ve formé soli
a koprecipitace mohou piispivat k redukci mobility kontaminantd. Riazné sorpéni/desorpéni
pochody jsou ovliviiovany fadou faktorti: velmi podstatné je zména (zvySeni) pH, déale redox
potencial, typ pidnich sloZzek, kationtovd vyména kapacita a jen zfidka imobilizaci prvkl
Vv pudé ovlivni pouze jeden mechanismus (Kumpiene a kol., 2008).

Jako stabiliza¢ni material byl popsan napiiklad véapenec, fosfat (Basta a McGowen,
2004; Lin a kol., 2005; Xenidis a kol., 2010), oxihumolit, zeolit, humaty (Janos a kol., 2010;
Conesa a kol., 2010), prasek z vajecnych skofapek a driibezich kosti (Lim kol., 2013) nebo
nanocastice na bazi zeolitu (Ghaira kol., 2010).

Mezi toto Siroké mnozstvi dostupnych pudnich stabiliza¢nich materidld — at’ uz

organickych ¢i anorganickych — nebo jejich smési, fadime také latky uhlikaté povahy jako
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vedlejsi produkty spalovani uhli, polétavé popilky vzniklé pouzivanim biopaliv (Clark a kol.,
2001) nebo popele vznikajici spalovanim dfeva (Ochecova a kol., 2014) ¢i lignitu (Uzinger
a kol., 2008).

Alkalické materialy jako popilek ¢i Cerveny kal (tvofeny predevSim oxidy Zeleza,
vznika jako odpad pti vyrobé hliniku z bauxitu) snizily vyplavovani zinku z pidy téméf ze
100 % (Ciccu a kol., 2003). Mobilita zinku je modifikovana ptitomnosti P, Ca, Al, Mn, Fe
oxidi a organickou hmotou. Zinek se mize srazet s hydroxidy karbonaty, fosfaty, sulfidy,
molybdenany a dal$imi anionty, stejné jako tvofit komplexy s organickymi ligandy. Bylo
zjisténo, ze vyznamn¢ omezuji mobilitu zinku aditiva na bazi fosfati (Basta a McGowen,
2004). Uginné imobilizace olova bylo dosaZeno pouZitim materialti na bazi fosfatil, &i vapniku
(Basta a McGowen, 2004). Vseobecné se udava, ze materidly zvySujici pH pudy jsou
efektivni pro redukci mobility olova (Kumpiene a kol., 2008). Naptiklad Belviso a kol. (2012)
popisuji schopnost syntetického mineralu (zeolitu) z polétavého popilku vzniklého pii
spalovani uhli, jehoz hodnota pH byla 13, u¢inn¢ imobilizovat olovo za vzniku nesnadno
rozpustnych hydroxida ([Pb(OH)]4). Naopak Vondrackova a kol. (2013) zjistily, Ze dolomit
neni vhodnym aditivem pro imobilizaci olova na kyselych i neutralnich ptdach.

Pii sorpci kadmia hraje dulezitou roli pH a elektrostatické interakce (Ghair a kol.,
2010). Jako vhodné imobiliza¢ni medium pro kadmium byly popsany bazické slouceniny
vapniku (Lim a kol., 2013) nebo organické povahy: humaty (Jano$ a kol., 2010), ¢i mineraly
(Ghair akol., 2010). Efektivni imobilizace téchto prvki po aplikaci vapna (CaO) a vapence
byla sledovéana na kyselych pudach (Vondrackova a kol., 2013) a autofi také vyzdvihuji vliv
aplika¢ni davky na ucinnou a efektivni fixaci rizikovych prvk.

V extrémné konatminovanych pidach je tvorba biomasy extrahujicich rostlin
vyznamné redukovana Vv disledku fytotoxického ucinku rizikovych prvka (VyslouZilova
a kol., 2003). Nicmén¢ je ucinnost fytoextrakce podminéna vysokou tvorbou biomasy (Meers
a kol., 2007). Ve specifickych pfipadech by se tedy dala zvaZzovat moznost kombinace
fytoextrakce se stabilizaénimi aditivy pro zlepSeni rustu rostlin, atak zvysit stabilizacni

a fytoextrakéni potencidl péstovanych rostlin.
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2.2.1 Biochar jako ptudni aditivum

Jednou z nové testovanych moznosti k remediaci
kontaminovanych ptd je vyuziti zbytkového materidlu
po pyrolyze organické hmoty tzv. biocharu. Biochar je
jemnozrnna porézni ana uhlik bohata substance

podobajici se dievénému uhli (v angl. Charcoal, odtud

nazev biochar). Ziskava se pyrolyzou bioodpadu —
termickym rozkladem za rtiznych teplot a bez pfistupu
médii obsahujicich kyslik. V poslednich letech se takto
ziskanym materidlem autofi zabyvaji jako aditivem zlepSujicim pudni vlastnosti. Bylo
zjisténo, Ze biochar nejen ovliviiuje pudni vlastnosti (Amonette a Joseph, 2009), ale také
sorbuje rizikové prvky a tim omezuje jejich pohyb v ptidé (Chen a kol., 2011).

V disledku neustdlého zvySovéani koncentrace CO; V atmosféte se novodobé zacalo
uvazovat, ze aplikaci materialu s vysokym obsahem uhliku, jakym biochar je, se ¢ast uhliku
bude dlouhodobé¢ ukladat v padé. Americti védci ve své studii vypocetli, ze by bylo mozné
pyrolyzou biomasy, kde by se ziskaval plyn a olej pro energetické ucely a biochar by byl
pouzit pro pudni aplikace, dosahnout sekvestrace az 10 % rocnich emisi z fosilnich paliv
v USA (Lehmann, 2007a; obrazek 2 ). Moreira akol. (2017) shrnuji pozitiva nahrazeni
tradicniho aktivniho uhli biocharem pfedevSim z hlediska vyuziti a zpracovani lignin-

celulézového odpadu.

Obrazek 2. Sekvestrace uhliku v podob¢ pyrolyzniho produktu, biocharu

Produkt
Vstupni biomasa r’ = __y\

100 % C Reaktor l‘ N
\

a \\ 50 % C = energie \\

Organicky odpad S pevnym 1(?26m
Agronomické Vaku(jvy N 1
zbytky Ablaéni )
Energetické Rotacni kuzelovy ~ — -

plodiny Biochar

=50 % C zpét do pidy

Teplo

Vyuzivani zuhelnatélé biomasy pro agronomické ucely neni zalezitosti a trendem
poslednich desetileti. Jiz vroce 1929 John Morley zminuje v casopise The National

Greenkeeper pozitiva aplikace hnédého uhli a popisuje nasledné zlepSeni pudni struktury
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(Morley, 1929). V Sedesatych letech byla pak popsana izemi v Amazonii, kde spoluptisobeni
spalené biomasy a dalSich organickych materiald vedlo k vytvofeni velmi arodnych pud, které
nesou dnes jiz zazité oznaceni terra preta (Sombroek, 1966). Jiz od starovéku pouzivali
farmaii hnédé uhli pfi péstovani plodin. Ptikladem je myceni a spalovani stroml na plochach
nasledné vyuzivanych pro zeméd¢lské ucely, které se jesté stale praktikuje v severovychodni
Indii (Jha a kol., 2010). Ve ¢tyficatych letech se pak objevuje v disertacni praci E. H. Tryona
myslenka, vyuziti dfevéného uhli k sorpci latek toxickych pro rostliny (Tryon, 1948). Vibec
poprvé se termin biochar objevil v publikaci z roku 1999 An activated carbon product
prepared from milo (Sorghum vulgare) grain for use in hazardous waste gasification by
ChemChar cocurrent flow gasification (Bapat a kol., 1999), kdy autofi popisuji pfipravu tzv.
,chemcharu“ ze zrn ¢iroku. Nazvem chtéli odliSit uhli pfipravené z tohoto materidlu od
béZzného aktivniho uhli vyrabéného z uhli. Také byl pouzivan termin ,,charcoal® pro material
pfipravovany pyrolyzou riznych zbytkl rostlinné biomasy dale vyuzivany pro energetické
ucely. Pocatkem devadesatych let se objevuje prvni zminka spojitosti ,.charcoal” se
zmirnénim klimatickych zmén, avSak autofi neuvadéji moznost aplikace tohoto materialu do
puady. Az v roce 2005 Lehmann a kolektiv ve své prezentaci Bio-char sequestration in soil:
A new frontier popisuji biochar ve spojitosti sekvestrace uhliku v pudé dale jako pudni
aditivum (Woolf a kol., 2010).

2.2.1.1 Pyrolyza

Pyrolyza je termicky rozklad materialti bez ptistupu kysliku, nebo za vyznamné nizsi
ptitomnosti kysliku, nez vyzaduje dokonalé spalovani (Mohan a kol., 2006).

VétSina v souCasné dobé provozovanych pyrolyznich systémil je zaloZena na
termickém rozkladu organického materidlu Vv rotacni peci vytapéné zevné spalinami, které
vznikaji z nasledného spalovani pyrolyznich plynt v tzv. termoreaktoru. K ohfati biomasy 1ze
pouzit pfimo i horkého inertniho plynu (neobsahujiciho kyslik). Ptiklad schématu reaktoru je
na obrazku 3. Reakéni mechanismus pyrolyzy rostlinné biomasy je komplexni a je velice
t€Zké ho ptesné popsat z divodu diverzity vstupni biomasy (Mohan a kol., 2006). V zavislosti
na dosazené teplot¢ lze pii pyrolytickém procesu pozorovat fadu déju, které je mozné pro
jednoduchost rozdélit do tii teplotnich intervali. V oblasti teplot do 200°C dochazi k suSeni
atvorbé vodni pary fyzikalnim odStépenim vody. Tyto procesy jsou siln¢ endotermické.
V rozmezi teplot 200-500°C nésleduje oblast tzv. suché destilace. Zde nastdva ve znacné

mife odstépeni bocnich fetézcl z vysokomolekuldrnich organickych latek a pfeména
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makromolekuldrnich struktur na plynné a kapalné organické produkty a pevny uhlik
v dtsledku primarnich pyrolyznich reakei.

Dale dochazi k vyméné mezi plynnymi a t€¢kavymi podily a chladnéjSimi castmi
pyrolyzovaného materidlu a ¢astetné ke kondenzaci kapalnych podilii. Nasleduje sekundarni
kondenzac¢ni reakce kondenzovanych kapalnych podili — tvorba dehtu, dale tepelny rozklad
(faze tvorby plynu: 500-1200°C ) reformovéani, rekombinace radikali v zévislosti na teploté
a dobé zdrzeni. Pfitom jak z pevného uhliku, tak iz kapalnych organickych latek vznikaji
stabilni plyny, jako je Hp, CO, CO, a CH, (Demirbas a kol., 2004; Mohan a kol., 2006).

Kone¢nymi produkty jsou pyrolyticky plyn, pyrolyticky olej a pyrolyticky koks. Cilem
tzv. pomalé¢ pyrolyzy je produkce koksu, naopak pii rychlé pyrolyze se ziska vice
pyrolytického oleje (Brown a Stevens, 2011). Spravny prubéh pyrolyzniho procesu je dan
extrémné rychlym ptivodem tepla do suroviny, udrzovanim potiebné teploty, kratkou dobou
pobytu par v reakéni zéné a co nejrychlej§im ochlazenim vzniklého produktu. Vznikajici
pyrolyticky olej je tmavé hn&da kapalina s hustotou asi 1,2 kg.dm™ vyhtevnosti 16-19 kJ.kg
! Dale vznika pyrolyticky plyn, ktery ma vyhievnost az 20 kJ.m ~ (Diebold a Bridgewater,
1997)

Rozeznavame zékladni typy pyrolyzy: pomalou (konvencni), rychlou a tzv. , flash*
pyrolyzu. Kazdy typ vyznacuje jinymi podminkami (tabulka 3), coz mé za nasledek rizné

vytézky produktta (Mohan a kol.; 2006; Jahirul a kol., 2012).

Obrazek 3. Schéma vseobecného procesu rychlé pyrolyzy (podle Frankovské a kol., 2010)

2 g f - Vysvétlivky:

! 1 — reaktor
> | 2 — oSetfena biomasa: susic a drti¢
| 3 —teplo
| 4 — zkapalnény plyn
6 T 5 — zasobnik biouhle
7 0 6 — cyklon s plynem
7 — zasobnik biopaliva/oleje
3 ' 8 — zhasedlo
- 5 9 —plyn
i 10 — teplo na suSeni biomasy
4 1 11 —recyklace plynu

Vynos a pomér produkti pyrolyzy biomasy zéavisi na n€kolika parametrech, zejména

na sloZeni a obsahu organickych latek v biomase, tedy obsahu (hemi) celuldzy, ligninu
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a extrahovatelnych latek (Gani a Naruse, 2007). Hemicelul6za se rozklada pfti teplotach 220—
315°C (Yang akol., 2007), celuloza pii teplotach 240-350°C ajeji pyrolyzni rozklad je
rychly. Lignin se rozklada pti teplotach 280-500°C (Mohan akol. 2006), pomaleji za
vysokych vytézkt pevného produktu pyrolyzy — koksu (Yang a kol., 2007). Mineralni sloZeni
biomasy, potazmo popelovin velmi ovliviiuje finalni produkty pyrolyzy, miru uvolnéni
tékavych latek a teplotu, kdy se biomasa v reaktoru zac¢ne rozkladat, nasledné ovliviiuje
I vlastnosti produktt. Pti odstranéni popelovin se zvysi Gnik tékavych latek, pocateéni teplota
arychlost rozkladu. Zvysi se produkce oleje aoptimalizuje produkce koksu a plynu
(Raveendran akol., 1995), pii¢emz nasledné sorp¢ni vlastnosti koksu se po odstranéni
popelovin u vstupni biomasy zvysi (Raveendran a kol., 1998). V tabulce 2 jsou uvedeny

obsahy hlavnich organickych komponent rostlinné biomasy.

Tabulka 2. Obsahy hlavnich organickych komponent rostlinné biomasy

Rostlina Ca§t Celuloza | Hemiceluléza | Lignin Extral}ovatelne Citace
rostliny latky
Kukurice klas 40,3 28,7 16,6 15,4
Raveendran
stonek | 42,7 236 17,5 9.8 akol., 1995
. Vassilev
Travy* 42,7 37,9 19,4 20,5 akol. 2012
. , Raveendran
PSenice slama 30,5 28,9 16,4 13,4 akol.. 1995
. Vassilev
Drevo** 51,2 23,4 25,5 3 akol., 2012
o Vassilev
Kura*** 22 47 31 3,3 akol., 2012

*primérna hodnota z 12 vzorkd, **primérna hodnota z 19 vzorki, ***priimérné hodnoty z 5 vzorki

Tabulka 3 ukazuje, jak pomér vyslednych produktt a jejich vytézek zavisi na
podminkach pyrolyzy: na teploté, dobé zdrZeni, rychlosti ohfevu, pfedipravé biomasy,
mnozstvi vstupni biomasy, typu reaktoru atypu ohievu (Demirbas, 2004). Vynos koksu
(biocharu) se snizuje se zvySujici se pyrolyzni teplotou (Uchimiya a kol., 2011a; Keiluweit
a kol., 2010; Horne a Williams, 1996).
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Tabulka 3. Porovnani riznych typi pyrolyzy na vysledné produkty (Demirbas, 2004)

Technoloai Rvchlost Finalni | Priblizné zastoupeni produktia
echnologie Doba zdrzeni ycv 05 teplota (%)
pyrolyzy ohrevu 5 -
°C) olej plyn koks
Karbonizace dny velmi pomaly | 400 100
Konven¢ni 5 —-30 minut pomaly 600 30 35 35
Rychla 0,5 - 5 vtefin velmi rychly 650 50 30 20
"Flash™ < 1 vtefin rychly > 650 75 13 12

V procesech pyrolyzy 1ze dosahnout vysoké vytéznosti produktii za pomérne nizkych
energetickych ztrat, ovSema pfedpokladu dostatecné vysusené vstupni biomasy. Vstupni
biomasa pro pyrolyzu ale vétSinou obsahuje velké mnozstvi vody. Cely proces tedy vyzaduje
vysouseni vstupni biomasy, coz znamena dalsi energeticky vklad. Z toho divodu se vyzkum
zamé&iuje i na takzvanou hydrotermalni karbonizaci, kdy termochemicky rozklad probiha za
ptitomnosti vody. Produkty jsou zde také plyn, olej a biochar, ktery se zde oznacuje jako

hydrochar (Cha a kol., 2016).

2.2.1.2 Pyrolyza kontaminované biomasy

Sas-Nowosielska a kol. (2004) navrhuji nékolik zpusobu, jak s kontaminovanou
biomasou nakladat. Prvni je lisovani ¢erstvé hmoty pro snizeni objemu, kde je nevyhodou
riziko zpétného Uniku rizikovych prvkil do prostiedi. Dalsi je kompostovéni, kdy se snizi
objem biomasy a zaroveni dojde ke stabilizaci rizikovych prvki a snizeni rizika jejich
vyplavovani (Syc akol., 2012), nasledné je viak nutné skompostem nakladat jako
s nebezpecnym odpadem (Sas-Nowosielska a kol., 2004). Dale pak autofi uvadéji taveni
biomasy, zpopeliiovani, extrakci kovl z biomasy kyselinou a také termochemické zpracovani
biomasy, pyrolyzu. Syc akol. (2012) uvadéji jako jeden z nejlepsich zpiisobti zpracovéni
kontaminované biomasy energetické vyuziti, spalovani, kde ale muze dojit k uvoliiovani
nekterych relativné t€kavych prvki (Cd) do ovzdusi za vysokych teplot. Jiné rizikové prvky
jako Pb, Zn ¢i Cu se az z 90 % koncentruji v popelu.

Stals akol. (2010) pyrolyzovali biomasu vrb kontaminovanou rizikovymi prvky
a zjistili, ze pfi finalni teploté 350 a 450°C lze ziskat pyrolyzni olej pro energetické ucely
S pfijatelnym obsahem rizikovych prvka. Pfi teplot¢ 350°C se biomasa pievazné
transformovala do pyrolyzniho koksu, tedy biocharu. Uvade¢ji, ze je potieba dalsiho vyzkumu

nasledného vyuziti tohoto materidlu bud’ pro energetické ucely, nebo pro ucely aplikace do

pudy.
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Lievens a kol. (2008) pyrolyzovali dfevo btizy kontaminované kadmiem. Zjistili, Ze
pii teploté nad 400°C kadmium té€ka a doporucuji pro retenci kadmia v koksu nizsi teploty
pyrolyzy (400°C, kdy se 82 % kadmia koncentrovalo v biocharu). Dale uvadéji, ze
volatilizace kadmia a zinku zavisi na vstupni biomase. Jako nosi¢ tepla v reaktoru pouzivali
pisek, kterému pficitaji, Ze se pak rizikové prvky koncentrovaly v biocharu v podob¢ silikatd,
¢imz se staly imobilnimi.

Jones a Quilliam (2014) testovali aplikaci biocharu (50 t.ha™) apopela (5tha™)
piipravenych z biomasy s pifimési kontaminovaného dieva (kontaminace médi) na rast
psSenice a slunecnice. Zjistili, ze méd’ se ze sledovanych matric do pudy uvoliovala pti vysSim
procentu zastoupeni kontaminovaného dfeva ve vstupni biomase. Zajimavy vysledek je, ze
negativni UCinek aplikace biocharu na rostliny byl sledovan, kdyz zastoupeni
kontaminovaného dfeva ve vstupni biomase ¢inilo 50 %. A pii aplikaci popela byl negativni

ucinek sledovan, kdyz obsah kontaminované vstupni biomasy cinil 10 %.
2.2.1.3 Vlastnosti biocharu

2.2.131 Chemické vlastnosti biocharu

Zakladni vlastnosti biocharu zdvisi na plvodni biomase a zvolenych podminkach
pyrolyzy (Antal a Groenli, 2003). Jelikoz jako vstupni materidl mtze slouzit bezpocet typt
materialu, nelze tedy jednoznacné vlastnosti biocharu stanovit. Jeho urcujici vlastnosti je, ze
se organicky podil vyznacuje vysokym obsahem uhliku (Lehmann aJoseph, 2009).
Vseobecné lze konstatovat, Ze je biochar zasadity material: pH ~ 8 —10 (Gaskin a kol., 2008);
pH ~ 8 -10 (Novak a kol., 2009a); pH~7 -9 (Zhang a kol., 2013). Celkovy obsah uhliku se
pohybuje v rozmezi 40-90 % (Novak a kol., 2009a; Uchymiya a kol., 2011; Park a kol., 2011,
Trakal akol., 2011). Uhliky jsou zpravidla uspotadany v cyklech o Sesti atomech uhliku.
Nepravidelna uspotfadani uhliki mohou dale obsahovat kyslik, vodik nebo — v nékterych
ptipadech — inékteré mineraly v zavislosti na vstupnim materialu (Lehmann and Joseph,
2009). Podminujici parametry: typ pyrolyzy a vstupni material vSak ovliviuji vlastnosti
pfipraveného biocharu v rizné mife. Z uvedenych publikaci vyplyva, Ze se vzrlstajici
pyrolyzni teplotou roste pH i obsah uhliku. Hodnota pH je ovlivnéna podminkami pyrolyzy,
ovSem celkovy obsah uhliku a dalSich prvki jsou spiSe podminény vstupni biomasou (Zhao

a kol., 2013). To ostatn€ doklada tabulka 4.
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Tabulka 4. Obsah vybranych prvka vriznych typech biocharu, pfipraveného pfi
500°C (Gaskin a kol., 2008)

C N P K S Ca Mg
Vstupni biomasa ¥
g-kg
DribeZi trus 392 31 36 59 14 50 13
Arasidové slupky 804 25 2,0 16 0,6 5 3
Stépka borovice 817 2,2 0,1 1,5 0,1 1,9 0,6

22.13.1 Fyzikalni vlastnosti biocharu

Mezi metody popisujici specificky povrch biocharu se fadi naptiklad SEM analyza
(tadkovaci elektronova mikroskopie) nebo FTIR (Fourierova transformacni infraervena
spektroskopie) pro zjistovani funkénich skupin na povrchu materialu. Specificky povrch je
zjistovan metodou adsorpci plynti a dadle hodnocen dle Brunauer—Emmett-Teller sorpéni
izotermy a oznacovan jako Sger (Brunauer a kol., 1938). Skeletarni hustota je stanovovana
heliovou pyknometrii a porozita rtutovou porozimetrii, uréovani struktury pak pomoci
rentgenové difrakéni analyzy (XRD) (Dutta kol., 2015; Uchymia a kol., 2011; Masek a kol.,
2013; Jimenez-Cordero a kol., 2013; Keiluwiet akol., 2010). Uvedenymi metodami bylo
zjisténo, Ze se jedna o mikroporézni material, kdy napiiklad Jimenez-Cordero a kol. (2013)
zjistili nejvyssi distribuci mikroport v biocharu z hroznovych zrn pii nejvyssich teplotach
pyrolyzy, 700-800°C, (0,1 -0,4 nm). Mikropory hraji dilezitou roli v adsorpci molekul na
sorpcni povrch biocharu. Rozmezi velikosti mikropéri se pohybuje od 750 do 1360 mz.g ’
! (Lehmann a Joseph, 2009). Klicovou roli pii vytvareni pora hraje finalni teplota pyrolyzy, se
zvysujici se teplotou roste i porozita (Dutta a kol., 2015).

Specificky povrch (Sger) Se u biocharu zvySuje se zvySujici se pyrolyzni teplotou.
Urcity vliv mé 1 vstupni biomasa, kdy Ronsee akol. (2013) sledovali, jak vyS$$i obsah
mineralnich latek ve vstupni biomase negativné koreluje se Sger U pfipraveného biocharu,
ziejm¢ z diivodu uzavirdni port roztavenim popela. Piiklady specifického povrchu biocharu
ptipravovanych za riznych podminek jsou nasledujici: biochar z travni biomasy (500°C ):
Sger: 50 m%.g™ z dfevni biomasy (500°C): Sger: 196 m2g ™ (Keiluweit akol. (2010);
z kukufiéné slamy (500°C, 600°C ): Sger: 245 m%.g ™ 13 m%g * (Zhang a kol., 2011, Chen
a kol., 2011); z jehlic borovice (700 °C ): Sger. 500 m2.g ™* (Chen a kol., 2008).
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Existuji studie popisujici sorpcni schopnosti biocharu s riiznymi specifickymi povrchy.
Uchymia a kol. (2011a) zduraznuji dalezitost funkcnich skupin pii sorpci tézkych kovii na
povrch biocharu a naznacuji moznost tzv. aktivace biocharu: upravu kyselinami, ¢i jinymi
oxidanty pro zvySeni mnozstvi funkcnich skupin na povrsich tohoto materialu.

Jestlize je vstupnim materialem rostlinnd biomasa jeji slozeni, tedy konkrétni podil
celulozy, hemicelulézy, ligninu a extrahovatelnych sloucenin, je dualezitym faktorem
ovliviiyjicim strukturu biocharu (Brewer a kol., 2009, Downie a kol., 2009). Za vyssich teplot
podléha rostlinna biomasa depolymerizaci a dehydrataci, celuléza alignin kondenzuji
a vytvari se grafiticka struktura biocharu. To naznacuje, ze pii zvySené teploté se v biocharu
vytvaii vicevrstva uhlikova struktura (Chowdhury akol., 2016). Tento ptedpoklad je
podpofen postupnym rozkladem téchto slozek béhem pyrolyzy vedouci k riznym typim
biocharu (Demirbas a kol., 2004). Zobecnéni a detailni specifikace riznych typa biocharu pro
presné dané vyuziti v pudé zalozené na vlastnostech vstupni biomasy vsak v literatuie téméf
neexistuje.

Fernanda Aller (2016) shrnuje dostupné védecké udaje o fyzikalnich vlastnostech
biocharu a dospéla k zavéru, ze ve srovnani s jinymi vlastnostmi biocharu je toto pole stale
nedostateéné opublikovano. Jeji ptehledny ¢lanek také doklada, Ze struktura a vlastnosti, jako
je porozita acelkova porovitost, byly popsany s pouzitim rtznych technik rentgenové
spektrometrie, ale pocet ¢lankt kvantifikujicich uvedené vlastnosti je velmi omezen. Brewer
a kol. (2014) naznacuje, ze fyzikalni charakterizace biocharu je naro¢na, protoze pory tohoto
materidlu se mohou meénit v Sirokém rozmezi velikosti od subnanometrii az po mikrometry
a Vv soucasné¢ dob¢ neexistuje zadnéd spolecnéd standardni metodika pro méfeni objemu pora

v takovém rozmezi. Tato oblast popisu biocharu je stale vyzvou vyzkumu.

2.2.2 Biochar v puadé

Jak jiz bylo uvedeno vySe, primdrni mySlenkou aplikace biocharu do ptdy je
sekvestrace uhliku v piid€. Diky zékladnim vlastnostem tohoto materidlu byl pozorovan jeho
pozitivni vliv na ruzné ptdni funkce ¢i vlastnosti (Verheijen a kol., 2010) a strukturu (Tan
a kol., 2017). Oguntunde a kol. (2008) sledovali zvyseni porozity pudy po aplikaci biocharu
az 0 50 %.

Bylo také zjisténo, ze biochar je stabilni, protoze aromaticky charakter uhlikatych
slouc¢enin podporuje pomaly rozklad v pude, protoze mikroorganismy Vyuzivaji tyto

slou¢eniny pouze s obtizemi (Rosa a kol., 2007).
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Molarni pomér vodiku, kysliku a uhliku U biocharu je uzite¢na charakteristika pro
odhad polarity materialu a jeho mozné interakce s vodou. Se vzrlstajici teplotou pyrolyzy se
zvySuje obsah uhliku, ovsem funkéni skupiny (-OH) se béhem pyrolyzy uvolnuji, tudiz
polarngj$i material vznika pii nizSich teplotaich pyrolyzy (Novak a kol., 2009a). Spokas
(2010) na zakladé poméru O /C odhaduje ,,zivotnost* biocharu v pudé ato, ze O/C<
0,2 predurcuje polocas rozpadu biocharu na 1000 let. Nutno podotknout, Zze dlouhodobé¢;si
experimentalni pozorovani v tomto ohledu chybi.

Laird akol. (2010a) sledovali v inkuba¢nim experimentu (promyvaci kolony) vliv
biocharu aplikovaného do hlinité ptidy. Varianty s biocharem se vyznacovaly vyssi schopnosti
retence vody (potvrzuji na jilovych padach i Sun a Lu, 2014 a dale i Downie a kol., 2009),
zvysil se specificky povrch pudy (potvrzuji i Chan a kol., 2007; Sun a Lu, 2014 v jilovych
pudach), o 20 % se zvysila kationtova vyménna kapacita (KVK) a pH se zvysilo o jednotku.
Vzrostl celkovy obsah dusiku, organického uhliku, extrahovatelného P, K, Mg, Ca (Mehlich,
III). Zvyseni pH pidy s davkou biocharu pozoroval i Lehmann (2007b). Nicméné Yuan a kol.
(2011) pripisuji narast retence zivin zvySenim pH pudy po aplikaci biocharu. Vyuziti biocharu
jako prostiedku pro prevenci acidifikace pid se zabyva pichledny ¢lanek autorti Dai a kol.
(2017). Aplikace biocharu zvySuje pH pudy diky jeho vlastnostem — alkalickému charakteru
i vysoké pufrovaci schopnosti. Obvykle se pH pudy zvysi o jednotku (popsano ve vétSing
pripadu, kdy je pH biocharu vys$si nez 7 ). Aplikace biocharu zvysi pH puady, jestlize se jedna
0 pudu kyselou, v pud¢ alkalické ptsobi biochar neutralné, ¢i dokonce dochazi ke snizeni pH
pudy. Yuan a Xu (2011) zjistili, Ze zvySeni pH pudy vice koreluje s obsahem alkalickych
prvka v biocharu nez se samotnym pH biocharu. Kationty jako Ca, K, Mg, Na a Si vytvari
béhem pyrolyzy karbonaty a oxidy a ty reaguji s vodikovymi ionty a monomernim Al a tim
snizuji aciditu pudy (Brewer a kol., 2012, Novak a kol., 2009a). Pufrovaci schopnost biocharu
je ziejmé spojena se schopnosti biocharu zvysit KVK pudy a procesy protonace/deprotonace
funk¢nich skupin na povrchu biocharu (Xu akol., 2012). Bazické kationty obsaZené
v biocharu jsou uvolnény do pady a vytdsiiuji AI** aH™ ionty atim zvysi kationtovou
vyménnou kapacitu piidy. KVK stoupé se zvySujici se hustotou ndboje v pide a se zvySujicim
se povrchem tedy misty, kde se kationty sorbuji (Liang a kol., 2006).

Novak a kol. (2009b) aplikovali biochar do pidy chudé na Ziviny, po 67denni inkubaci
zjistili zvySeni hodnoty pH a obsahu ptistupnych Zivin (P, Ca a K'), nezvysila se vSak hodnota
KVK. Autofi zmifluji moznost oxidace povrchu biocharu pro zvySeni mnozstvi funkénich
skupin atim nasledné zvyseni KVK pudy. Lehman akol. (2006) uvadéji, ze je mozné

ocekavat, ze po ¢ase povrch biocharu vlivem kysliku a vody zoxiduje ptimo v ptude¢.
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Mnoh¢é publikace uvadéji velmi pozitivni vliv biocharu na zvySeni piitomnosti Zivin
v pudé astejné tak mnohé publikace popisuji opacny efekt aplikace tohoto materidlu. Je
znamo, ze vice zivin je obsazeno v biocharu vyrobeném z hnoje, z rostlinnych surovin je pak
vice Zzivin biocharu z bylinné biomasy oproti dievni (Gaskin a kol., 2008; Novak a kol.,
2014). Nejvice problematickou zivinou je ziejmé dusik, ktery se z divodu vysokych teplot
pfipravy v biocharu témeéf nenachéazi. Biochar jako takovy ale miize ovliviiovat dynamiku
dusiku v pidé at’ uz pozitivné (Pommer a kol., 2014), ¢i negativné (Wang a kol., 2015a).
Biochar pfipraveny za vysSich teplot je schopen poutat a tak imobilizovat nitratovy dusik
(Zheng a kol., 2013a). Byly zaznamenany piipady stimulace nitrifikace po aplikaci biocharu
na kyselych piadach (Berglund a kol., 2014) ptedev§im v souvislosti s aplikaci dusikatych
hnojiv. (Gul akol.,, 2016). Mukherjee aZimmerman (2013) uvadéji, ze mnozstvi
uvolnitelnych zivin ze samotného biocharu ize smési biocharu a pidy je velmi variabilni
V zavislosti na vlastnostech pudy, ptivodu biocharu a jeho ptipravy. Ziviny v biocharu jsou
Vv riiznych formach a tudiz variabilita jejich mozného vyuziti rostlinami v pud¢ je také vysoka.
Gaskin akol. (2008) ve své studii popisuji konzervaci zivin v biocharu a uvadéji, ze dusik
vV ném obsazeny je rostlinam nepfistupny, ale Ziviny, jako je vapnik, draslik a fosfor, byly
slabé kyselymi extraktanty uvolnitelné, pti¢emz Laird a kol. (2010a) i Zheng a kol. (2013b)
toto ve své studii potvrzuji.

Vliv biocharu na vynos plodin je zavisly na podminkdch daného mista. Jestlize byl
biochar aplikovan na chudou piidu, vynos plodin se zvysil o 16-35 %, na trodné pidé byl
pozorovan mirny pokles vynosu po aplikaci biocharu (Haefele, a kol., 2011). Po aplikaci
biocharu a jeho schopnosti snizit toxicitu Al a zvysit ptijem P pozorovali Hong a kol. (2014)
zvySeni vynosu kukutice. Uzoma a kol. (2011) uvadi zvyseni vynosu kukutice o 150 a 98 %
(ve srovnani s kontrolou) pii pouziti biocharu z hovéziho hnoje v davkach 15 a 20 t.ha™ na
pis¢itou pudu. Aplikace biocharu z biomasy prosa zptsobila negativni dopady na produkci
rostlinné biomasy a zménila zastoupeni mikroorganismi v pudé (Kelly a kol., 2015). Kdyz
Nelissen akol. (2014) aplikovali biochar do pidy, v diasledku této aplikace pozorovali
vyrazné sniZzeni vynosu fedkviCek a jarniho je€mene. Snizeni vynosu bylo zplsobeno
snizenim obsahu nitratového dusiku na variantach s biocharem.

Dal8i moZnosti vyuziti biocharu se zabyvali Ngo a kol. (2013). Ve své studii popisuji
chovani smési biocharu s kompostem, vermikompostem a hnojem. Zjistili, Zze ptitomnost
biocharu v téchto materialech chrani organickou hmotu pied oxidaci, atak méni jejich

nachylnost k biodegradaci. Podporuje tedy sekvestraci uhliku v t€chto materialech.
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Pfi souCasnych poznatcich je tfeba uvazovat a piedem podrobné charakterizovat
biochar, ktery je do pidy aplikovan, védét z jakého je vstupniho materidlu a jak je pfipraven.

Dale chybi poznatky z dlouhodobych experimentt (Lone a kol., 2015).

2.2.3 Vyutziti biocharu v remediac¢nich technologiich
Velky zajem o biochar je diky jeho schopnosti sorbovat nezddouci kontaminanty
organického (Zhang a kol., 2011; Jones a kol., 2011; Cao a kol., 2009; Chen a kol., 2008;
Khorram akol., 2016) a anorganického ptvodu ve vodnim prostiedi iV padé (Uchimiya
a kol., 2010a, 2011a,b,c ; Beesley a kol., 2011; Trakal a kol, 2011; Qui a kol., 2008; Park
akol., 2011; Jinag akol., 2012; Rinklebe akol., 2016). Tabulka 5uvadi piiklady

kontaminantd a typu biocharu, schopnych tyto kontaminanty poutat.

Tabulka 5. Priklady kontaminanti a typt biocharu schopnych omezit jejich mobilitu

Vstupni biomasa pro _
Latka Charakteristiky pokusu Citace
biochar
S 39 m%.g ) pii 450°C,

. simazine tvrdé dievo BET (_ 97)p Jones a kol., 2011

= aplikace 0 —200 t. ha™

<

= Sger (~8 m2.g 1) pii 350°C,

(=]

% atrazine hovézi hntj aplikace 1:10 (w /v), Cao a kol., 2009

.é vsadkovy experiment

<

) naftalen, Sger (~112-490 m2.g ) pti

s jedlové jehli&i BET PR Chen akol., 2008

nitrobenzen 400-700°C,
@ kadmium blahovi¢nik pii 550°C, davky 0,5a 5 % Zhang a kol., 2013
>

é = ‘ Sger (=20 m?.g ) pii 350°C, Uchymia kol.,
8 5 | méd,nikl, olovo bavinik
=4 davka: 10 % 2011a

Sorp¢ni schopnost biocharu je ovlivnéna jeho vlastnostmi stejné jako vlastnostmi
sorbovaného prvku. Pii sorpci z roztoku bylo zjiSténo, Ze také zalezi na mnozstvi iontu kovu
(Kolodynska a kol., 2012). Uchymia a kol. (2011a) uvadgji, ze by se pro konkrétni ptadni
aplikaci mél vybrat biochar na zakladé¢ jeho vlastnosti a pozadované funkce a pidnich
vlastnosti. K objasnéni sorpénich mechanismu rizikovych prvka na biochar jsou nejcastéji ve
studiich pouzivany adsorp¢ni izotermy Freundlicha a Langmuira (Chen a kol., 2011; Uchymia
a kol., 2011b,c).

Mozné mechanismy pii imobilizaci rizikovych prvkl jsou: 1) srdZeni: tvorba hydroxidu,
karbonatu, fosfatu (pfedevsim pii vysokych hodnotach pH plati pro imobilizaci Pb; Wang
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a kol., 2015b; Cao et al., 2009; Cao a Harris, 2010; Xu akol., 2013), ii) elektrostaticka
interakce mezi kationty a funk¢énimi skupinami (Wang a kol., 2015b: popsano jako hlavni
mechanismus pfi sorpci arsenu; Fristak a kol., 2015), iii) povrchova chemisorpce mezi d -
elektrony kovi a m-elektrony biocharu (Cao akol. 2009; Uchimiya akol., 2010b), iv)
fyzikalni sorpce fizena specifickym povrchem a porozitou (Uchimiya a kol., 2010b)

Uchimiya a kol. (2011b) uvadéji, Ze aplikace biocharu zpusobuje rovnovazny stav
pudniho roztoku (hysteréze sorpce a desorpce), atim se zvySuje schopnost sorpce dalSich
kontaminant vstupujicich do pidy. Nepifimo muze biochar ovlivnit imobilizace rizikovych
prvki jiz zminénym zvySenim pH; to mize dale znasobit negativni naboj povrchu a nasledné
tak zvysit afinitu pidy ke kationttim rizikovych prvka (Jiang a kol., 2012; Kolodynska a kol.,
2012; Beesley a Marmiroli, 2010). To potvrzuji i Chen akol. (2015), ktefi popisuji
imobilizaci kadmia biocharem z ¢istirenskych kalt (jiz pii davce 0,2 g) ajako dva hlavni
mechanismy této imobilizace popisuji vysrazeni kadmia na povrchu biocharu pti vyssim pH
anebo iontovou vymeénu.

V inkubac¢nim experimentu bylo pozorovano vyznamné snizeni dostupnych forem
kadmia a médi a zvyseni hodnoty pH po aplikaci biocharu béhem 1 -2 mésicti (Gomez-Eyles
akol., 2011). Ahmad a kol. (2017) popisuji imobilizaci Cu, Pb a Zn v kyselé pud¢é pomoci
inkubaéniho experimentu. Vyzdvihuji zavér, ze pro efektivni vyuziti biocharu je zapotiebi jak
piresné znalosti jeho vlastnosti, tak i vlastnosti pidy, kam je aplikovan, a to, pro jaké ucely ma
byt pouzit. SniZzeni mobility prvkl v pid¢ pak vede ike sniZzeni obsahu rizikovych prvkl
v biomase rostlin. Namgay a kol. (2010) zjistili, Ze aplikace biocharu (15 g.kg™ pudy) snizila
ptistupné formy médi a kadmia. U zinku a arsenu davka biocharu nezpusobila snizeni jejich
pristupnych forem. Koncentrace As, Cd, Cu, Pb se v nadzemni biomase kukufice snizila ve
srovnani s kontrolou (bez biocharu) diky vyssi davce biocharu (15 g.kg™). Vyznamné sniZeni
obsahu Cd, Cu, a Pb bylo v piedeslych studiich sledovano v kofenech brukve sitinovité pti
aplikaci biocharu ze zeleného odpadu a driibeziho hnoje v aplikac¢ni davce nepievysujici 1 %
do slabé kyselé pudy (Park akol., 2011). Autofi také sledovali vyznamny nardst biomasy
oproti kontrole v disledku zvyseni pfistupnosti fosforu a drasliku v pudé. Cui a kol. (2011)
aplikovali 10-40 t.ha™biocharu v polnim experimentu a pfi dvouletém sledovani zjistili
vynos na variantach s biocharem oproti kontrole. V davkach 1,5%, 3% a5% na
hlinitopis€itou piidu kontaminovanou kadmiem bylo dosazeno zvySeni vynosu nadzemni

biomasy i kofent psenice ve studii Abbas a kol. (2017).
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Otazkou také zustavd vhodné zvolena aplikacni davka biocharu. Uchymia a kol.
(2011a) uvadé¢ji, ze vhodna davka pro snizeni pfistupnych forem rizikovych prvki na silné
kontaminované pade¢ je 10—20 % biocharu. Jak je ale vidét v tabulce 5, sorpcni ¢i imobilizacni
schopnost biocharu byla sledovana i pfi mnohem nizsich davkach.

Zavedeni biocharu do praxe narazi na tskali, ktera shrnuji O’Connor a kol. (2018).
Zminuji naptiklad interakci aplikovaného biocharu s tradi¢nimi hnojivy, kdy se efekt biocharu
snizi s nadmérnym pouzivanim hnojiv. Dalsi faktory, které ovliviiuji ptisobeni biocharu ve
smyslu omezeni vstupu rizikovych prvkl do péstovanych plodin, jsou: klimatické podminky,
davka a hloubka zapraveni biocharu, ptidni vlastnosti, ptisobeni mikroorganismu, vlastnosti
biocharu i biomasy, z které je piipraven. Jak uvadéji Houben a Sonnet (2015) 1ze povazovat
i vlastnosti rhizosféry rtznych typt rostlin jako faktor ovliviujici efektivnost biocharu
ashrnuji, Zze pii aplikaci biocharu je tieba volit sprdvnou formu hnojeni dusikem
(uptfednostiiovat nitratovou pied amonnou) ¢i vybirat rostliny s niz§i schopnosti acidifikace
rhizosféry. Rinklebe a kol. (2016) uvadéji, ze redox potencidl pidy ma jen maly efekt na
pusobeni biocharu na uvolnovani tézkych kovii (Cd, Cu, Ni, Zn) z kontaminované nivni pudy.

Pohyb prvkil piidnim profilem se nejcastéji sleduje v rizné upravenych nadobach, ve
kterych se zachycuje prisakova voda neboli perkolat, tedy tzv. lyzimetrech (Jordan, 1968).
Autofi pouzivaji valcové nadoby, které se ndsledné¢ umistuji bud® do laboratornich,
sklenikovych nebo ptirozenych podminek (Trakal a kol., 2011; Laird a kol., 2010a,b ; Puga
a kol., 2016). Pritok vody je simulovan zavlazovacimi systémy, kdy je pouzivana destova
(Uchimiya a kol., 2011a) nebo demineralizovana voda (Trakal a kol., 2011). Laird a kol.
(2010a,b ) pri inkuba¢nim experimentu pouzivali kazdy tyden k promyvani misto vody
vyluhovadlo 0,001 mol.l * CaCl,. Zjistili, Ze se rostouci davkou (5, 10 a 20 g.kg™) biocharu
zamezilo vyplavovéani Zivin ze zem&délské pady Pi davee biocharu 20 g.kg™se v roztoku
snizil obsah celkového dusiku o 11 % a rozpustného fosforu o 69 %. Puga akol. (2016)
pozorovali redukci kadmia (57—73 %), olova (45-55 %) a zinku (46 %) ve vyluhu pii aplikaci
3 % biocharu do slab¢ kyselé pidy.

Chen akol. (2011) uvadg¢ji, ze vyuzivani biocharu jako sorbentu ma velky potencial,
avSak mohou nastat komplikace pii remediaci viceCetné kontaminace a vyzdvihuji potiebu

individudlniho pfistupu ke specifickym podminkdm kontaminované oblasti.
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3. Hypotézy a cile prace

1) Prvni hypotézou price je, Ze vstupni biomasa a pyrolyzni podminky ovlivni
vlastnosti biocharu.

Cilem bylo pfipravit biochar zruznych druhti kontaminované inekontaminované
vstupni rostlinné biomasy. Biomasa rostlin byla péstovana na kontaminované puad¢, nasledné
byla upravovana termochemickou konverzi — pyrolyzou — za riznych finalnich teplot. Tak byl

piipraven biochar a budou popsany jeho fyzikalné-chemické vlastnosti.

2) Druhou hypotézou je, Ze aplikace biocharu ovlivni sorpéni vlastnosti pudy,
mobilitu rizikovych prvku v pidé a zaroven kontaminovana vstupni biomasa neovlivni
sorpcni vlastnosti pripraveného biocharu.

Cilem bylo sledovat sorp¢éni vlastnosti biocharu pomoci “batch” sorpéniho
a desorpéniho experimentu. Byla aplikovana davka biocharu do kontaminované pudy
a sledovana sorpcni schopnost vzniklé matrice poutat rizikové prvky, pfi¢emz byla porovnana
se sorpcni schopnosti neoSettené pudy. Dale bylo hodnoceno uvolilovani (desorpce)
zminénych prvkl z biocharu, pfipraveného z kontaminované biomasy, a zaroveil uvoliiovani

rizikovych prvki z ptipravené matrice, ptida + biochar.

3) Treti hypotézou je, Ze biochar aplikovany do kontaminované piidy ovlivni riist
rostlin a jejich schopnost akumulace rizikovych prvki v biomase.

Cilem prdce bylo sledovat vliv aplikované davky biocharu do kontaminované pudy na
rist rostlin, pfijem rizikovych prvkl rostlinami a vyplavovani téchto prvkd v modelovém
lyzimetrickém experimentu ve sklenikovych podminkach. Rlzné davky biocharu byly
aplikovany na pidu extrémné kontaminovanou kadmiem, olovem a zinkem. Ve variantach
byly péstovany vrby (Salix spp.) a byl odebiran perkolat (prusakova voda) z lyzimetrickych

nadob.
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Abstract Biochar application is a widely investi-
gated topic nowadays, and precisely described
biochar parameters are key information for the
understanding of its behaviour in soil and other
media. Pore structure and surface properties deter-
mine biochar fate. However, there is lack of complex,
investigative studies describing the influence of
biomass properties and pyrolysis conditions on the
pore structure of biochars. The aim of our study was
to evaluate a wide range of gathered agriculture
residues and elevated pyrolysis temperature on the
biochar surface properties and pore composition,
predicting biochar behaviour in the soil. The biomass
of herbaceous and wood plants was treated by slow
pyrolysis, with the final temperature ranging from
400 to 600 °C. Specific surface ranged from 124 to

Electronic supplementary material The online version of
this article (doi:10.1007/s10653-017-0004-9) contains supple-
mentary material, which is available to authorized users.

K. Biendova - J. Szakova - P. Tlustos ()

Department of Agroenvironmental Chemistry and Plant
Nutrition, Faculty of Agrobiology, Food and Natural
Resources, Czech University of Life Sciences Prague,
Kamycka 129, 160 00 Prague 6, Czech Republic
e-mail: tlustos@af.czu.cz

M. Lhotka

Department of Inorganic Technology, Faculty of
Chemical Technology, University of Chemistry and
Technology, Prague, Technicka 5, 166 28 Prague 6, Czech
Republic

Published online: 29 June 2017

27

511 em?* g=' at wood biochar and from 3.19 to

192 cm” g~ at herbaceous biochar. The main prop-
erties influencing biochar pore composition were
increasing pyrolysis temperatures and lignin (loga-
rithmically) and ash contents (linearly) of biomass.
Increasing lignin contents and pyrolysis temperatures
caused the highest biochar micropore volume. The
total biochar pore volume was higher of wood
biomass (0.08-0.3 cm™> g~'). Biochars of wood
origin were characterised by skeletal density ranging
from 1.479 to 2.015 cm® g~ ' and herbaceous ones
1.506-1.943 cm® g~', and the envelope density
reached 0.982 cm® g~' at biochar of wheat grain
origin and was generally higher at biochars of
herbaceous origin. Density was not pyrolysis tem-
perature dependent.
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Graphical Abstract

EFECTIVE SOIL APPLICATION

Keywords Specific surface area - Sorption - Pore
volume - Wood biomass - Herbaceous biomass

Introduction

Biochar is a highly porous, fine, carbon-rich material
produced by pyrolysis from different feedstock mate-
rials of organic origin. The difference between biochar
and char is in their subsequent use: biochar is designed
for soil application and char mainly for combustion.
Biochar is prepared in a limited or no oxygen
atmosphere (Lehmann and Joseph 2009). Moreover,
its soil application has been widely investigated over
the last decade, due to its many positive impacts on
soil properties. This material is able to sorb organic
and inorganic contaminants in soil (Bfendova et al.
2015; Uchimiya et al. 2011; Oleszczuk et al. 2014).
Biochar application leads to an increase in soil
properties determining soil fertility, e.g. cation
exchange capacity, water retention, pH adjustment,
nutrient availability, increase in microbial habitat
(Tang et al. 2013; Van Zwieten et al. 2010). However,
over time, the published results have highlighted not
only the positive effects of biochar application, but
also negative or zero effects. Determination of the
wide range of biochar properties can substantially help
in predicting biochar effectiveness on soils with
different properties.

The enormous diversity of feedstock biomass, as
well as the various technologies of thermochemical
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decomposition of feedstock (high-/low-temperature
pyrolysis, carbonisation, gasification, etc.), influences
the quality of final biochar and leads to highly diverse
chemical (carbon content, composition and content of
other elements, content of functional groups) and
physical properties (e.g. specific surface area, struc-
ture, pore geometry). Therefore, the fate of biochar in
contact with soil environment (i.e. hydrophobicity,
sorption of nutrients and contaminants) is very differ-
ent, as well (Schnee et al. 2016; Keiluweit et al. 2010;
Ahmad et al. 2014). Both feedstock properties and
production conditions are important for the final yield
and properties of biochar, but their effect differs with
the individual property of interest (Zhao et al. 2013).
The feedstock materials mainly influence the element
composition, content of fixed carbon, ash content
(Gaskin et al. 2008; Lee et al. 2013; Zhao et al. 2013).
The pyrolysis temperature positively correlates with
pH, Brunauer-Emmett-Teller (BET) surface area,
aromaticity and recalcitrance of the biochar (Jindo
et al. 2014; Novak et al. 2009; Keiluweit et al. 2010;
Ronsee et al. 2013; Ahmad et al. 2012; Zhao et al.
2013). The mutual effect of both conditions of the
pyrolysis process and feedstock material demonstrates
cation exchange capacity of biochar. Some authors
have observed decreased value of cation exchange
capacity (CEC) with increasing peak temperature of
pyrolysis (Novak et al. 2009). Zhao et al. (2013)
further specified that this property is more related to
feedstock material, because CEC is related to cations
(e.g. K, Ca, Mg) present in biochar. Biomass compo-
sition, which is defined by the proportion of cellulose,
hemicelluloses, lignin and extractive compounds, is an
important factor affecting biochar structure; it is
suggested that the original plant cellular structure is
printed in biochar one (Brewer et al. 2009; Downie
et al. 2009). This assumption is supported by the
gradual decomposition of these components during
pyrolysis leading to various types of biochar (Demir-
bas 2004). However, the generalisation and verifica-
tion of specified types of biochar for effective soil
utilisation based on these properties of feedstock
material are hardly present in the literature.
Knowledge related to the physical biochar proper-
ties is necessary, due to their direct or indirect relation
to the ways in which biochars interact with and affect
soil systems (Downie et al. 2009). Density and
porosity are fundamental physical characteristics that
play a key role in determining residence time of
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biochar in soil (Masiello et al. 2012). Faur-Brasquet
et al. (2002) showed the dependence of adsorption
capacities on adsorbent porosity and other properties,
e.g. chemical properties of individual ions (molecular
weight, ionic radius and electronegativity), etc. Sim-
ilarly, Ahmad et al. (2012) observed linear relation-
ships between sorption parameters and surface area, as
well as molar elemental ratios of biochar. However,
Schnee et al. (2016) determined that physical descrip-
tion of biochars alone is insufficient for the reliable
prediction of microbial habitat quality and they
recommended that physical and surface chemical data
should be linked for this purpose; the biochar structure
is an important property in predetermining biochar as a
suitable niche for soil microorganisms.

Aller (2016) reviewed the available scientific data
of the physical properties of biochar and concluded
that compared with other biochar properties there was
still an overwhelming lack of these published data.
The review also showed that structure and properties
such as porosity and total porosity were described
using various techniques of X-ray spectrometry, but
the number of papers quantifying these properties is
very limited. Brewer et al. (2014) indicated that the
physical characterisation of biochar is challenging,
because biochar pores can change over an extensive
range of sizes from sub-nanometre to micrometre size
and currently there is no common standard method-
ology to measure pore volume precisely across these
scales. As a result, this area is not fully understood.

The aim of our study was to prepare biochar from
various organic waste materials originating mostly
from the crop production. We observed the suit-
able pyrolysis temperature to gain the sufficient yield
of biochar. The biochar physical properties based on
non-destructive and solid sample-based analytical
techniques were determined. The results were com-
pared with the literature, and their applicability was
considered for evaluation of biochar expediency as
soil amendment.

Materials and methods
Feedstock biomass
The plant biomass for pyrolysis was harvested in a

relatively small area close to Pfibram region (Czech
Republic, 60 km from Prague; 49°70'63"N,

13°97'57"E). The sampled plant biomass samples
were: (i) plants from the Salicaceae family (various
clones of Populus and Salix spp.) representing the bark
wood biomass; (ii) for comparison, soft deciduous
bark-free poplar wood, purchased from J. Rettenmaier
& Sohne GmbH, this was used to determine the
influence of the presence of bark on the properties of
the final biochar; (iii) whole above-ground biomass of
maize (Zea mays); (iv) winter wheat in full maturity,
where the grains and straw were pyrolysed separately;
and (v) meadow grass harvested near the plantation
growing the wood biomass.

The plant material was first air-dried to the
optimum moisture content of 12—-15%. The biomass
was ground and homogenised. It was subsequently
processed into pellets with a diameter of 6 mm. The
wheat grain biomass was pyrolysed as whole grains.

Pyrolysis process

The pyrolysis process was carried out on a fixed bed,
under oxygen-limited conditions in a muffle furnace
under the flow of nitrogen (inert gas) 1 m> h™', at
atmospheric pressure and with a retention time of
30 min for the individually designed temperatures,
and the heating rate was 7 °C min~'. Pyrolysis was
conducted at five different temperatures: 400, 450,
500, 550 and 600 °C for all materials.

Analytical methods

The yield of biochar (Y; in %) was calculated using the
following equation (Eq. 1):

(vaz—‘;- 100), (1)

where wy is the weight of biochar and wg. is the weight
of dry feedstock.

Water content (W) in the original biomass sample
was determined according to the Czech/European
standard (CSN EN 15414-3), i.e. by sample drying in
an analytical drying oven at (105 £ 2) °C until a
constant weight rounded to two decimal places was
reached.

Ash content (A) in the biomass sample was
determined according to the Czech/European standard
(CSN EN 15403), i.e. by low-temperature incineration
of the sample at (550 £ 10) °C until a constant weight
rounded to two decimal places was reached.
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Volatiles content (V) in the biomass sample was
determined according to the Czech/European standard
(CSN EN 15402), i.e. by sample devolatilisation in a
closed crucible in a muffle furnace at (900 £ 10) °C
for 7 min.

The content of C, H, N, O and S was determined by
using the Flash EA 1112 apparatus in the CHNS/O
configuration (Thermo Fisher Scientific, USA), where
the sample is incinerated in an oxygen stream at high
temperature, and the gaseous incineration products
(nitrogen, carbon dioxide, sulphur dioxide and water)
are separated on a packed chromatographic column
and detected by a thermal conductivity detector. In this
method, the oxygen content is then calculated by the
difference. These results were used to calculate the
atomic H/C, O/C ratios. Organic compounds of
feedstock biomass were determined by TAPPI
264 cm ™7 standard based on determining the amount
of solvent-soluble, non-volatile material in wood and
pulp.

The pH value of biochar was determined in H,O in
1:10 (w/v) ratio according to Gaskin et al. (2008) and
Bachmann et al. (2016).

The specific surface area, micropore analysis and
distributions of volume mesopores were measured on
an ASAP 2020 (accelerated surface area and
porosimetry) analyser (Micromeritics, Norcross, GA,
USA) using the gas sorption technique Brewer et al.
2014). The adsorption isotherms were fitted by using
the Brunauer-Emmett-Teller (BET) method for
specific surface area (Brunauer et al. 1938), the
micropore volume by the t-plot method (Webb and
Orr 1997) and the pore size distribution by the Barrett—
Joyner-Halenda (BJH) method (Barrett et al. 1951).

Skeletal density was measured on a He-pycnometry
1305 analyser (Micromeritics, Norcross, GA, USA).

Mercury porosimetry measurements were made
using an AutoPore IV 9500 porosimeter (Micromerit-
ics, Norcross, GA, USA). The measurements com-
prised of two parts. There are two low pressure ports
on the top, where the evacuation of sample and low
pressure from 0.01 to 0.25 MPa takes place. This
means that pore radii from 100 to 3 pm approximately
are determined. The high-pressure chamber is used for
high-pressure analysis from 0.25 to 400 MPa. It
covers the pore radius range from 3 to 1.5 nm.

In addition to the basic analytical methods, each
type of feedstock biomass was analysed by thermal
analysis using the Setsys Evolution unit (Setaram,

@ Springer

30

France). The mass of the sample for the thermal
analysis was approximately 5 mg of the explored
types of biomass. Nitrogen was used as a carrier gas
with the flow rate of 100 ml min~". The heating rate
for the analysis described and discussed was
10 °C min~".

Porosity (p) was calculated by
p = 1 — envelope density/skeletal density.

Testing of the mechanical resistance of selected
pyrolysed pellets was carried out according to the
Czech/European standard (CSN EN 15210). The
selected pellets were tested in a rotary drum at
50 rpm for 10 min.

The morphology of the biochar was evaluated by
scanning electron microscopy (SEM) using a Hitachi
S-450 with an EDS analyser Kevex Delta 5. Images of
the bark wood biochar and wheat grains were taken
under a stereomicroscope Nikon SMZ800N (Nikon,
Japan) equipped with a Canon PowerShot A620 digital
camera and illuminating system Intralux 6000~
(Volpi, Switzerland). Images were evaluated by image
analysis software NIS-Elements 3.1 (Laboratory
Imaging Ltd, Czech Republic).

equation

Results and discussion
Feedstock biomass characteristics

Ultimate and proximate analysis, organic compounds
content

The results of the main characteristics of the feedstock
biomass are summarised in Table 1. The content of
volatile matter is a good precursor for the development
of porous material. As it was reported before, the high
content of volatile matter presented in the biomass is
suitable for the production of highly porous structure
of activated carbon (Lua et al. 2006). During pyrolysis,
the evolution of volatiles from the feedstock results in
enhanced pore development in the chars (Lua et al.
2004). As the pyrolysis temperature increased, the
evolution of volatile products increased. This will lead
to an increase in the formation of bubbles and pores in
the melt and the surface area of the char (Sharma et al.
2004). Fixed carbon is a parameter that can help to
predict the combustion behaviour of fuels (Demirbag
1997). In comparison to coal, biomass is characterised
by a lower content of fixed carbon, by approx. 20%
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(Demirbas 2004). Table 1 also documents differences
in the contents of organic compounds in feedstock
biomass. The highest lignin was determined in wood,
whereas the lowest content of lignin was found in
grains of wheat.

Thermogravimetric analysis

The results of thermogravimetry (TG) and differential
thermal analysis (DTA), carried out in an inert
nitrogen atmosphere, are presented in Fig. 1, where
Fig. 1a shows that the stage of losing moisture was
observed up to 200 °C in all types of biomass.
Devolatilisation of the feedstock biomass was
observed between 200 and 400 °C, where the cellu-
lose, hemicelluloses and part of the lignin are decom-
posed. The highest mass loss was observed in poplar
(70%), whereas only 40% of the mass loss was
determined for wheat straw. Wheat straw biomass
showed the highest amount of residues at the end of the
experiment, which could be explained by the highest
content of ash. Abdullah et al. (2010) observed the
lowest mass loss in pure lignin, followed by rice straw
in their study, and the residues were comparable to the
amount of wheat residues in our experiment. From
400 °C, the slope of mass loss was very slight due to
the slow decomposition of lignin. For maize (Fig. 1b),
adouble peak in the curve was observed. The first peak
(290 °C) and the second peak (300 °C) correspond to
hemicelluloses and cellulose, respectively. Wheat
grain is represented by the sharpest peak at 310 °C
on the DTA curve, and this reflects cellulose decom-
position. This confirmed the very low lignin content in
this material, as is already documented in Table 1.

The curve with very low intensity at temperatures
exceeding 500 °C indicates the pyrolysis of lignin in
all the observed biomass.

Biochars characteristics
Element, ash content and pH of prepared biochars

Table 2 shows the basic element composition, ash
content and pH of the prepared biochars. The molar
ratios were also calculated.

The carbon conversion (carbon content in
biochar/carbon content in feedstock x 100%) was
highest for woody biomass: bark free up to 162%,
wood biomass with bark 149%. Among the

herbaceous feedstocks, relatively high carbon conver-
sation reached up to 161%. Lower conversation
representing 129, 133 and 139% was determined for
meadow grass, maize and wheat grain, respectively.
Thus, the wood feedstock biomass can be considered
as better material after pyrolysis for potential carbon
sequestration in soil. This statement is supported by
the results of the microbial activity in the biochar-
treated soil. Biochar from straw improved the number
of microorganisms in the soil, but biochar from woody
biomass did not, suggesting a higher stability of
woody biochar rather for carbon sequestration pur-
poses (Schnee et al. 2016). On the other hand,
herbaceous biomass oxygen content indicated the
presence of functional groups, which could serve for
higher nutrient sorption in soil.

The effect of pyrolysis temperature on element
content in the biochar was also evident. The carbon
content increased with the temperature (woody
biomass), remained unchanged (wheat biomass) or
even slightly decreased (maize and meadow grass).

Zhao et al. (2013) assessed the effect of feedstock
and pyrolysis temperature effect on biochar pH. They
found that pH was mainly temperature-affected. In our
study, we found a link between the pH of biochars and
ash content in feedstock materials. The pH linearly
correlated with ash content in biochars, which is
conditioned by ash-based element content in feedstock
biomass (for wood biochars: R? = 0.74-0.98; for
maize, meadow grass and wheat straw biochar:
R* = 0.94, 0.6 and 0.57, respectively).

The ratio of H/C and O/C (Table 2) can be helpful
for the estimation of the biochar polarity and its
potential interaction with water and provides the level
of oxidative alteration of biochar in the soil (Sohi et al.
2010). With increasing temperature, the carbon con-
tent increased, while the biomass surface —OH groups
were released during the pyrolysis process. Thus,
higher polarity is observed at lower temperature
(Novak et al. 2009). At higher temperatures, plant-
based biomass undergoes dehydration and depoly-
merisation reactions to form volatile lignin and
cellulose which condensate subsequently to yield
graphitic structures inside the biochar matrix. These
results indicate that at elevated temperature more
recalcitrant carbon structure was formed inside
biochar matrix (Chowdhury et al. 2016). If biochar is
applied into soil, it is generally said that molar ratios of
O/C lower than 0.2 appear to provide, at minimum, a
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Table 1 Element content and characteristics of feedstock biomass

Parameters % (w/w) Feedstock biomass

Bark-free Bark wood Maize Meadow Winter wheat Winter wheat
wood grass straw grain
C 47 £52 49 £ 35 45 £ 3.1 46 £ 4.0 45 £23 45 + 34
H 6.1 £02 59+ 0.1 59 +20 58+ 12 63+ 03 6.6 0.4
o* 46 £ 4.3 41 £ 2.7 41 £ 5.6 41 £ 25 40 £ 1.6 43 £5.8
N 0.1 £0.02 0.7 £ 0.01 1.5+ 06 1.2 £ 0.02 09 £ 0.1 26+ 04
Ash® 0.8 £0.03 37+0.2 6.8 £ 1.3 6.5+ 0.6 82+ 09 22+ 0.6
Volatile matter” 86 £ 18 77 £ 5.8 77 £ 11.2 76 £ 2.3 75 + 6.3 81 £ 78
Fixed carbon® 13 £ 2.1 20 £+ 2.1 16 £ 3.8 18+ 1.2 17 £ 1.7 17+£25
Holocellulose” 79 £ 10 63 £ 5.7 60 £ 3.7 63 + 2.7 65 £ 9.5 54 £ 9.8
Lignin® 17 £ 2.8 18 £ 2.1 50+£23 9.6 £ 1.6 94 £ 1.1 0.3 £ 0.06
Resins® 45+£12 6.5+ 04 26 £ 1.1 18 + 1.8 19 £ 2.7 36 £74
Tannins® 0.01 £ 0.00 12 £ 0.2 89+ 1.2 10 £ 0.5 6.0 + 0.02 10+ 1.2
# Oxygen content was calculated by difference; data are mean of 2 replications + standard error of the mean
" Data given in dry basis
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1000-year biochar half-life (Spokas 2010). Therefore,
the biochars prepared at 500-600 °C indicated high
stability in soil. Comparing the atomic ratio of biochar
with carbon-rich soil organic compounds, humic and
fulvic acids, the common O/C ratio is 0.5 and 0.7 for
humic and fulvic acids, respectively, and the H/C ratio
of both soil organic compounds approaches 1.0
(Stevenson 1994). The atomic ratios of our biochars
were lower.

The differences between wood and herbaceous
feedstock and their influence on the biochar yield were
defined and strong linear dependence was determined
between feedstock and final temperature of pyrolysis
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Temperature (°C)

(a) wood feedstock biomass (Rf,arkfree wood = 0.97,
RZ i wood = 0.98); (b) herbaceous feedstock biomass
(Rgll materials — 098)

According to our results, the yield of biochar
decreased with increasing temperature, as confirmed
by Uchimiya et al. (2011), Keiluweit et al. (2010) and
Horne and Williams (1996). The highest yields were
achieved for wheat and grass biomass. This seemed to
be due to the high content of ash, in these types of
biomass (Vassilev et al. 2010), and subsequently in
biochars. The yield dropped by 63, 50, 58, 26 and 27%
for maize, wood chips, poplar and wheat straw and
grain, respectively, between pyrolysis temperatures of
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Table 2 Yield and characteristics of prepared biochars

Type of biochar ~ Temperature ~ Yield (%) C (%) H (%) N (%) O* (%) C/N O/C H/C pH Ash (%)
()
Bark-free wood 400 23 73.7 2.93 0.15 20.9 491 028 0.04 7.31 2.37
450 19 73.1 2.48 0.17 16.5 430 023 0.03 7.52 7.81
500 18 74.5 2.54 0.17 12.9 438 0.17 0.03 8.66 9.92
550 13 75.5 241 0.23 11.7 328 0.16 0.03 9.37 10.2
600 10 76.8 2.06 0.17 9.39 452 0.12  0.03 9.67 115
Meadow grass 450 28 59.4 2.44 1.78 16.7 334 028 0.04 623 197
500 25 57.9 2.21 1.72 17.3 337 030 0.04 6.54 20.8
550 21 55.2 1.83 1.66 17.6 333 032 003 690 23.6
Maize 400 26 59.8 2.80 2.08 13.7 28.7 023 0.05 7.61 21.7
450 24 58.8 2.15 1.88 14.2 31.3 024 0.04 8.00 23.0
500 19 54.9 2.05 1.95 13.8 282 025 0.04 9.82 273
550 14 44.2 1.56 1.79 16.7 247  1.06 0.04 996 357
600 10 29.0 1.07 1.22 23.9 23.8 0.82 0.04 102 449
Bark wood 400 29 62.5 2.65 1.12 21.8 55.8 035 004 105 12.0
450 25 63.6 2.35 1.17 20.2 543 032 004 100 12.7
500 21 63.8 221 1.11 19.1 57.5 030 0.04 9.65 13.8
550 16 62.8 1.97 1.01 19.3 622 031 0.03 990 149
600 15 68.3 1.78 0.99 13.2 69.0 0.19 0.03 991 158
Wheat straw 400 31 70.6 3.50 4.46 15.8 158 022 005 10.1 5.69
450 29 69.2 3.00 4.12 17.6 16.8 025 004 104 6.17
500 28 71.5 2.35 4.54 14.6 157 020 0.03 103 7.01
550 26 70.8 2.10 4.61 13.7 154 0.19 0.03 104 8.71
600 23 73.4 1.85 4.62 11.7 159 0.16 0.03 105 8.31
Wheat grain 400 27 61.1 2.84 1.30 12.0 47.0 020 0.05 693 226
450 26 62.6 2.45 1.25 9.64 50.1 0.15 0.04 691 239
500 24 61.9 2.20 1.22 10.3 50.8 0.17 0.04 7.02 244
550 22 61.5 1.92 1.20 9.48 512 0.5 0.03 693 259
600 20 57.5 1.62 1.09 8.23 52.8 0.14 0.03 694 315

% Calculated by difference

400 and 600 °C. The lower biochar yield from woody
biomass can also be caused by higher content of
extractives in feedstock material. The higher yield at
the lower temperature can be seen as a consequence of
incomplete charring, where at low temperatures of
200-300 °C, a gas portion escapes from the biomass
primarily and up to 90% of the solids remain
(Bergman and Kiel 2005).

Biochar surface physical properties
The specific surface area, envelope density, skeletal

density, porosity and pore distribution of biochars
were assigned. The physical structure of biochars,
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such as surface area, pore volume and average pore
size, is typically related to its sorption and water
holding capacity which, in turn, relates to its effect on
soil structure, contaminant mobility and microbial
interactions (Zhao et al. 2013). The necessary condi-
tions for the production of biochars for water holding
applications are: (a) to create sufficient porosity
through feedstock selection and (b) to determine

suitable production temperature that reduces
hydrophobicity to an acceptable level (Gray et al.
2014).

We found that the biochar from bark-less wood
(which has ash content of 0.79%, Table 3) achieved
the highest specific surface area: 511 m? g~' at the
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highest temperature (600 °C). The biochar from bark
wood reached the highest Sggr at 600 °C: 428 m’ g_l.
The smallest surface area of this material corre-
sponded to the highest ash content in the biochar
(Table 2). The reduction in the surface area in the
temperature range 550-650 °C can be explained by
the loss of the secondary volatiles in the intermediate
thermoplastic phase during secondary devolatilisation
(Lu et al. 1995). The highest Sggr among the
herbaceous materials was observed for wheat grain
and straw (143 and 192 m? g, respectively). Fu et al.
(2009) found the highest specific surface area of maize
stalk biochar (81.6 m* g~') from fast pyrolysis at
900 °C. Keiluweit et al. (2010) reached the SggT value
of 50 m? g~ for grass at 500 °C. Our results showed
higher values of the Sggr, where the biochar from
meadow grass and maize reached 81 and 64 m? g~ at
500 °C, respectively. These values are lower than
observed by Zhang et al. (2011), where the Sggt value
from maize straw pyrolysis was 245 m* g~', but
higher than Chen et al. (2011), who obtained biochar
of corn straw with Sggt of 13 m’ gfl. Ronsee et al.
(2013) observed that the highest content of minerals
negatively correlated with specific surface area, most
probably due to the fusion of molten ash filling up
pores in the biochar.

The Sgger values increased logarithmically (bark-
free wood except value of Sggt at 600 °C: R? = 0.98;
bark wood: R = 0.98; maize: R? = 0.89; meadow
grass: R? = 0.99; winter wheat straw: R? = 0.94,
winter wheat grain: R = 0.55) with the temperature
of pyrolysis, e.g. for bark wood the values increased
from 124.4 to 428.1 m? gfl, for maize from 4.75 to
105 m? g~ ' (Table 3). The general trend of increasing
biochar surface area along with pyrolysis temperature
was likely due to the release of volatile organic
compounds which contributed to the creation of voids
or pores within the biochar matrix (Downie et al.
2009).

Bachmann et al. (2016) mentioned that the BET
model is pore size and distribution dependent and may
lead to over- or underestimation of the total specific
surface area, depending on the partial pressure ratio of
the measurement and/or the type of pores dominating
in the sample. Moreover, most biochar literature
reports surface area values in terms of the BET
method, but more work is needed to demonstrate how
this or other measurements relate to the quantity of the
reactive surface sites (Brewer et al. 2009). Thus, it
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could be suggested that not only the BET model, but
next surface properties, should be determined for
better biochar description.

To get a fuller picture of biochar, the total pore
volume and pore distribution were determined. The
next analysis revealed that biochars were microporous
materials.

Total pore volume (g cm ) revealed that biochars
were microporous materials (Table 3), but increased
with increasing temperature for all the investigated
feedstock materials. The influence of feedstock was
also determined. Herbaceous materials provided
approximately 100-fold lower total pore volume and
the highest values were determined at wheat grains at
550-600 °C: 0.094 and 0.110 cm® g~'. At woody
biomass, the values were 0.216 and 0.291 c¢cm?® g71 at
550 °C, at bark-free wood and bark wood, respec-
tively. Pore closing was observed at 600 °C, at bark-
free wood, total pore volume increased to
0.149 cm® g7,

When we expect biochar to be applied to soil as a
porous material, we can compare this amendment with
the commonly occurring porous clay minerals in soil.
The pore volume of biochars prepared from wood
biomass is comparable to natural zeolite
(~0.3 cm™3 g_l; Herron and Corbin 1995) or mont-
morillonite  (~0.21 cm™> g~!; Diamond 1970),
whereas the pore volume of biochar from herbaceous
biomass is lower.

The relation of ash content, pyrolysis temperature,
micropore and total pore volume is shown in Fig. 2.
Ash content in feedstock and pyrolysis temperature
correlated with the described surface properties of
biochars linearly.

Pyrolysis of pure lignin was described in detail, e.g.
in Sharma et al. (2004). The lignin content in the
feedstock material was tested as the potential finger-
print of feedstock biomass in biochar for estimation of
the interrelationships between pyrolysis temperature
and final pore volume of biochars. Lignins are highly
branched, substituted mononuclear aromatic polymers
in the cell walls of certain biomass, especially woody
species, and are often bound to adjacent cellulose
fibres to form a lignocellulosic complex (Klass 1998).
The influence of lignin content together with pyrolysis
temperature on the pore and micropore volume is
presented in Fig. 3. A paraboloidal equation prefer-
ably describes these relations. Both the micropore and
total pore volume increased with higher lignin content
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Table 3 Specific surface area and pore volume of the investigated biochars

Feedstock material ~ Temperature  Specific surface area  Specific surface area ~ Total pore volume  Micropore volume
0 (Sper) (m* g™ (Srpio) (m? g7 Viow) em’ g7 (Vi) (em® g7
Bark-free wood 400 164 359 0.09 0.06
450 327 87.9 0.18 0.13
500 376 100 0.21 0.14
550 511 181 0.29 0.16
600 214 104 0.15 0.06
Bark wood 400 124 32.6 0.08 0.04
450 215 56.3 0.14 0.07
500 323 91.7 0.19 0.11
550 382 117 0.22 0.12
600 428 133 0.24 0.14
Maize 400 4.75 0.44 0.02 0.00
450 40.1 12.7 0.04 0.01
500 64.3 21.2 0.06 0.02
550 105 375 0.09 0.03
Meadow grass 450 13.4 7.39 0.02 0.00
500 57.0 16.7 0.04 0.02
550 77.2 21.9 0.06 0.03
Wheat straw 400 4.47 4.40 0.03 0.00
450 4.00 2.14 0.03 0.00
500 11.5 7.21 0.03 0.00
550 529 17.4 0.05 0.02
600 144 35.6 0.11 0.06
Wheat grain 400 3.19 3.20 0.01 0.00
450 29.4 7.66 0.02 0.01
500 87.5 18.6 0.05 0.04
550 160 32.8 0.09 0.07
600 192 353 0.11 0.08

in the feedstock biomass and the highest pyrolysis
temperature. A slight increase in both characteristics
was observed in the range of 5-10% of lignin content
(it meant maize: 5%, meadow grass: 9.6% and wheat
straw: 9.4%).

The sorption ability of biochar of different Sggt
was already intensively investigated. Relatively high
pyrolysis temperatures generally produce biochars
that are effective in the sorption of organic contam-
inants by increasing surface area, microporosity and
hydrophobicity, whereas the biochars obtained at low
temperatures are more suitable for removing inor-
ganic/polar organic contaminants by oxygen-contain-
ing functional groups, electrostatic attraction and
precipitation (Ahmad et al. 2014). Biochars with high
surface area may cause nutrient retention in soil

35

(Wang et al. 2015). The sorption is effective due to the
hydrophobic effect, charge transfer, interaction and
the pore-filling mechanism (Zhang et al. 2011).
Uchimiya et al. (2011) highlighted the importance of
the functional groups during heavy metal sorption and
suggested further biochar treatment by acids and other
oxidants to increase the amount of oxygen-containing
surface functional groups.

Pore size of observed biochars

Pore structure of soils affects many physical, chemical
and biological properties, such as gas diffusivity,
water transmission and storage, mechanical resistance,
carbon dynamics, microbial habitat and root penetra-
tion (Zaffar and Lu 2015). The pore size distribution is
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a key element in the characterisation of porous
activated carbons (Jimenez-Cordero et al. 2013).

The shapes of the adsorption isotherms (Fig. 4)
correspond to type I and type III according to the
Thommes et al. (IUPAC, 2015) definition. The
isotherm profiles indicate that there is a large portion
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of micropores in the biochar samples, the highest of
which occurs in wood biochar (Fig. 4a) in comparison
to herbaceous materials (Fig. 4b). Similarly, the
predominance of micropores was shown also by
Jimenez-Cordero et al. (2013) for the biochar based
on the grape seeds as a feedstock. Cetin et al. (2005)
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Fig. 5 Distribution of mesopores volume of bark wood biochar
at different pyrolysis temperatures
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Fig. 6 Distribution of micropores volume of bark wood
biochar at different pyrolysis temperatures determined by using
the BJH method

showed that at low pyrolysis temperature and atmo-
spheric pressure, the final char (they described char
from coal) is characterised by micropores, whereas at
high temperature the char is characterised by macro-
pores as a result of the melting. Similar pattern occurs
in biochar from bark-less wood.
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Fig. 7 Distribution of macropores volume of bark wood
biochar at different pyrolysis temperatures determined by the
mercury porosimetry

Data processing by using the #-plot method showed
that the specific surface area of the mesopores (S;.pio)
is significantly lower than the specific surface area
determined by the BET method (Table 3). This
confirms the presence of micropores in the samples,
e.g. for bark wood at 500 °C Sggr 323.7 m? g L St -plot
91.7 m* g~ .

The overall pore volume (micro and mesopores)
was determined from the adsorption isotherms at a
relative pressure of 0.995 p/p°. This value gradually
increases with the pyrolysis temperature. The same
trend has been found for the micropore volume as
determined by the #-plot method (Table 3). A com-
parison of these results leads to the conclusion that the
largest portions of pores are micropores, e.g. for bark
wood pyrolysis at 600 °C, 58% of the adsorbed
nitrogen is present in micropores. The microspores/
mesopores ratio increases with the temperature of
pyrolysis.
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A comparison of the pore volume distribution
curves determined according to the BJH method
(Fig. 5) indicates that the final character of the biochar
samples is very similar. The mesopore volume is very
low, and the significant increase in the number of
pores with diameter 3-5 nm shows the presence of
micropores and the smallest mesopores.

The distributions of the micropores volume are
shown in Fig. 6. In the biochar prepared from bark
wood, the volume of micropores increased with the
pyrolysis temperature, reaching a maximum at a
temperature of 600 °C with a diameter of 0.54 nm.
This result confirmed that biochar is a microporous
material and pore melting can occur at pyrolysis
temperature above 600 °C.

Table 4 Density and porosity of prepared biochars

Mercury porosimetry results have confirmed the
nitrogen adsorption results. There are hardly meso-
pores in the system; macropores can be found only in
the pore radius interval of 0.2-7 pm (Fig. 7). The
SEM analysis confirmed the previous determination
and showed a significant amount of macropores in the
biochar, particularly in the range of radius from 2 to
10 pm (supplementary material 1.). Maize biochar
contains fewer pores than bark wood biochar, and the
volumes of mesopores and micropores are four times
lower. On the other hand, the overall macropores
volume is about 10% higher. Meadow grass biochar
has similar characteristics to maize biochar, while
bark wood biochar has comparable properties to bark-
less wood.

Feedstock material Temperature (°C)

Skeletal density (g cm™?)

Envelope density (g cm™?) Porosity (—)

Bark-free wood 400 1.479
450 1.611
500 1.582
550 1.571
600 2.015

Bark wood 400 1.545
450 1.561
500 1.607
550 1.678
600 1.673

Maize 400 1.674
450 1.680
500 1.695
550 1.794
600

Meadow grass 450 1.638
500 1.732
550 1.705

Wheat straw 400 1.705
450 1.619
500 1.699
550 1.721
600 1.943

Wheat grain 400 1.506
450 1.590
500 1.578
550 1.636
600 1.620

0.799 0.460
0.830 0.485
0.775 0.510
0.713 0.546
0.875 0.566
0.752 0.514
0.751 0.519
0.716 0.555
0.690 0.589
0.705 0.578
0.686 0.591
0.727 0.567
0.755 0.554
0.702 0.609
0.902 0.450
0.893 0.484
0.875 0.487
0.820 0.519
0.820 0.493
0.832 0.510
0.859 0.501
0.839 0.568
0.858 0.430
0.887 0.442
0.879 0.443
0.952 0.418
0.982 0.394
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Skeletal and envelope density and porosity of biochars

The amounts of biochar obtained, with the appropriate
density and porosity of each type of biochar, are shown
in Tables 2 and 4.

Density and porosity are fundamental physical
characteristics that play a key role in determining the
soil residence time of charcoal (Masiello et al. 2012).
The skeletal densities of the biochar increased with the
pyrolysis temperature and the envelope densities of
the biochar slightly decreased or showed no effect of
the pyrolysis temperature (Table 4).

Porosity means a pore volume per volume unit of
porous particles (including pores). The porosity of the
biochar is feedstock dependent, but it is not affected by
the pyrolysis temperature, e.g. the bark wood porosity
varies in the interval from 54 to 58% across all
temperatures. Porosity was considered as the main
property allowing water retention. Low-temperature
biochars took up less water than high temperature
biochars but the same amount of ethanol, suggesting
that differences in water uptake based on production
temperature reflect differences in surface hydropho-
bicity, not porosity; conversely, greater porosity of
biochar provided more water uptake (Gray et al. 2014).

Similarly, Brewer et al. (2014) described the results
of measurements of the skeletal and envelope density
of biochar, where the skeletal density ranged from
1.34 to 1.96 g cm™>; these results are comparable to
our study. However, they determined lower envelope
density, ranging from 0.25 to 0.60 g cm >, and found
that this parameter was higher for wood biochars than
grass biochars. The envelope density was comparable
or slightly higher in the case of grass biomass, as
confirmed also by our results. From these character-
istics, they concluded the possible further behaviour of
biochars in soils: (i) the high porosity of the biochars in
this study explains why many biochars will initially
float when exposed to water even though their skeletal
densities are greater than that of water, or (ii) biochars
with a low envelope density are more likely to float
and be susceptible to preferential erosion during
surface run-off.

Conclusion

For our study, different sources of types of biomass,
different common agriculture residues were collected,

39

gathered and then treated by pyrolysis at elevated
temperatures (400-600 °C). The relations of biomass
properties, and pyrolysis conditions and properties of
biochars structures were observed. Strong relations
were determined between lignin and ash contents of
feedstock biomass and pore biochar size and volume.
Microporosity of biochars was mainly affected by
growing lignin contents and increasing pyrolysis
temperatures. The total pore biochar volume was
higher for wood biomass (0.08-0.3 cm™ g~ '), than
for the herbaceous one (0.01-0.11 cm g_l).

Wood biochars were characterised by higher skele-
tal density ranging from 1.479 to 2.015 cm® g~ ', and
herbaceous biochars from 1.506 to 1.943 cm® gfl, and
the envelope density reached 0.982 cm® g~ ' at wheat
grain biochar and generally was higher with herba-
ceous biochars. The skeletal and enveloped densities
were not pyrolysis temperature dependent. Our find-
ings are important in providing the possibility for a
choice of feedstock material and pyrolysis temperature
to make biochar with specific properties, tailored to the
exact required effect of biochar in soil.

Acknowledgements This study was supported by Czech
University of Life Sciences, Prague, from CIGA Project No.
20172015 and by Ministry of Agriculture from the project
NAZV No. QK1710379.

References

Abdullah, S. S., Yusup, S., Ahmad, M. M., Ramli, A., & Ismail,
L. (2010). Thermogravimetry study on pyrolysis of various
lignocellulosic biomass for potential hydrogen production.
International Journal of Chemical and Biological Engi-
neering, 3(3), 137-141.

Ahmad, M., Lee, S. S., Dou, X., Mohan, D., Sung, J. K., Yang, J.
E., et al. (2012). Effects of pyrolysis temperature on soy-
bean stover and peanut shell-derived biochar properties
and TCE adsorption in water. Bioresource Technology,
118, 536-544.

Ahmad, M., Rajapaksha, A. U., Lim, J. E., Zhang, M., Bolan, N.,
Mohan, D., et al. (2014). Biochar as a sorbent for con-
taminant management in soil and water: A review. Che-
mosphere, 99, 19-33.

Aller, M. F. (2016). Biochar properties: Transport, fate, and
impact. Critical Reviews in Environmental Science and
Technology, 46(14-15), 1183-1296.

Bachmann, H. J., Bucheli, T. D., Dieguez-Alonso, A., Fabbri,
D., Knicker, H., Schmidt, H. P., et al. (2016). Toward the
standardization of biochar analysis: The COST action
TD1107 interlaboratory comparison. Journal of Agricul-
tural and Food Chemistry, 64(2), 513-527.

Barrett, E. P., Joyer, L. G., & Halenda, P. P. (1951). The
determination of pore volume and area distributions in

@ Springer



Environ Geochem Health

porous substances. I. Computations from nitrogen iso-
therms. Journal of the American Chemical Society, 73(1),
373-380.

Bergman, P. C. A., & Kiel, J. H. A. (2005). Torrefaction for
biomass upgrading. Paris: 14th European Biomass Con-
ference & Exhibition.

Bfendova, K., Tlustos, P., & Szakova, J. (2015). Can biochar
from contaminated biomass be applied into soil for reme-
diation purposes? Water, Air, and Soil pollution, 226(6),
1-12.

Brewer, C. E., Chuang, V. J., Masiello, C. A., Gonnermann, H.,
Gao, X., Dugan, B., et al. (2014). New approaches to
measuring biochar density and porosity. Biomass and
Bioenergy, 66, 176-185.

Brewer, C. E., Schmidt-Rohr, K., Satrio, J. A., & Brown, R. C.
(2009). Characterization of biochar from fast pyrolysis and
gasification systems. Environmental Progress & Sustain-
able Energy, 28(3), 386-396.

Brunauer, S., Emmett, P. H., & Teller, E. (1938). Adsorption of
Gases in Multimolecular Layers. Journal of the American
Chemical Society, 60(2), 309-319.

Cetin, E., Gupta, R., & Moghtaderi, B. (2005). Effect of
pyrolysis pressure and heating rate on radiata pine char
structure and apparent gasification reactivity. Fuel, 84(10),
1328-1334.

Chen, X., Chen, G., Chen, L., Chen, Y., Lehmann, J., McBride,
M. B, et al. (2011). Adsorption of copper and zinc by
biochars produced from pyrolysis of hardwood and corn
straw in aqueous solution. Bioresource Technology, 102,
8877-8884.

Chowdhury, Z. Z., Karim, M. Z., Ashraf, M. A., & Khalid, K.
(2016). Influence of carbonization temperature on physic-
ochemical properties of biochar derived from slow pyrol-
ysis of durian wood (Durio zibethinus) Sawdust.
BioResources, 11(2), 3356-3372.

CSN EN 15402. (2011). Alternative fuels—Standards for
volatile content determining. Stanoveni obsahu prchavé
hoflaviny. Czech Office For Standards, Metrology and
Testing.

CSN EN 15403. (2011). Alternative fuels—Standards for ash
determination. Czech Office For Standards, Metrology and
Testing.

CSN EN 15414-3. (2011) Alternative fuels—Standards for
water content determining by drying—Water content in
analytical sample. Czech Office For Standards, Metrology
and Testing.

Demirbas, A. (2004). Effects of temperature and particle size on
bio-char yield from pyrolysis of agricultural residues.
Journal of Analytical and Applied Pyrolysis, 72(2),
243-248.

Demirbas, A. (1997). Calculation of higher heating values of
biomass fuels. Fuel, 76(5), 431-434.

Diamond, S. (1970). Pore size distributions in clays. Clays and
Clay Minerals, 18(1), 7-23.

Downie, A., Crosky, A., & Munroe, P. (2009). Physical prop-
erties of biochar. Biochar for environmental management:
Science and technology. In J. Lehmann & J. Joseph (Eds.),
Biochar for environmental management: Science and
technology (pp. 13-32). London: Earthscan.

Faur-Brasquet, C., Kadirvelu, K., & Le Cloirec, P. (2002).
Removal of metal ions from aqueous solution by

@ Springer

40

adsorption onto activated carbon cloths: Adsorption com-
petition with organic matter. Carbon, 40(13), 2387-2392.

Fu, P., Hu, S., Xiang, J., Sun, L., Li, P., Zhang, J., et al. (2009).
Pyrolysis of maize stalk on the characterization of chars
formed under different devolatilization conditions. Energy
& Fuels, 23(9), 4605-4611.

Gaskin, J. W., Steiner, C., Harris, K., Das, K. C., & Bibens, B.
(2008). Effect of low-temperature pyrolysis conditions for
agriculture use. Transactions of the ASABE, 51(6),
2061-2069.

Gray, M., Johnson, M. G., Dragila, M. 1., & Kleber, M. (2014).
Water uptake in biochars: The roles of porosity and
hydrophobicity. Biomass and Bioenergy, 61, 196-205.

Herron, N., & Corbin, D. R. (1995). Inclusion chemistry with
zeolites: Nanoscale materials by design. Dordrech:
Springer.

Horne, P. A., & Williams, P. T. (1996). Influence of temperature
on the products from the flash pyrolysis of biomass. Fuel,
75(9), 1051-1059.

Jimenez-Cordero, D., Heras, F., Alonso-Morales, N., Gilarranz,
M. A., & Rodriguez, J. J. (2013). Porous structure and
morphology of granular chars from flash and conventional
pyrolysis of grape seeds. Biomass and Bioenergy, 54,
123-132.

Jindo, K., Mizumoto, H., Sawada, Y., & Sonoki, T. (2014).
Physical and chemical characterization of biochars derived
from different agricultural residues. Biogeosciences,
11(23), 6613.

Keiluweit, M., Nico, P. S., Johnson, M. G., & Kleber, M. (2010).
Dynamic molecular structure of plant biomass-derived
black carbon (biochar). Environmental Science and Tech-
nology, 44(4), 1247-1253.

Klass, D. L. (1998). Biomass for renewable energy, fuels, and
chemicals. California: Academia Press.

Lee, Y., Park, J., Ryu, Ch., Gang, K. S., Yang, W, Park, Y. K.,
et al. (2013). Comparison of biochar properties from bio-
mass residues produced by slow pyrolysis at 500 °C.
Bioresource Technology, 148, 196-201.

Lehmann, J., & Joseph, J. (2009). Biochar for environmental
management: Science and technology. London: Earthscan.

Lu,G.Q.,Low,J.C.F, Liu,C. Y., & Lua, A. C. (1995). Surface
area development of sewage sludge during pyrolysis. Fuel,
74(3), 344-348.

Lua, A. C,, Lau, F. Y., & Guo, J. (2006). Influence of pyrolysis
conditions on pore development of oil-palm-shell activated
carbons. Journal of Analytical and Applied Pyrolysis,
76(1), 96-102.

Lua, A. C, Yang, T., & Guo, J. (2004). Effects of pyrolysis
conditions on the properties of activated carbons prepared
from pistachio-nut shells. Journal of Analytical and
Applied Pyrolysis, 72(2), 279-287.

Masiello, C. A., Liu, Z., Ziegelgruber, K. L., Dugan, B., Gon-
nermann, H., Chuang, V. J., et al. (2012). Density and
porosity as controls on charcoal storage in soils. EGU
General Assembly Conference Abstracts, 14, 830.

Novak, J. M., Busschei, W. J., Laird, L. D., Ahmedna, M.,
Watts, D. W., & Niandou, M. A. S. (2009). Impact of
biochar amendment on fertility of a south eastern coastal
plain soil. Soil Science, 174(2), 105-112.

Oleszczuk, P., Josko, 1., Kusmierz, M., Futa, B., Wielgosz, E.,
Ligeza, S., et al. (2014). Microbiological, biochemical and



Environ Geochem Health

ecotoxicological evaluation of soils in the area of biochar
production in relation to polycyclic aromatic hydrocarbon
content. Geoderma, 213, 502-511.

Ronsee, F., Hecke, S. V., Dickinson, D., & Prins, W. (2013).
Production and characterization of slow pyrolysis biochar:
Influence of feedstock type and pyrolysis conditions.
Global Change Biology Bioenergy, 5(2), 104-115.

Schnee, L. S., Knauth, S., Hapca, S., Otten, W., & Eickhorst, T.
(2016). Analysis of physical pore space characteristics of
two pyrolytic biochars and potential as microhabitat. Plant
and Soil, 408(1-2), 357-368.

Sharma, R. K., Wooten, J. B., Baliga, V. L., Lin, X., Chan, W.
G., & Hajaligol, M. R. (2004). Characterization of chars
from pyrolysis of lignin. Fuel, 83(11), 1469-1482.

Sohi, S. P., Krull, E., Lopez-Capel, E., & Bol, R. (2010). A
review of biochar and its use and function in soil. Advances
in Agronomy, 105, 47-82.

Spokas, K. A. (2010). Review of the stability of biochar in soils:
Predictability of O:C molar ratios. Carbon Management,
1(2), 289-303.

Stevenson, F. J. (1994). Humus chemistry: Genesis, composi-
tion, reactions. New York: Wiley.

Tang, J., Zhu, W., Kookana, R., & Katayama, A. (2013).
Characteristics of biochar and its application in remedia-
tion of contaminated soil. Journal of Bioscience and Bio-
engineering, 116(6), 653-659.

Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J. P.,
Reinoso, F. R., Rouquerol, J., et al. (2015). Physisorption
of gases, with special reference to the evaluation of surface
area and pore size distribution (IUPAC technical report).
Pure and Applied Chemistry. doi:10.1515/pac-2014-1117.

41

Uchimiya, M., Wartelle, L. H., Klasson, K. T., Fortier, C. A., &
Lima, I. M. (2011). Influence of pyrolysis temperature on
biochar property and function as a heavy metal sorbent in
soil. Journal of Agricultural and Food Chemistry, 59(6),
2501-2510.

Van Zwieten, L., Kimber, S., Morris, S., Chan, K. Y., Downie,
A., Rust, J., et al. (2010). Effects of biochar from slow
pyrolysis of papermill waste on agronomic performance
and soil fertility. Plant and Soil, 327(1-2), 235-246.

Vassilev, S., Baxter, D., Andersen, L. K., & Vassileva, C. G.
(2010). An overview of the chemical composition of bio-
mass. Fuel, 89(5), 913-933.

Wang, X., Zhou, W., Liang, G., Song, D., & Zhang, X. (2015).
Characteristics of maize biochar with different pyrolysis
temperatures and its effects on organic carbon, nitrogen
and enzymatic activities after addition to fluvo-aquic soil.
Science of the Total Environment, 538, 137-144.

Webb, P. A., & Orr, C. (1997). Analytical methods in fine par-
ticle Technology. Norcross, GA: Micromeritics Instrument
Corporation.

Zaffar, M., & Lu, S. G. (2015). Pore size distribution of clayey
soils and its correlation with soil organic matter. Pedo-
sphere, 25(2), 240-249.

Zhang, G., Zhang, Q., Sun, K., Liu, X., Zheng, W., & Zhao, Y.
(2011). Sorption of simazine to corn straw biochars pre-
pared at different pyrolytic temperatures. Environmental
Pollution, 159(10), 2594-2601.

Zhao, L., Cao, X., Masek, O., & Zimmerman, A. (2013).
Heterogeneity of biochar properties as a function of feed-
stock sources and production temperatures. Journal of
Hazardous Materials, 256, 1-9.

@ Springer


http://dx.doi.org/10.1515/pac-2014-1117

Water Air Soil Pollut (2015) 226: 193
DOI 10.1007/s11270-015-2456-9

Can Biochar From Contaminated Biomass Be Applied
Into Soil for Remediation Purposes?

Katerina Brendova - Pavel Tlustos - Jifina Szakova

Received: 6 January 2015 /Accepted: 7 May 2015 /Published online: 20 May 2015

© Springer International Publishing Switzerland 2015

Abstract The carbon rich material obtained from py-
rolysis process, i.e. biochar, has been widely discussed
during the last decade due to its utilisation as a soil
amendment. Furthermore, there is an unsolved question
of biomass disposal from phytoremediation technolo-
gies. The idea of contaminated biomass pyrolysis has
appeared, but there is lack of information about possible
biochar utilisation obtained by this process. The aim of
our study was to observe sorption properties of biochar
prepared from contaminated biomass and release of
contaminants from biochar back into the environment.
The biomass of fast growing trees and maize was har-
vested on a site significantly damaged by risk element
contamination (Cd, Pb and Zn). Plant biomass was
pyrolysed and then the batch (de)sorption experiments
were settled. The results confirmed no significant dif-
ferences in metal sorption ability between biochars pre-
pared from contaminated and uncontaminated biomass
under the same conditions. The trend of maximum
sorption capacity of observed matrices followed the
order: wood biochar + soil (WB + soil) > wood uncon-
taminated biochar + soil (WUB + soil) > maize biochar
+ soil (MB + soil) > soil for cadmium, WB + soil >
WUB + soil > soil for lead and MB + soil > WUB + soil
> WB + soil > soil for zinc. Despite of increase of Zn
desorption from wood biochars, maximum sorption
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capacity of the final WB + soil system was comparable
to the WUB+soil sample. Our laboratory experiments
showed high potential of biochar from contaminated
plants as a soil amendment with sorption abilities and
minimal risk of metal release.

Keywords Biochar- Cadmium - Zinc - Lead - Plant
biomass - Batch sorption experiment

1 Introduction

The soil contamination is presented as the most im-
portant problem of soil protection nowadays, while the
so-called old loads are the most significant health
threat (Némecek et al. 2010). For the soft remediation
technologies, mainly for phytoextraction, the fast
growing trees—willows and poplars—were introduced
in pot experiments (Vyslouzilova et al. 2003) and also
in field conditions on medium contaminated soils
(Pulford and Watson 2002).

The important task is management of the contami-
nated biomass obtained from the phytoremediation tech-
nologies. Syc et al. (2012) evaluated the thermal process
(fluidized bed incineration) as a potentially suitable
disposal method of this biomass. Most of observed
elements (Cu, Pb, Zn) were deposited into ashes, only
cadmium left incineration system in flue gas either
deposited on submicron particles or in volatilized form.
In this study, it was concluded that the described basic
character of ash and the insufficient heavy metal content
excluded heavy metal recovery.
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Sas-Nowosielska et al. (2004) proposed pyrolysis
as suitable way for disposal of contaminated
biomass.

Stals et al. (2010) pyrolyzed willow wood of the
phytoextraction origin using hot-gas filter and pre-
pared bio-oil of good quality did not contain con-
siderable amount of heavy metals. Fletcher et al.
(2014) focused their study on factors affecting the
quality of pyrolysis process producing biochar for
agriculture application and concluded that future
work has to evaluate the risk elements release during
the pyrolysis process. However, the potential risk
elements release from applied biochar back into soil
was not yet systematically discussed.

The utilisation of charred biomass for agriculture
purposes is definitely not a new idea. In 1929, John
Morley noted the positive effect of charcoal appli-
cation into soil and described the improvement of
soil porosity in The National Greenkeeper (Morley
1929). Similarly, the burnt biomass and other organ-
ic matter application led to formation of very fertile
soil in Amazonia during thousands of years
(Sombroek 1966). In ancient times, farmers had
used it to enhance the production of agricultural
crops. Several decades ago, it was noticed that sub-
stances toxic to plants may be absorbed by charcoal
(Tryon 1948), and in recent years, the sorption prop-
erties of biochar are widely discussed and described.
The biochar sorption ability of organic pollutants
was observed (Cao et al. 2009), and the sorption
ability of heavy metals described (Uchimiya et al.
2011a, b; Trakal et al. 2012; Qui et al. 2008).

There is lack of knowledge concerning utilisation
and properties of biochar derived from contaminated
biomass. Several questions indicating the main ob-
jectives of our study arise as follows: (i) Gaskin
et al. (2008) mentioned the nutrient-rich feedstock
could be pyrolyzed into nutrient-rich biochar,
though it is not clear if the nutrients are available
to plant after biochar application into the soil; sim-
ilarly, to this question of nutrients release from bio-
char, we will consider the mobility of risk elements
retained into biochar and their potential release into
the soil: (i) can this specific biochar increase sorp-
tion ability of soil similarly as the biochar from
uncontaminated biomass; and (iii) can we provide
sustainable agent in contaminated soil? To answer
these questions, a set of sorption/desorption experi-
ments was provided and evaluated.
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2 Materials and Methods
2.1 Soil Samples

For batch sorption and desorption experiments, the me-
dium contaminated soil was used. This soil originated
from Pribram locality (49°42'N, 13°59'E)
(Czech Republic). The soil was taken from arable layer
(020 cm). The pH (leachate of 0.01 M CaCl,, 1:5 w/v)
and cation exchange capacity (CEC) (ISO 11260, 1994)
of soil were determined. The type of soil was Cambisol.
Particle size distribution (%) was follows: sand 42.8 %,
silt 41.8 %, clay 15.4 % and soil texture is loamy. Total
organic carbon in soil was 1.7 %.

For determination of the total content of risk elements
in soils, 0.5 g of soil sample was decomposed in a closed
system with microwave heating in the device Ethos 1
(MLS GmbH, Germany) in a mixture of § ml HNOs,
5 ml HCI and 2 ml HF. For determination of the plant-
available risk elements, the soil samples were extracted
by 0.11 M CH;COOH in ratio 1:40 (w/v) (Ure et al.
1993). The element contents in the soil digests and
extracts were determined by inductively coupled
plasma-optical emission spectrometry (ICP-OES;
Varian Vista Pro, Varian, Australia).

The phosphate and sulphate anions were detected in
0.01 M KNO; extractant and measured by ion-exchange
chromatography with suppressed conductivity. The ion
chromatograph ICS 1600 (Dionex, USA) equipped with
IonPac AS11-HC (Dionex, USA) guard and analytical
columns was used. The eluent composition was 1—
37.5 mM KOH with gradient 1-50 min, and flow rate
was set to 1 mL min'. To suppress eluent conductivity,
the ASRS 300 4-mm suppressor (Dionex, USA) and the
Carbonate Removal Device 200 (Dionex, USA) were
used. Samples were introduced by the autosampler AS-
DV (Dionex, USA). Chromatograms were processed
and evaluated using the software Chromeleon 6.80
(Dionex, USA).

2.2 Biochar

Biochar was derived by pyrolysis from biomass of
willows and poplars representing wood biomass and
maize representing herbaceous biomass. Willow and
maize were harvested on medium contaminated site of
old smelter area at Piibram locality (central Bohemia).
As a comparative material, the bark-free wood of poplar
with low content of risk elements, purchased from J.
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Rettenmaier & S6hne GmbH was used. The process was
conducted in a muffle furnace in the inert atmosphere of
nitrogen (nitrogen flow 1 m® h™"), at atmospheric pres-
sure and retention time of 30 min. The process followed
final temperature of 600 °C. The wood biochar (WB),
maize biochar (MB) and wood uncontaminated biochar
(WUB) were prepared at identical conditions.

Surface areas were measured by nitrogen adsorption
isotherms at 77 K using ASAP 2050 (Micrometrics
Instrument Corporation, USA) surface area analyser.
Specific surface areas (SSA) were detected by layered
adsorption isotherm Brunauer-Emmett-Teller (BET)
model (Brunauer et al. 1938).

Content of C, H, N, O and S was determined by using
the apparatus Flash EA 1112 in the CHNS/O configu-
ration (Thermo Fisher Scientific, USA). In this method,
the oxygen content is then determined by difference.
These results were used to calculate the atomic H/C and
O/C ratios. Ash content in the biomass sample was
determined according to the CSN EN 15403 (2011)
standard. The risk element content both in feedstock
material and biochar was determined by neutron activa-
tion analysis according to KubeSova and Kuéera (2010).

The infrared spectra of the biochars were scanned
over the region of 4000400 cm™' in the transmission
mode on a NICOLET 740 FT-IR spectrometer (DTGS
detector, KBr beam splitter); 512 spectral accumula-
tions, resolution 2 cm ™', Happ-Genzel apodization.
The spectra were processed mathematically by using
OMNIC 3.1 software (Nicolet Instruments Co., USA).
RAMS 32 software (Galactic Co., USA) was applied to
the spectral band separation within the 1500—1800 cm ™'
range. All absorbance values were converted to 50 pm
foil thickness.

2.3 Batch Sorption Experiment

The metal adsorption experiments were performed
using a batch equilibration technique. Stock solutions
of different concentration of Cd(II), Zn(II), Pb(Il) were
prepared by dissolving nitrate salts Cd(NOs3), 3H,O
(Sigma—Aldrich), Zn(NO3), 6H,O and Pb(NO3),
(Lachner) in background electrolyte 0.01 M KNOs.
Each stock solution was added separately to observe a
single-metal sorption. The concentration series of Pb
was 0.12; 0.27; 0.75; 1.6; 2.7; 15.8 and 30.4 mM; for
Cd: 0.04; 0.06; 0.12; 0.25; 0.5; 1.8 and 3.7 mM; for Zn:
0.09; 0.1; 0.23; 0.44; 0.78; 3.61 and 6.28 mM. The
experiment was conducted in 50 ml centrifuge tubes,
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where the volume of 20 ml of single-metal solution
(Trakal et al. 2012) was added to 1 g of soil with 20 %
(w/w) of different type of biochar, thus the following
mixtures were prepared: (i) 20 % maize biochar+80 %
soil (MB + soil), (ii) 20 % wood biochar+80 % soil
(WB + soil), (iii) 20 % uncontaminated wood biochar+
80 % soil (WUB + soil) and finally (iv) 100 % soil. Each
mixture was then equilibrated on a reciprocating shaker
for 24 h (Uchymia et al. 2011b). Samples were centri-
fuged and the supernatant was measured by ICP-OES
(Varian Vista Pro, Varian, Australia).

The metal uptake was calculated (Eq. (1)) as follows:

Vv
Csorb = (CO_Ceq) Z

(1)
where Cyop, is the uptake (umol g 1), Cy and Ceq are the
initial and equilibrium liquid-phase concentrations of
metal (umol L), respectively, V is the volume (L),
and m is the amount of dried biosorbent (g).

The obtained data were then fitted using a Langmuir
isotherm; the Langmuir isotherm equation is defined as
follows (Eq. (2)):

S maxK L Ceq

C =
sorb 1+ KL Ceq

(2)
where K, characterise the bonding energy associated
with an equilibrium constant, and S;,,,x represents the
maximum sorption capacity determined by the number
of reactive surface sorption sites in an ideal monolayer
system (Trakal et al. 2011), C,.p is the uptake
(umol g "), and Ceq 1s the initial and equilibrium
liquid-phase concentrations of metal (umol L™"). The
model of Bolster and Hornberger (2007) was used to
evaluate non-linear isotherm parameters.

The estimation of metal species of investigated ele-
ments was modelled by using Visual MINTEQ ver. 3.1,
Royal Institute of Technology (2014).

2.4 Batch Desorption Experiment

The experiment was conducted in 50 ml centrifuge
tubes, where the volume of 20 ml 0.01 M KNO;
(Trakal et al. 2012) was added as a background electro-
lyte to 0.5 g of individual biochar samples or soil and
consequently of the mixtures of biochar and soil (MB +
soil, WB + soil and WUB + soil). The reaction mixture
was then agitated on a reciprocating shaker for 24 h
(Uchymia et al. 2011b). Alternatively, mild acidic
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solution (pH ~3) 0of 0.11 M CH3;COOH in ratio 1:40 (w/
v) was applied. The reaction mixtures were agitated on a
reciprocating shaker for 24 h, as well.

Samples were centrifuged at 4000 rpm and the su-
pernatant was measured by ICP-OES (Varian Vista Pro,
Varian, Australia). Desorbed concentrations of risk ele-
ments were calculated as desorbed concentrations in
1 kg of the entry matrix.

3 Results and Discussion

Table 1 shows the basic biochar and feedstock charac-
teristics. The risk elements were retained and concen-
trated into biochar. Zinc content was four times higher in
wood biochar, ten times in maize biochar and six times
in uncontaminated wood biochar in comparison to the
original feedstock biomass. The cadmium content is
lower in prepared biochar than in feedstock biomass,
confirming cadmium volatility at high temperatures of
pyrolysis as mentioned by Stals et al. (2010), and Cd
recovery can remain for further research.

The carbon content followed the order MB < WB <
WUB. The absence of bark in uncontaminated wood
resulted in the lowest ash content in WUB.

The C:N ratio is 69, 24 and 452 for biochar derived
from wood, maize and uncontaminated wood,
respectively. Lehmann (2007) stated that the wide C:N
ratio is associated with biochar aromaticity, and will
cause slow biochar decomposition. Thus, it seems that
biochar prepared from uncontaminated wood should

have the longest stability in soil. The biochar is alkaline
material. The cation exchange capacities (CEC) of bio-
chars are multiply higher than of the soil and the biochar
application led to the increase of the soil CEC level
(Jiang et al. 2012). The highest value was observed for
MB. Similarly, Yuan et al. (2011) determined the CEC
values of different straw-based biochars as 10-20 times
higher than that of soil CEC.

In the opposite, the lowest specific surface area
(SSA) was determined for MB, whereas the WUB is
characterised by the highest SSA level 556 m? g .
Chun et al. (2004) compared different pyrolyzing
temperatures (300-700 °C) of wheat biomass resi-
dues where higher temperatures resulted in relatively
high surface area (>300 m”> g ') and low oxygen
content (<10 %). These observations were confirmed
for both wood-derived biochars, but different pattern
was reported for MB (Table 1) confirming the im-
portant role of both biomasses composition and py-
rolysis conditions for final properties of biochar
(Chen et al. 2011).

The soil pH is acidic (Table 2). The cation exchange
capacity of soil is lower compared to the applied bio-
chars. The maximum permissible limits of elements in
soils of the Czech Republic is given by public notice
(Anonymous 1994); according to this notice, the total
element concentrations are set as 1.0, 140 and
200 mg kg~' for Cd, Pb and Zn, respectively.
Therefore, in our experiment, the risk element contents
showed that the soil is medium contaminated by these
three elements.

Table 1 Feedstock and biochar

Wood uncon.” WUB

characteristics Element content Wood chips ~ WB Maize =~ MB
Pb mg kg! 34 285 1.6 268 <0.025 17
Cd 17.8 5.1 1.5 3.5 <0.90 2
Zn 220 1590 162 1420 11.8 132
Si 9947 68,800 501
C (% wiw) 50.4 68.3 48.2 29.1 473 76.8
o* 42.7 13.2 438 23.9 457 9.4
H 6.2 1.8 6.4 1.07 6.2 2.1
N 0.7 1 1.6 1.22 0.9 0.2
Ash 3.7 15.8 6.7 449 0.6 11.5

aOxygen content was calculated pH 11 10 8

T et
SSA®  m? g 414 137 556

“Specific surface area
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Table 2 Soil characteristics, data are expressed as averages + standard deviation

Cdmgkg' Pbmgkg' Znmgkg' Pgkg' Kgkg'' Cagkg' Mggkg' pH CEC mmol kg
Total* 5.1+0.4 805+38 294+1 94.4+3 11.8+1.3 31.7£0.1  32.6+1.1 57 1755
mgkg' mgkg' — mgkg' —mgkg'
Mobile®  1.4£0.0 15.4+0.7 46.8+£3.4 483+2.5 165.1+7.8 1.8+0.0 124.8+0.9

? Total element concentration
(.11 M CH;COOH extractable element fraction

The FT-IR (Fourier transform infrared spectroscopy)
analysis (Fig. 1) showed the similarity between biochar
spectra derived from contaminated and uncontaminated
wood. The MB can be characterised as a material with
high content of SiO,. For WB, the COO  was detected
at stretching vibration of 1685 and 1558 cm'. The peak
of 1410 and 710 cm ! detected the CO5> and the next
one (1036 cm ") determined silicates. The functional
group of —-COOH was found for WUB (1701 and
1242 cm™ "), and the carboxylates are peaked at 1568
and 1448 cm™'. This biochar is characterised by the
lowest abundance of SiO,. The MB is characterised by
carboxylate (1565 and 1482 cm™') and carbonate
(1403 cm ') functional groups. Generally, it has the
strongest signal response on SiO,. Novak et al. (2009)
stated that increase of the soil CEC, the surfaces of the
biochar must be oxidised to produce negatively charged
carboxyl groups; our prepared biochars have thus the
real potential to increase soil CEC at the very beginning
of the experiment.

Desorption experiment shows that the released zinc
concentrations are significantly higher (Fig. 2), most
probably because of its highest concentrations in com-
parison with other elements in prepared biochars
(Table 1). Extracted Zn was significantly higher at WB
and MB in comparison with WUB and soil, especially in

acidic extract of diluted CH;COOH. The WUB was
characterised by high leachable amount of zinc (25 %
of total zinc content was extracted by CH3;COOH).
Considering the zinc is not only a toxic element, but
predominantly also a micronutrient, the slow release
would not cause recontamination; conversely the bio-
chars would be used as a Zn slow release fertiliser. The
lead was desorbed from soil significantly more in com-
parison with biochar. The acetic acid leachable Pb was
8 % from total content in soil. This behaviour can be
explained by different pH of each matrix: soil was
characterised as acidic, while biochars are characterised
by alkaline reaction (Table 1). For cadmium, slight
differences occurred when MB, WB and WUB were
leached by acetic acid, thus significantly higher concen-
tration of Cd was extracted from MB and WB. From all
three observed biochars, lead and cadmium concentra-
tions were just at the limit of detection in KNOj
extraction.

Figure 3 shows desorption of Cd, Pb and Zn from
mixtures of soil and 20 % of different types of
biochars. The influence of extraction agent was
clearly visible, acid mostly released higher amount
of metals. The highest desorbed amount was ob-
served at Zn, while more acidic environment caused
higher desorption of this element, as well the highest

Fig. 1 The FT-IR analysis of
biochar derived from wood chips,
maize and uncontaminated wood

]
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mg Cd/kg matrix

Fig. 2 Cadmium (a), lead (b) and zinc (¢) desorption from
different types of biochar and soil. MB maize biochar, WB wood
biochar, WUB wood (uncontaminated) biochar; soil; (black circle)

concentration of Zn in WB caused the highest de-
sorption. Similarly, Cd desorption from this matrix
showed comparable behaviour of Cd-rich WB. This
hypothetical influence of risk element content in
prepared biochar on their increased desorption from
biochar + soil mixture does not correspond with
behaviour of third biochar, WUB, characterised by
lowest risk element content. Desorption of Pb by
acidic extraction was highest at WUB + soil mixture
in comparison to other mixtures and also desorption
of Cd was high; whereas the Cd desorption from
WUB (Fig. 2a) was very low. Considering the pH of
biochars (Table 1), this trend can be explained by
lower pH of WUB, hence WUB + soil mixture, in
comparison with other ones, and the application of
acidic extractant could decrease pH of whole system
caused the higher desorption of Cd and Pb (Zn was

mg Cd/kg matrix
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Pb desorption

Zn desorption
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CH;COOH extraction; (white square) KNOs extraction; data are
means of 4 replicates; error bars represent standard error of the

not desorbed in such extent, because its content in
WUB as well as in soil is lowest).

Comparing the adsorbed and desorbed mutual
concentrations of Cd, Zn and Pb (Fig. 4) of ob-
served biochars and soil mixtures, it was found that
with increasing adsorbed concentrations of Cd and
Zn, the concentration of desorbed Pb decreased.
Thus, the lead was bound stronger and was not
replaced. While the Pb adsorbed concentrations in-
creased, the desorbed concentrations of Zn and Cd
slightly increased from WUB + soil and soil and
extremely from WB + soil. From MB + soil, cad-
mium and zinc were not desorbed in such extent
with increasing Pb concentrations comparing other
matrices, and it can be explained by high amount
of silicates in maize biochar, which could lead to
high sorption of this matrices or higher value of pH
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Fig. 3 Cadmium (a), lead (b) and zinc (c¢) desorption from mix-
tures of 20 % maize biochar+80 % soil; 20 % wood biochar+80 %
soil; 20 % wood (uncontaminated) biochar+80 % soil. MB +
s0il=20 % maize biochar+80 % soil; WB + s0il=20 % wood
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biochar+80 % soil; WUB + s0il=20 % wood (uncontaminated)
biochar+80 % soil; (black circle) CH;COOH extraction; (white
square) KNOj3 extraction; data are means of 4 replicates; error
bars represent standard error of the means (SE)



Water Air Soil Pollut (2015) 226: 193

Page 70f 12 193

14 05
ko) 1.2 —H * a) + b) o
8 04 Q@
< 1.0 - * 2
@ 08 - & S
') + —0.3 o
T 06 * + o]
‘_/\ —
| m02
o o4+ % - o
S + o+ o1 E
~ + + JAN : =
c 0.2 . * SVAN EE'O A’ A o
<
N A A + o o o * L oo -
0.0 - moO o O :
T T T T T T T T T T T
00 05 10 1520 40 60 80 100 0 2 4 6 8 10
Cd (g kg™") sorbed
0.30
- . c) . d) - o160
@ 025 - -
'e * [
o + Re)
Q 020 5
g + A - 0080 @
~ 0154 A AN U 3
4 0.008 —
- yAN - 1
> 010 Y
= VA - 0006 o
~ _ * * +*
= 005 PR . B3 T:I O - o004 E
o
0.00 O - E A A - 0.002 8
- 0.000
T T T T T T T T T T T T
0 1 2 3 4 5 6 00 05 10 20 30 40 50 6.0
Zn (g kg™") sorbed
0.0500
- e) f) L -
) @
'g 0.0475 — L2
b O = 12 8
) o}
© A o]
—~ 0.0450 10 ~
1 A "
o 0.0200 o
& <*
S S . O -2 £
N
0.0100 4 * ++ + ~
3 302 | b ? S
] ] + »e & A+ + Lo N
0.0000
T T T T T T T T T T T T T T
0 5 10 15 60 80 100120 140 0 5 10 60 80 100 120 140

Pb (g kg™") sorbed

Fig. 4 Relationships between sorption and desorption of the
investigated risk elements. + 20 % maize biochar+80 % soil
(MB + soil); (white up-pointing triangle) 20 % wood biochar+
80 % soil (WB + soil); (white square) 20 % wood

at equilibrium at this treatment in comparison to
other treatments. With increasing adsorbed Cd and
Zn concentrations, the Zn and Cd desorption is
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(uncontaminated) biochar+80 % soil (WUB + soil); (black dia-
mond) 100 % soil; data are means of 4 replicates; error bars
represent standard error of the means (SE)

significantly higher from soil in comparison to bio-
chars indicating the potential of biochars to decrease
bioavailability of the metals in soil.
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Figures 5, 6 and 7 give the sorption isotherms of
lead, zinc and cadmium on different matrices. In each
figure, the matrix of different types of biochar and soil
is compared with soil without biochar. It was observed
that all the types of biochar increased the sorption
ability of the soil for all three contaminants. The
sorption ability of prepared biochars strongly depends
on the type of adsorbed metal ion (Uchymia et al.
2011a); our results showed the following trend: Cd**
< Zn*" < <Pb*". Although the different biochar (based
on dairy manure) prepared under different conditions
(350 °C), the order of maximum sorption capacity was
Zn*" < Cd*" < <Pb*", respectively (Xu et al. 2013;
Cao et al. 2009), confirming strong affinity of Pb to
the biochar matrix compared to other investigated
metals (Fig. 5). High efficiency to adsorb Pb com-
pared to Cd was observed also by Mohan et al.
(2007). However, Figs. 5, 6 and 7 show the highest
sorption ability of MB + soil; the data can be weakly
fitted by Langmuir model. The sorption isotherms of
WB + soil and WUB + soil are comparable. Xu et al.
(2013) observed that more than 75 % of the metals
retention was attributed to precipitation, especially as
metal carbonates. Thus, the differences in the abun-
dance of the carbonate functional groups (Fig. 1)
could be also related to the differences among the
different biochars.

Fig.5 Sorption isotherms of lead

Biochar application into soil increases the pH of the
matrix (Lehmann 2007). The increase in pH can in-
crease the negative surface charge, and consequently,
the affinity of soil and biochar surface for cations is
expected to increase (Jiang et al. 2012). The ameliora-
tive effect of biochar application resulting in increased
soil pH and/or retention of nutrients was proven by Yuan
etal. (2011) in acidic soil. We observed the high affinity
of metals onto the matrices at lower concentrations
(Figs. 5, 6 and 7) at high pH, and consequently, we
observed similarly to Mustafa et al. (2002) that the
sorption of metal cations was accompanied by the re-
lease of H' ions into background electrolyte that caused
the decrease of pH (Fig. 8) with increasing cation ad-
sorption. The ability of MB to increase pH of the system
to nine at Cd or Zn sorption led to precipitation of these
elements (up to 80 % of Cd*" and Zn*") according to
modelled by data by Visual MINTEQ, where the
amount of anions from soil are neglected. Taking into
account, the content of anions in soil (SO42_
3.2 mmol L™ and PO,>~ 1.6 mmol L™'; extracted with
KNOs), it was found that up to 98 % of Cd was probably
precipitated as a complex of phosphateat the whole
concentration range of added Cd*". Zn could be also
precipitated as phosphate on WB + soil and WUB + soil
matrixes at lowest concentrations of these elements
(high pH; Fig. 8c). Thus, it can be concluded that the
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Fig. 6 Sorption isotherms of zinc
on different types of matrix.
(Black circle) 20 % maize
biochar+80 % soil (MB + soil);
(black square) 20 % wood
biochar+80 % soil (WB + soil);
(black up-pointing triangle) 20 %
wood (uncontaminated) biochar+
80 % soil (WUB + soil); (black
diamond) 100 % soil; data are
means of 4 replicates; error bars
represent standard error of the
means (SE)

biochar indirectly but highly influence the risk element
sorption onto soil. This occurred when the DOC of soil

was 212 mg kg ' of dry matter.

Fig. 7 Sorption isotherms of
cadmium on different types of
matrix. (Black circle) 20 % maize
biochar+80 % soil (MB + soil);
(black square) 20 % wood
biochar+80 % soil (WB + soil);
(black up-pointing triangle) 20 %
wood (uncontaminated) biochar+
80 % soil (WUB + soil); (black
diamond) 100 % soil; data are
means of 4 replicates; error bars
represent standard error of the
means (SE)
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The opposite pattern was observed for Pb adsorption
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Fig. 8 pH at equilibrium at observed sorption isotherms. (Black
circle) 20 % maize biochar+80 % soil (MB + soil); (white square)
20 % wood biochar+80 % soil (WB+ soil); (white up-pointing

element were adsorbed. This can be caused by presence
of SiO, in both matrices on which Pb*" can be highly
adsorbed as Hao et al. (2012) described the SiO,/
graphene composite with high adsorption efficiency
and fast adsorption equilibrium as a practical adsorbent
for Pb>" ion. Lu et al. (2012) observed a new precipitate
on Pb-loaded sludge-derived biochar as lead phosphate
silicate confirming the important role of silicates in lead
sorption process. The Pb>" on WUB + soil is most

Table 3 Fitted data by Langmuir isotherms

Element  Treatment E® Langmuir parameters
K Smax (mm01+kg71)
Pb Soil 0.9 0.004 502
MB + soil na? na? nat

WB + soil 0.7 0.003 553
WUB +s0il 094  0.03 552
Cd Soil 093  0.01 37.3
MB + soil 052  0.03 44.9
WB + soil 092 0.03 60.5
WUB +s0il 093  0.02 53.7

Zn Soil 097 0.005 379
MB + soil 0.76  0.01 87.0
WB + soil 094  0.01 49.2

WUB +so0il 096  0.01 68.1

MB + 50il=20 % maize biochar+80 % soil; WB + s0il=20 %
wood biochar+80 % soil; WUB + so0il=20 % wood
(uncontaminated) biochar+80 % soil; soil=100 % soil

#Results not available

® Model efficiency

@ Springer

¢ (mmol L'1) Pb

¢ (mmol L'1) Zn

triangle) 20 % wood (uncontaminated) biochar+80 % soil (WUB
+ soil); (white diamond) 100 % soil; data are means of 4 replicates

probably precipitated as Pb(SOy), and thus the pH de-
creased while H' are released with higher concentra-
tions of cations are precipitated.

The data gained from batch sorption experiment were
fitted by Langmuir isotherms (Table 3). According to
Nash-Sutcliff’s coefficient of model efficiency (E)
(Nash and Sutcliffe 1970), Langmuir isotherms are
more suitable for description of our observed matrix
and their sorption ability. Similar statements were
published by Mohan et al. (2007) for biochars based
on wood/bark pyrolysis at 450 °C. Thus, the surface of
the matrices is homogenised, the adsorption of metal
ions is mono layer and the metal ions adsorbed on the
surface cannot affect each other (Langmuir 1916). The
trend of maximum sorption capacity of observed matri-
ces were WB + soil > WUB + soil > soil for lead, WB +
soil > WUB + soil > MB + soil > soil for cadmium and
MB + soil > WUB + soil > WB + soil > soil for zinc.

4 Conclusion

The results confirmed no significant differences in metal
sorption ability between biochars prepared from con-
taminated and uncontaminated biomass for Pb and Cd
and in the case of MB + soil also for Zn. However, the
extremely high Zn content together with lower CEC of
the wood-derived biochar resulted in increase of Zn
desorption and lower maximum sorption capacity of
the final WB + soil system compared to the WUB +
soil sample. Therefore, the results suggest good and
promising potential of the biochar originated from risk
element contaminated biomass to suppress the bioavail-
able contents of these elements in the contaminated
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soils. The potential applicability of these materials needs
detailed specification of the sorption parameters of the
different biochars as well as to determine the maximum
risk element contents in the contaminated biomass re-
garding (i) potential desorption of elements and (ii)
sufficient effectivity of the element sorption.
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Biochar immobilizes cadmium and zinc and improves
phytoextraction potential of willow plants on extremely
contaminated soil

K. Brendova, P. Tlustos, J. Szakova

Department of Agro-Environmental Chemistry and Plant Nutrition, Faculty
of Agrobiology, Food and Natural Resources, Czech University of Life Sciences Prague,
Prague, Czech Republic

ABSTRACT

The availability of risk elements in soil can be possibly reduced by various soil additives. Among them, the attention
has been recently focused on the research of unconventional soil additive — biochar. The aim of this study was (i)
to observe the effect of biochar application on risk elements transport through the soil profile and (ii) to assess the
availability of risk elements in biochar amended soil to willow growth. The experiment was established at green-
house conditions and extremely contaminated soil, reaching 43 mg/kg cadmium (Cd) and 4340 mg/kg zinc (Zn),
was used. To observe risk element content in leachate, the lysimeter cylinders were tested. The rates of biochar
were 0 (control); 5, 10, and 15% per mass of soil. The results showed that biochar significantly increased biomass
production whereas the plant Cd and Zn contents remained unchanged in most cases. In leachate, Cd and Zn con-
tent decreased by 99% at all the biochar treatments. We can summarize that biochar appears to be a very effective
regulator of availability of observed risk elements and improver agent for biomass production of plants and reme-

diation efficiency.

Keywords: heavy metals; soil contamination; Salix x smithiana; phytoremediation; stabilization

Under the European Union (EU) Thematic
Strategy for Soil Protection, the European
Commission identified soil contamination; oc-
currence of 342 000 polluted sites was reported,
most commonly polluted with heavy metals and
mineral oil (Panagos et al. 2013). The soil con-
tamination is presented as the most important
problem of soil protection nowadays, while the
so-called old load is the most significant health
threat (Némecek et al. 2010). Risk elements soil
contamination in the region of Pribram in the
central part of the Czech Republic was described
and pollution by cadmium (Cd), zinc (Zn) was
determined as extreme at specific parts of this
location (Vondrackova et al. 2013).

For metal-polluted soil, phytoremediation ap-
pears to be an economically and aesthetically at-
tractive in situ technology (Pulford and Watson

2003). Willow potential for phytoextraction tech-
nologies was observed on heavily and moderate
polluted calcareous, sandy soils or Cambisol (Meers
et al. 2007, Tlusto$ et al. 2007, Jensen et al. 2009).

The phytoextraction was introduced in Pfibram
Fluvisol in pot experiments and the willow biomass
reduction due to extremely high content of zinc was
observed (Vyslouzilova et al. 2003). However, for
reasonable efficiency of phytoextraction the biomass
production in field conditions will mainly determine
metal removal (Meers et al. 2007). Thus, in specific
cases it should be considered to combine phytoextrac-
tion and stabilization technologies to improve plant
growth and support the phytoextraction potential.

Among a wide scale of available soil stabilization
materials, inorganic and organic substances based
on coal-like materials or combustion by-products
have been investigated, e.g. coal or bio-fuel fly

Supported by the Czech University of Life Sciences Prague, Project No. CIGA 20132007.
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ashes (Clark et al. 2001), wood fly ash (Ochecova
et al. 2014) or lignite (Uzinger and Anton 2008).

In recent years the investigation was focused on
biochar, stable carbon-rich charred biomass and its
utilization as a soil additive (Qayyum et al. 2014).
The biochar sorption ability of organic pollutants
(Zhang et al. 2011) and heavy metals (Beesley et
al. 2010) was observed. The specificity of heavy
metal has a high impact on biochar sorption ability
of these contaminants. While biochar application
increases soil pH, the mobility of arsenic (As)
increased and due to increased dissolved carbon
also copper (Cu) mobility increased; opposite
pattern was observed for Cd and Zn (Beesley et
al. 2010, Jiang et al. 2012).

Element transport through the soil profile can be
observed with lysimeter (Jordan 1968). The utiliza-
tion of cylinder pots placed in laboratory, greenhouse
or into field conditions were described as a suitable
way for this type of investigation (Trakal et al. 2011).

As a general conclusion from the review paper,
the potential of combination of biochar amend-
ment and phytoremediation technologies have
been suggested (Paz-Ferreiro et al. 2014). However,
relevant study supporting this statement with
experimental data is still missing.

The aim of our study was (i) to evaluate the
potential effect of elevated rates of biochar ap-
plication on risk elements transport through the
soil profile, and (ii) to assess the effect of biochar
amendment on plant growth as well contaminant
accumulation in willow tissues was evaluated.

MATERIAL AND METHODS

Biochar and soil characterization. Biochar was
purchased from Erspol., Ltd. (Czech Republic).
Biochar derived from coconut shells was charac-
terized by ash content: 12%, pHCaCb: 8.9, cation
exchange capacity (CEC): 73 mmol, /kg, specific
surface area (SSA;.;): 486 m?2/g (activated by
water steam), particle fraction: 4 x 2 x 2 mm.
Soil was sampled from top layer (0-30 cm) of
grassland in Trhové Dus$niky (Czech Republic)
49°71'8.8742N, 14°0'12.8814E. The type of soil
was Fluvisol, pHCaClz. 6.6, CEC: 157 mmol+/kg.
Soil was air-dried and homogenized.

For determination of the total content of risk ele-
ments in soils 0.5 g of soil sample was decomposed
in a closed system with microwave heating in the
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device Ethos 1 (MLS GmbH, Leutkirch, Germany)
in a mixture of 8 mL HNOS, 5mLHCland 2 mL HFE.
Plant-available risk elements in soil were deter-
mined according to Ure et al. (1993). The element
contents in the soil digests and extracts were de-
termined by inductively coupled plasma-optical
emission spectrometry (ICP-OES, Agilent 720,
Agilent Technologies Inc., Santa Clara, USA).

The risk element content in biochar was deter-
mined by the neutron activation analysis (INAA)
(Kubesova and Kucera 2010).

Experimental design. Each pot was filled with 8 kg
of contaminated soil. Salix x smithiana was chosen as
an experimental plant. At each treatment two willow
cuttings were planted. The experiment consists of 4
treatments: control (no applied biochar), and rates
of 5,10, and 15% of biochar from total mass of soil.
Pots were uniquely fertilized with 0.1 g N; 0.16 g P;
0.4 g K per 1 kg of soil. Trees were harvested twice,
firstly in July, secondly in early October to test the
maximum accumulation potential of plants. The
twigs and leaves were analysed separately. Total
element contents in plant biomass were determined
in the digests obtained by dry ashing decomposi-
tion (Street et al. 2006) and Cd and Zn contents
were determined by ICP-OES. The experiment was
established at greenhouse controlled conditions.
To observe risk element content in leachate, the
lysimeter cylinders were used. The pots were 40 cm
tall. At the bottom end each pot was drained with
gravel and placed onto funnel. The leachate was col-
lected into polyethylene laboratory bottle pitched
on the funnel and analysed (ICP-OES) each 5 weeks
during vegetation.

Statistics. All statistical analyses were performed
using the Statistical2 software (Tulsa, USA).

RESULTS AND DISCUSSION

Soil and biochar element content. Nutrient and
risk element content of experimental biochar and
soil are given in Table 1. There are no legislative
limits of risk elements for biochar use in the Czech
Republic. If the content of risk elements in used
biochar is compared to limits for field application
of ash (according to public notice No. 131/2014),
the content of Cd is under limit (the limits are: Cd:
5 mg/kg, for Zn no limit was established). Within
Europe, plant-available Cd and Zn concentrations
in ordinary uncontaminated arable land are up
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Table 1. Element content of biochar and soil
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K Ca Mg Fe Cd Zn C
(g/kg) (mg/kg) (% wiw)
Biochar total* 0.5 2.9 2.2 4.1 <0.1 8.3 Ciotal’ 23
total** 10+ 2 2 +0.07 19+t1.6 6.3+0.8 427 £ 0.4 4341 +1
Soil C :3.6+0.01
available*** 0.1 +1073 1.6 + 0.06 0.089 + 6.1073 0.005 + 103 24.74 + 1.4 2236 + 187 org

*determined by INAA; **Aqua regia and hydrofluoric acid decomposition, *** 0.11 mol/L. CH,COOH extraction

to 0.05 and 0.2 mg/kg, respectively (Uprety et al.
2009). In our experimental soil, these forms are
three and four orders higher, respectively. The high
content of risk elements in light soil can indicate
a risk of groundwater contamination, moreover
the contamination can be spread by near river.
Biomass yield. Figure 1a compares the wil-
low biomass yield of leaves and twigs separately
and evidently, the aboveground biomass yield
was significantly higher at summer harvest com-
pared to the autumn one. However, differences
among individual treatments were more balanced
at autumn harvest. The yield of leaves was higher
than the yield of twigs at all observed treatments.

@ 30

] Leaves

25 /@ Twigs

20

15

Dry matter yield

3000

Zn

2000

1000

Autumn

Summer

56

Significantly lower biomass yield of aboveground
biomass was observed at control at both harvests
in comparison to other treatments. With elevating
rates of biochar the yield of aboveground biomass
increased. The strong phytotoxic symptoms were
observed at control. Yellow leaves indicated Fe
deficiency due to competition between Zn and
Fe uptake. Amended treatments generally did not
show phytotoxic symptoms. Meers et al. (2007)
planted willows on contaminated soil in pot ex-
periment (5 mg/kg Cd, 276 mg/kg Zn; aqua regia
extraction) and achieved yield (leaves and twigs)
of 4 g per one plant. Soil in our experiment was
more contaminated and at amendments treat-
(b) 100
90
80
70
60
50
40
30
20
10

Cd

Figure 1. (a) Biomass yield (g/pot); (b) cadmium (Cd)
content (mg/kg), and (c) zinc (Zn) content (mg/kg) in
willow leaves and twigs in summer and autumn harvest.
Calculated by one-way ANOVA, Tukey’s HSD test, dif-
ferences between treatments are marked with lower cases
(a, b) comparing differences between leaves, upper cases
(A, B) comparing differences between twigs in individual
harvest. Error bars represent standard error of the means.
C - control; 5-10% — amount (w/w) of applied biochar

305



Vol. 61, 2015, No. 7: 303-308

Plant Soil Environ.

doi: 10.17221/181/2015-PSE

ment with 5% of biochar gave almost 11 g/plant
in summer. Thus, biochar application was able
to overcome the phytotoxicity of the extremely
contaminated soil.

Risk elements content in aboveground bio-
mass. The content of Cd was significantly higher
in willows leaves in comparison to twigs at sum-
mer and also at autumn harvest (Figure 1b). At
summer harvest significantly higher Cd content
was determined at control and at 10% treatment.
There were no differences in Cd content in twigs
at all treatments both in summer and autumn.
Similarly to Vyslouzilova et al. (2003) and Meers
et al. (2007) Cd and Zn were transferred from
roots to aboveground tissues and all treatments
confirmed higher Cd and Zn accumulation in
leaves than in twigs. Higher concentration of risk
elements was observed both in leaves and twigs
in the autumn, in the end of the vegetation of wil-
lows. This was confirmed by Lettens et al. (2011)
reporting increased foliar concentrations of Cd,
Zn, Cu and Mn towards the end of the season.

Zinc content in plant tissues was hundred-
fold higher in comparison to the content of Cd
(Figure 1c). This trend was also observed in the

study of Tlusto$ et al. (2007). The content of Zn
was higher at autumn harvest. There was a ten-
dency for higher concentration in the control
treatment. Differences between elevating rate of
biochar were not significant. If we compare mean
values of foliar Zn content, the higher Zn con-
centrations were determined at autumn harvest.
In twigs, significantly higher Zn content was at
control and 5% treatment at summer harvest and
only at control at autumn harvest.

The Zn phytotoxicity threshold was determined
at 400 mg/kg (Kabata Pendias and Pendias 2001).
Despite of exceeding these values in aboveground
biomass of willows, plants at amendment treat-
ments did not have phytotoxic symptoms. Beesley
et al. (2010) documented the decrease of phyto-
toxicity of Zn by biochar amendment into soil by
using seed phytotoxicity test. With our results,
we can confirm and expand this statement on
high plants. High concentration of both Cd and
Zn in plant leaves require annual harvesting both
to avoid the risk element return by leaf-bound in
autumn (Robinson et al. 2000).

Figure 2 shows the Cd and Zn concentration
in leachate collected during the whole willow

(@) 06 - -9
L 8
L 7
L 6
L 5
T
3 4 E
L 3
L 2
0.1
L1
0 Hhl 0
(b) a5 . 9
40 L 8
B
35 {7 B 8 L7
30 4 L 6
= 25 JF| A L 5
N I an)
20090 | -4 Figure 2. (a) Cadmium (Cd) and
15 - -3 (b) zinc (Zn) content in leachate
10 40 | -2 collected during willow vegetation
540 | -1 (mg/L). Error bars represent stand-
0 bl I- 0 ard error of the means. C — control;
©I& 5-10% — amount (w/w) of applied
biochar; I, II, III, IV, V — samplings
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vegetation. First sampling was after 1 month of
growth. There was a visible decrease of Cd con-
tent in leachate with elevating rate of biochar at
first and second sampling. After three months the
reduction of Cd at biochar amendment treatments
was by 97,99 and 99% at 5, 10 and 15% of biochar
amended treatments, respectively in comparison
to concentrations determined after one month
of willow growth. Similarly Jiang et al. (2012)
observed, the acid-soluble Cd decrease by 86%
after addition of 3% biochar with no significant
difference between 3% and 5% of biochar addition.
It can be concluded that lower dose of biochar is
a sufficient stabilization agent.

Questionable and worthy to further observation
is the Cd and Zn significant reduction in leachate
at all biochar treatments, while the concentra-
tion of these elements in aboveground biomass
changed little. This phenomenon can be caused
by the plant rhizosphere ability to release weakly
bound Cd and Zn for plants. The higher concen-
trations of elements at autumn harvest compared
to summer one, can be explained by low autumn
biomass yield, which caused lower dilution effect
(elements content in the amount of biomass), as
Vanék et al. (2012) described for nutrients.

The pH value of leachate increased (in average
by 1 unit) with elevating rate of biochar (Figure 2).
Leachate from the control treatment was slightly
acidic and the highest pH was 8 at 15% treatment.
This effect in our study is comparable with Laird
et al. (2010) who observed that the application of
biochar (0.5, 1, 2% of biochar was applied in their
study) resulted in higher pH values (up to 1 pH
unit) relative to the non-amended control.

As was mentioned above, trace elements behav-
iour is primarily related to soil pH. So the biochar
ability to increase pH value is probably one of the
crucial factors of reduction of the observed ele-
ment leachability.

Alkaline materials like coal fly ash and red mud
also decreased Zn leaching by 99.7% and 99.6%,
respectively (Ciccu et al. 2003); comparatively, our
slightly alkaline biochar provides reduction of Zn
leaching. The decrease of leached Zn was 97, 99
and 98% at 5, 10 and 15% treatment between first
and third sampling, respectively.

Balance of Cd and Zn removal and leachability.
An evaluation of the total Cd and Zn removal by the
willow plants was calculated by using remediation
factor (Rf) derived as a ratio of element removed by
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harvested biomass to the total content of elements
in soil (Figure 3). A percentage removal of Cd by
willow plants was higher than Zn removal. The low-
est Rf both of Cd and Zn was observed at control: 1
and 0.6%, respectively, of the total soil content. The
highest removal of both elements was detected at
15% treatment: 2.7 for Cd and 1.3 for Zn. Tlusto$
et al. (2007) investigated willow phytoextraction
potential on highly contaminated Fluvisol, resulting
in phytoextraction efficiency not exceeding 1% for
both Cd and Zn, respectively. Jensen et al. (2009)
concluded that phytoextraction by willows on heav-
ily polluted soils is unsuited, because of the poor
growth. On moderately contaminated Cambisol, they
achieved the extraction of total Cd by 0.13% and of
total Zn by 0.29%. Total leaching of Cd and Zn was
calculated as a ratio of total element in soil to the
amount of leached water during the whole willows
vegetation period. The restriction of the risk element
transport through soil profile in comparison to con-
trol was remarkable. Beesley et al. (2010) observed
reduction of water-soluble Zn and Cd in incubation
experiment, where they applied 50% of biochar. In
our experiment 5% of biochar provided a significant
reduction of Cd and Zn leaching. Thus, biochar
application was proved as the effective measure for
improvement of phytoremediation efficiency at the
extremely contaminated soil.

Finally, we can summarize that biochar appears
to be a very effective regulator of availability of
observed risk elements and it improves biomass
growth and thus increases total uptake of Cd and
Zn and decreases leaching of these elements.

3.0

- m leaching

25 4 o [ removal
20
3\°/
§ 1.5 |
1=
S
U 1.0

0.5

0‘0 %o % % ®e %

C |5% 10% | 15% | C |5% 10% | 15%
Cd Zn

Figure 3. Relative comparison of zinc (Zn) and cadmium
(Cd) removal and leaching from contaminated soil (%).
C - control; 5-10% — amount (w/w) of applied biochar

307



Vol. 61, 2015, No. 7: 303-308

Plant Soil Environ.

doi: 10.17221/181/2015-PSE

REFERENCES

Beesley L., Moreno-Jiménez E., Gomez-Eyles J.L. (2010): Effects of
biochar and greenwaste compost amendments on mobility, bio-
availability and toxicity of inorganic and organic contaminants
in a multi-element polluted soil. Environmental Pollution, 158:
2282-2287.

Ciccu R., Ghiani M., Serci A., Fadda S., Peretti R., Zucca A. (2003):
Heavy metal immobilization in the mining-contaminated soils
using various industrial wastes. Minerals Engineering, 16: 187-192.

Clark R.B., Ritchey K.D., Baligar V.C. (2001): Benefits and constrains
for use of FGD products on agricultural land. Fuel, 80: 821-828.

Jensen J.K., Holm P.E., Nejrup J., Larsen M.B., Borggaard O.K. (2009):
The potential of willow for remediation of heavy metal polluted
calcareous urban soils. Environmental Pollution, 157: 931-937.

Jiang J., Xu R.K,, Jiang T.Y., Li Z. (2012): Immobilization of Cu(II),
Pb(II) and Cd(II) by the addition of rice straw derived biochar
to a simulated polluted Ultisol. Journal of Hazardous Materials,
229-230: 145-150.

Jordan C.F. (1968): A simple, tension-free lysimeter. Soil Science,
105: 81-86.

Kabata-Pendias A., Pendias H. (2001): Trace Elements in Soils and
Plants. 3'4 Ed. Boca Raton, CRC Press.

Kubesova M., Kucera J. (2010): Validation of kO standardization
method in neutron activation analysis — The use of Kayzero
for Windows programme at the nuclear physics institute, Rez.
Nuclear Instruments and Methods in Physics Research, Section
A: Accelerators, Spetrometers, Detectors and Associated Equip-
ment, 622, 403-406.

Laird D., Fleming P., Wang B., Horton R., Karlen D. (2010): Biochar
impact on nutrient leaching from a Midwestern agricultural soil.
Geoderma, 158: 436—442.

Lettens S., Vandecasteele B., De Vos B., Vansteenkiste D., Verschelde
P. (2011): Intra- and inter-annual variation of Cd, Zn, Mn and Cu
in foliage of poplars on contaminated soil. Science of the Total
Environment, 409: 2306-2316.

Meers E., Vandecasteele B., Ruttens A., Vangronsveld J., Tack EM.G.
(2007): Potential of five willow species (Salix spp.) for phyto-
extraction of heavy metals. Environmental and Experimental
Botany, 60: 57-68.

Némecek J., Vacha R., Podlesdkova E. (2010): Assessment of Soil
Contamination in the Czech Republic. Prague, Research Institute
for Soil and Water Conservation. (In Czech)

Ochecova P, Tlustos P., Szakova J. (2014): Wheat and soil response
to wood fly ash application in contaminated soils. Agronomy
Journal, 106: 995-1002.

Panagos P., Van Liedekerke M., Yigini Y., Montanarella L. (2013):
Contaminated sites in Europe: Review of the current situation
based on data collected through a European network. Journal of
Environmental and Public Health, 2013. d0i:10.1155/2013/158764

Paz-Ferreiro J., Lu H., Fu S., Méndez A., Gascé G. (2014): Use of
phytoremediation and biochar to remediate heavy metal polluted
soils: A review. Solid Earth, 5: 65-75.

Pulford I.D., Watson C. (2003): Phytoremediation of heavy metal-
contaminated land by trees — A review. Environment International,
29: 529-540.

Qayyum M.E, Steffens D., Reisenauer H.P,, Schubert S. (2014): Bio-
chars influence differential distribution and chemical composition
of soil organic matter. Plant, Soil and Environment, 60: 337-343.

Robinson B.H., Mills T.M., Petit D., Fung L.E., Green S.R., Clothier
B.E. (2000): Natural and induced cadmium-accumulation in
poplar and willow: Implications for phytoremediation. Plant and
Soil, 227: 301-306.

Street R., Székové J., Drédbek O., Mladkova L. (2006): The status of
micronutrients (Cu, Fe, Mn, Zn) in tea and Te infusions in selected
samples imported to the Czech Republic. Czech Journal of Food
Science, 24: 62-71.

Tlustos$ P, Szdkova J., Vyslouzilovda M., Pavlikova D., Weger J., Javor-
skd H. (2007): Variation in the uptake of arsenic, cadmium, lead,
and zinc by different species of willows Salix spp. grown in con-
taminated soils. Central European Journal of Biology, 2: 254—275.

Trakal L., Neuberg M., Tlusto$ P., Székova J., Tejnecky V., Drabek O.
(2011): Dolomite limestone application as a chemical immobilization
of metal-contaminated soil. Plant, Soil and Environment, 57: 173—179.

Uprety D., Hejcman M., Székova J., Kunzova E., Tlusto$ P. (2009):
Concentration of trace elements in arable soil after long-term
application of organic and inorganic fertilizers. Nutrient Cycling
in Agroecosystems, 85: 241-252.

Ure A.M., Quevauviller Ph., Muntau H., Griepink B. (1993): Specia-
tion of heavy metals in soils and sediments. An account of the
improvement and harmonization of extraction techniques un-
dertaken under the auspices of the BCR of the commission of the
European Communities. International Journal of Environmental
Analytical Chemistry, 51: 135-151.

Uzinger N., Anton A. (2008): Chemical stabilization of heavy metals
on contaminated soils by lignite. Cereal Research Communica-
tions, 36: 1911-1914.

Vondrackova S., Hejcman M., Tlusto$ P., Szdkova J. (2013): Effect of
quick lime and dolomite application on mobility of elements (Cd,
Zn, Pb, As, Fe, and Mn) in contaminated soils. Polish Journal of
Environmental Studies, 22: 577-589.

Vyslouzilova M., Tlustos P., Szakova J., Pavlikovd D. (2003): As, Cd, Pb
and Zn uptake by Salix spp. clones grown in soils enriched by high
loads of these elements. Plant, Soil and Environment, 49: 191-196.

Zhang G., Zhang Q., Sun K., Liu X., Zheng W., Zhao Y. (2011):
Sorption of simazine to corn straw biochars prepared at different
pyrolytic temperatures. Environmental Pollution, 159: 2594—2601.

Vanék V., Balik J., Cerny J., Pavlik M., Pavlikova D., Tlusto$ P, Valtera J.
(2012): Nutrition of Horticulture Crops. Praha, Academia. (In Czech)

Received on March 18, 2015
Accepted on June 23, 2015

Corresponding author:

Ing. Katefina Bfendovd, Cesk4 zemédélska univerzita v Praze, Fakulta agrobiologie, potravinovych a pfirodnich
zdroju, Katedra agroenvironmentalni chemie a vyzivy rostlin, Kamyckd 129, 165 21 Praha 6 — Suchdol,

Ceska republika; e-mail: brendova@af.czu.cz

308



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Biochar applications enhance the phytoextraction potential of Salix
smithiana [Willd.]J(willow) in heavily contaminated soil — potential

for a sustainable remediation method?

Katefina Bfendova, Pavel Tlusto§ , Jifina Szdkova

Department of Agro-Environmental Chemistry and Plant Nutrition, Faculty of Agrobiology,
Food and Natural Resources, Czech University of Life Sciences Prague, Kamycka 129, 16000
Prague 6 - Suchdol, Czech Republic

*corresponding author: tlustos@af.czu.cz

tel. +420 22438 4572

author’s email addresses: brendova@af.czu.cz; szakova@af.czu.cz

Abstract

The combination of chemostabilization and phytoextraction provide an affordable and
environmentally effective remediation technology for the heavy metals in contaminated soils.
This study investigated how biochar applications in heavily contaminated alluvium soils
reduced the toxic effects of heavy metal (Cd, Pb, Zn) and their transport through the soil
profile. It also enhanced the phytoextraction potential of willow plants in the first and second
year of a pot experiment. High biochar applications (5, 10 and 15% w / w) reduced the
phytotoxicity of metals in soil solution and improved biomass growth in Salix smithiana and
enhanced heavy metal uptake by plants in the amendment treatments. In the 3 year after
planting, the pH of both the soil and leachate decreased by 1 unit. The pH of the system was
probably the most crucial factor of Cd and Zn immobilization. Thus, the decrease of pH led to
the increase of Cd and Zn in the leachate and/or limited the growth of plants. Although the

changes in heavy metals transferring from the soil exchangeable to the reducible fraction after
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biochar application were recorded, the change was not sufficient for any reduction of heavy
metal mobility in the contaminated soils. Further research is necessary to evaluate the

effectiveness of biochar utilization for remediation of extremely contaminated alluvial soils.

Key words: cadmium, zinc, carbon-based soil amendment, short rotation coppice,

phytoremediation, immobilization

1 Introduction

Soil contamination in 2011 was estimated at 2.5 million potentially contaminated sites in
European countries of which about 45 % have been identified to date (EEA, 2015). In the
Czech Republic approximately 7,000 potentially contaminated sites are registered, mostly of
which originated from historical mining and smelting process and are referred to as old loads
(SEKM, CR). Soil contamination is the most important problem in soil protection nowadays,
while the contaminated site, old loads persist as significant health threats to humans (Némecek
et al., 2010). Schwartz et al. (2006) reviewed how the contamination of Fluvisols resulted from
solid contaminant deposition in regions of slack water from Industry or old loads and in
floodplains adjacent to these depositions in Central Europe. The old mining and smelting area,
Piibram, is one of the most polluted sites in the Czech Republic. Alluvial soils of the Litavka
river, flowing through this site, have been previously studied by Vangk et al. (2005) and they
found that in the areas which flood, the mean contents of Cd, Pb, and Zn in topsoil were 34;
2979; and 3363 mg kg™, respectively. The walls of waste sedimentation ponds of smelters,
located close to the river, were broken due to river floods several times in history. The content
of ponds contained high amounts of heavy metals and they were spread with floods into the
alluvium of the Litavka River (Boriivka and Vacha, 2006). In addition, metal mobility through
the soil profile was higher than in areas influenced by atmospheric deposition (Borivka et al.,

1996).
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According to the European Environment Agency, the remediation of contaminated soil is
commonly managed using “traditional” techniques, e.g. excavation and off-site disposal, which
accounts for about one third of remediation management practices. In-situ and ex-situ
remediation techniques for contaminated soil are applied more or less equally (EEA, 2015).

For metal polluted soils, phytoremediation appears to be an economically, esthetical method
with low side effects and an attractive in situ technology (Pulford and Watson, 2003; Wu et al.,
2010). One of the crops used in this technology is the short rotation, coppiced willow. It’s
potential for phytoextraction technologies has been described and discussed in many studies.
The specific willow species, Salix smithiana (a hybrid of Salix viminalis L. and Salix caprea
L.) was tested for its phytoextraction capability on an acid Cambisol, with low carbonate
(Fisherova et al., 2006; Igbal et al., 2012, Tlusto$ et al., 2007), and/or on industrial
neutral/alkaline soils (Kacalkova et al., 2009) and proved successful especially in the
remediation of Cd and Zn. However, the introduction of this species onto heavily contaminated
acidic Fluvisols (originating from the alluvium of the Litavka river) resulted in serious
symptoms of phytotoxicity leading to plant mortality (Puschenreiter et al., 2013, Vondrackova
et al., 2015; Tlusto§ et al., 2007), especially due to extremely high content of zinc
(Vyslouzilova et al., 2003). When grown in polluted soils, biomass production in field
conditions, can be an indicator of reasonable efficiency of phytoextraction (Meers et al., 2007;
Mertens et al., 2005). However, in specific cases of high soil pollution, plant growth can be
affected by the phytotoxic levels of elements in soil. Thus, the combination of phytoextraction
and stabilization technologies could be considered to suppress the contaminant levels in the soil
solution, to improve plant growth and to increase the phytoextraction potential.

Trace element bioavailability and leaching can be decreased using contaminant immobilizing
amendments which induce various sorption processes i.e. the adsorption to mineral surfaces,

the formation of stable complexes with organic ligands or surface precipitation and ion
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exchange (Kumpiene et al.,, 2008). Among a broad range of available soil stabilization
materials, including inorganic and organic substances, coal-like materials or combustion by-
products have been investigated. Lignite fly ash can reduce Pb, Zn and Cd solubility in tailings
and soils, but apart from the increase in pH, they create a sorption effect on the oxides and
hydroxides surfaces and bind with the hydrated fly ash compounds (Stouraiti et al., 2002). The
potential absorbing properties of some coal - fly ash constituents, such as the highly porous
combustible fractions activated by the furnace temperatures cannot be overlooked (Ciccu et al.,
2001). Lignite was confirmed as a suitable additive for chemical stabilisation during the
combined phytostabilisation of contaminated soils (Uzinger and Anton, 2008).

In last decade, the investigation of amendments has focused on biochar, a stable carbon rich
charred biomass. Its utilization has been as a soil additive for improvement of soil properties
(Atkinson et al., 2010) and for remediation purposes (Tang et al., 2013; Ahmad et al., 2014;
Zhang et al., 2013). While mechanisms of heavy metal immobilization using biochar include: i)
the development of hydroxides, carbonates, or phosphates, i.e. precipitation (due to high pH of
biochars); especially for Pb immobilization (Wang et al., 2015), ii) electrostatic interactions
between cations and functional groups (Wang et al., 2015) and iii) surface chemisorption
between d-electrons of metals and p-electrons of biochar (Cao et al., 2009). Indirectly, biochar
can immobilize heavy metals by increasing pH which increases the negative charge of surface
and thus increases the soil affinity to cations of the heavy metals (Jiang et al., 2012). The
biochar sorption ability is affected by the chemical properties of the individual contaminants.
For instance, soil pH increases after biochar applications increase the mobility of As, and due
to increased dissolved carbon, Cu mobility is also increased; the opposite pattern was observed
for Cd and Zn (Beesley et al., 2010; Jiang et al., 2012).

An assessment of the mobility and potential bioavailability of heavy metals is connected with

the determination of these elements in soil solution. Elemental transport through the soil profile

63



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

can be observed with a lysimeter (Jordan, 1968). The utilization of cylinder pots placed in the
laboratory, greenhouse or into field conditions were described as a suitable process for this type
of investigation (Trakal et al., 2011).

The potential benefit of the combination of biochar amendments and phytoremediation
technologies have been reviewed by Ferreiro et al. (2014). Fellet et al. (2014) where they found
biochar applications helped to sufficiently enhance the biomass yields of low-biomass plants
and reduced Cd and Pb accumulation in plant tissues. Similarly, Lu et al. (2014) observed that
red amaranth plant biomass yields increased after biochar applications, however it did not
increase the phytoextraction efficiency. However, the knowledge concerning the ability of
biochar to enhance phytoextraction on a heavily contaminated area is not so readily available,
and detailed research is necessary in the long-term effectivity of this measure.

The aim of this study was i) to evaluate the potential effect of elevated rates of biochar
applications on heavy metals transported through the soil profile, and ii) to assess the effect of

biochar amendments on plant growth as well as contaminant accumulation in willow tissues.

2 Materials and Methods

2.1 Biochar and soil samples

Biochar derived from coconut shells was purchased from Erspol., Ltd. (Czech Republic). It was
produced by fast pyrolysis (at 800°C) and activated by water steam. Soil was sampled from the
top layer (0-30 cm) of grassland in the vicinity of Trhové Dusniky (Czech Republic)
municipality, 49°71°8.8742N, 14°0°12.8814E. This locality is close to the alluvium of the
Litavka river and belongs to the abovementioned mining and smelting area of Piibram. Soil
was air-dried, homogenized and sieved to <2 mm fractions. The elemental contents, and main

physicochemical characteristics of the soil are presented in Table 1.

64



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

Table 1. Basic soil and biochar characteristics.

Soil Biochar
pH(CaCl,) - 5.93 C total (% wiw) 93
Soil texture clay loamy sand | Ash (% wiw) 7
CEC mmol. kg™ 149 CEC mmol, kg® 95
TOC gkg? 35 pH (CaCls,) —~ 8.1
Cd total* mg kg™ 40.6 SA get m?gt 486
Zn total mg kg 5623 Cd total? mgkg! <0.1
Pb total’ mg kg™ 3706 Zn total® mgkg! 83
K total' g kg™ 6.03 Pb total® mgkg!  bdl®
Ca total' g kg™ 2.11 K total? gkg? 05
Mg total’ g kg™ 3.13 Ca total® gkg? 29
P total* gkg? 0.53 Mg total® gkg? 2.2
Fe total* g kg-1 6.64 P total? gkg-1 08
Fe total? gkg? 52

! determined by Aqua regia and HF decomposition,” analysed by neutron activation analysis,

3pelow detection limit

2.2 Experimental design

This experiment ran for three years. It was established in a greenhouse under controlled
conditions. The experiment consisted of 4 treatments: control (no applied biochar), and three
rates representing 5%, 10%, and 15% (w / w) biochar from total mass of soil. High rates of
biochar were applied due to extremely high soil contamination. Lysimeter pots (40cm tall;
20cm diameter) were filled with 8kg of sampled contaminated soil and/or with mixtures of oil
anad biochar. Salix smithiana Willd. (clone no. S-218) was chosen as the experimental plant.
For each lysimeter pot, two willow cuttings were planted. Pots were fertilized with 0.1 g N;
0.16 g P; 0.4 g K per 1 kg of soil, when the experiment was established and then every year at
the beginning of the willows regrowth in the beginning of vegetation e.i. in spring. Each year,
twigs and leaves of two plants in each pot were harvested in early October to allow the plants

regrowth in spring, to simulate usual harvest of short rotation coppice (Vondrackova et al.
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2015). The pots were watered to keep 60% of water holding capacity. Every two weeks, the

pots were watered to reach 120% of water holding capacity and to obtain percolate.

2.3 Analytical procedures.

Biochar. Ash content (A) in the biomass sample was determined according to the
Czech/European standard (CSN EN 15403). Content of C, H, N, O and S was determined by
using the apparatus Flash EA 1112 in the CHNS/O configuration (Thermo Fisher Scientific,
USA). The adsorption isotherms were fitted by using the Brunauer-Emmett-Teller (BET)
method for specific surface area (SA) (Brunauer et al., 1938). The biochar pH (leachate of 0.01
mol 1 * CaCl ,, 1:5 w / v) and cation exchange capacity (CEC) (ISO 11260, 1994) were
determined, as well. The total elemental content in biochar was determined by neutron
activation analysis (NAA) (KubeSova and Kucera 2010). Certified reference material, NIST
SRM-1574 Peach Leaves, NIST SRM-1633b Constituent Elements in Coal Fly Ash and NIST
SRM-1635 Trace Elements in Coal, were applied for quality assurance of the analytical data.
The accuracy of the analysis results is evaluated according to the "En number" described in
Kubesova and Kucera (2010)

Soil. Soil was sampled twice, i) at the beginning of the experiment, before the establishment of
experiment and ii) after three years (at the end of the experiment). For determination of the
total content of heavy metals in soil, 0.5 g of soil sample was decomposed in a closed system
with microwave heating in the device Ethos 1 (MLS GmbH, Germany) in a mixture of 8 ml
HNO3, 5 ml HCI and 2 ml HF. Mobile (plant-available) portions of elements in soils were
determined using 0.01 mol L™ CaCl, (Tlustos et al., 1994; Quevauviller, 1998). A sequential
extraction protocol, or the original BCR (Ure et al., 1993), was performed for the determination
of Cd, Pb and Zn fractionation changes in soil after the experiment termination. The element
contents in the soil digests and extracts were determined by inductively coupled plasma-optical

emission spectrometry (ICP-OES, Agilent 720, Agilent Technologies Inc., USA). Certified
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reference material, CRM 7004 (Analytika, CZ), was applied for quality assurance of the
analytical data. This material was certified to contain the following: 198+6 mg Zn kg™;
1.44+0.07 mg Cd kg™ and 83.1+2.3 Pb kg™ was determined: 193+4 mg Zn kg™; 1.5+0.09 mg
Cd kg™ and 81.2+3.1 mg Pb kg™ (means+SEM of entry and final samples analysis).

Plant. Total elemental contents of the plant biomass were determined using digestions obtained
from dry ashing procedures (Street et al., 2006) by ICP-OES. The uptake of Cd, Pb and Zn by
plants was calculated by equation: risk element concentration in plant tissues (mgg?) *
biomass yield (mg) / 1000. Certified reference material, NCS DC 73348 Bush Branches and
Leaves, was applied for quality assurance of the analytical data. This material was certified to
contain the following: 20.6 + 2.2 mg Zn kg™; 0.14+0.06 mg Cd kg™ and 7.1+1.1 Pb kg™ was
determined: 19.4+2.1 mg Zn kg™*; 0.15+0.08 mg Cd kg™ and 6.9+1.4mg Pb kg™ (means+SEM
of analysis during 3 years).

Leachate. To observe risk element transport through the soil profile, the lysimeter pots were
drained with gravel and leachate directed into a funnel. The leachate was collected into a
polyethylene laboratory bottles pitched on the funnel and analysed (ICP-OES) each 5 weeks
during vegetative growth. First sampling was conducted 1 month after planting in the first year
of vegetation, 1 month after regrowth in the second and third year of the experiment. Certified
reference material, AN9090 (MN-100) (Analytika, CZ), was applied for quality assurance of
the analytical data. This material was certified to contain the following: 100 mg Zn, Cd and L?;
was determined: 100+2.1 mg Zn L™; 101+0.03 mg Cd L™ and 99+12 mg Pb L™ (means=SEM

of analysis during 3 years).

Data processing. All statistical analyses were performed using the Statistica 12.0 (Tulsa, USA).

All data were checked for homogeneity of variance and normality (Levene and Shapiro-Wilk

tests). Collected data were evaluated by one way/multi-factor ANOVA with multivariate F
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value (Wilks’ lambda). A single ANOVA was applied to identify the effect of treatments,
contamination and their interactions as independent variables. A single ANOVA was followed

by post-hoc comparison using a Tukey test (p < 0.05).

3 Results and Discussion

3.1 Soil and biochar elemental content.

Nutrients and heavy metals contents of the experimental biochar and soil at the beginning of
the experiment are given in Table 1. There are no legislative limits for heavy metals for land
applications of biochar in the Czech Republic. Comparing the content of heavy metals in used
biochar with the threshold limits for land application of ash (according to public notice
no.131/2014), the Cd content was within the limit (the limits are: Cd: 5 mg kg™, for Zn no limit
was established). According to suggested maximum allowed thresholds for biochar by the
International Biochar Initiative (for Cd: 1.4-39, Zn: 416-7400 and Pb: 121-300 mg kg™), our
biochar was suitable for soil application (biochar-internationl.org). Within Europe, plant-
available Cd and Zn concentrations in ordinary uncontaminated arable land are up to 0.05 and
0.2 mg kg*, respectively (Uprety et al., 2009). According to Czech legislative standard
153/2016 Sb., the indicative values for Cd and Pb are given (Cd = 20 mg kg™; Pb= 400 mg kg
! for zinc the indicative value iss unfortunately not given in Czech legislative) . Exceeding the
threshold of Cd and Pb can cause threats to humans and animals in food and feed. Exceeding
the threshold of Zn can influence the plant growth and the production functions of soils. In the
experimental soil, Cd and Pb contents were 2fold, 9.3fold, respectively, higher than these
indicative values. These extremely high contents of heavy metals in soil require a specific
approach and methods for the prevention of heavy metals spreading into food chain. Soil

contamination in our experiment was specific.
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3.2 Biomass yield

Figure 1a shows the biomass yield of willow leaves and figure 1b shows the yield of willow
twigs 3 years after the start of the experiment. The yield of leaves was higher than yield of
twigs in all treatments. Although Novak et al. (2016) referred inconsistencies in biochar effects
on plant biomass yield, our results revealed an improvement in biomass yield after biochar
application in first and second seasons. However, different patterns were recorded for
individual seasons. In the first year, the significantly lowest biomass yield (both leaves and
twigs) was observed in the control with no applied biochar. The biochar dose of 5% w / w
resulted in substantial improvement of biomass production, whereas with elevated rates of
biochar the increment of the yield of aboveground biomass was not significant. The leaves and
twigs yield in second year changed in comparison to first one. There was no significant
difference in biomass yield between control and treatment with 5% of applied biochar. The
highest yield was determined at treatment of 15% of applied biochar. Finally, the third year was
surprisingly characterised by no differences in biomass yields among all treatments. The strong
phytotoxic symptoms on willow leaves were observed at control plants each year. The top,
young, leaves yellowed with green veins indicating Fe deficiency due to competition between
Zn and Fe uptake. The amendment treatments did not generally show phytotoxic symptoms in
the first year, however, by the second year, plants grown at 5% treatment did have phytotoxic
symptoms. In the third year although there was no significant improvement in biomass
production in the amended treatments; the phytotoxicity at 10 and 15% was weak compared to
the control. Meers et al. (2007) planted willows on contaminated soils in a pot experiment (5
mg Cd kg *, 275 mg Zn kg *; Aqua regia extraction) and achieved yields (leaves and twigs) of
1.4 g per plant grown in 3 kg of soil. In our experiment, the soil was substantially more
contaminated, and at the treatments with 5% w / w of biochar, willows produced 10 g of dry

matter biomass per plant in the 1% year and to a lesser extent in the 2" year. Thus, the biochar
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237  application was able to overcome the phytotoxicity of the extremely contaminated soil in two

238  years following the start of the experiment.
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239  Figure 1. Willow biomass yields (g / pot) within three years of the experiment.

240 The values represent the means (£SE) of data obtained in the experiment (n=5). Different

241 letters and fonts indicate significantly different values (P<0.05) in each year x treatment. The

242  differences were determined by post-hoc Tukey’s test. Treatments were C-control, 5, 10 and

243 15% of applied biochar.

244

245 3.3 Heavy metal concentration and total uptake by aboveground willow biomass

246  Cadmium concentration in leaves and twigs (sum of concentrations in leaves and twigs) was

247  without any significant differences among treatments (control, 5, 10, 15 % w / w of biochar)

248  and ranged from 176 to 194, from 181 to 254, and from 26 to 30 mg kg™ in the first, second and

249  third year, respectively. Table 2 shows the heavy metals uptake by aboveground biomass, i.e.

250  concentration in leaves and twigs related to biomass yield. Cadmium uptake increased in leaves

251  and twigs with increasing dose of applied biochar in the first year of vegetation. In the second

252  year, a similar trend in uptake was observed in leaves but the only significant difference was by
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twigs in the 15% of applied biochar treatment. In the third year, no significant differences were
observed in the heavy metal uptake among treatments. The highest uptake of a heavy metal was
reported for zinc, where its magnitude occurred in both soil and plants. Zinc is a plant
micronutrient and thus the higher concentration of this element in plant tissues in comparison to
cadmium and lead was expected. A similar trend was also observed by Tlusto$ et al. (2007).
The Zn concentrations in twigs ranged from 1,828 to 2,103, from 2,070 to 3,442 and from
2,980-3,505 mg kg™ in the first, second and third year of vegetation, respectively. There were
no significant differences of zinc concentration in leaves and twigs among treatments, except
for Zn concentration in twigs in second year, where the highest Zn concentration was detected
in willows planted at treatment with 15 % w / w of biochar. The most significant ability to take
up zinc from soil was in the 15 % applied biochar treatments in the first and second year.
Vondrackova et al. (2015) showed that concentrations of Cd ranged 36.5-73 mg kg™ and Zn
concentration ranged 2,074-3,488 mg kg™ in willows growing in soils from the same locality
as used in this experiment. Thus, the present study achieved similar values. Comparing leaves
and twigs, the foliar concentration was higher by 2.4, 3.6 and 1.2 - fold for cadmium (average
concentration of all treatments) in the leaf biomass harvested at 3-years when compared to
twigs. For zinc, the foliar concentration it was 3.8, 5 and 2 times higher than in twigs. This was
confirmed by Lettens et al. (2011) reporting increased foliar concentrations of Cd, Zn, Cu and
Mn towards the end of the season. High concentrations of both Cd and Zn in plant leaves
require annual harvesting to avoid the heavy metals return by leaf litter in autumn (Robinson et
al., 2000).

The significantly highest Pb uptake was obtained in treatments with the biochar dose of 15 % in
the twigs in the first and second year. However, the lead uptake was very low compared to Cd
and Zn, and in the 3" year the concentrations in plant tissues were below the detection limit of

the analytical technique.
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Third year of the experiment was specific. The harvested biomass was very low comparing
previous years and there were no differences within the tratments. There were no differences
among treatments concerning either Cd and Zn uptake, nor concentration. The zinc
concentration decreased approximately 4-fold in comparison to previous year.

The Zn phytotoxicity threshold was determined at 400 mg kg™ (Kabata-Pendias and Pendias,
2001). Despite exceeding these values in the aboveground biomass of willows, plants at
amendment treatments did not have phytotoxic symptoms in the first and second years.
However, there were visible phytotoxic signs including Fe chlorosis at all treatments in the last
season (third year). Similar signs were observed by Vondrackova et al. (2015), at similar soil
Zn concentrations. Beesley et al. (2010) documented the decrease of phytotoxicity of zinc by
biochar soil amendment in seed phytotoxicity test. This study can confirm and expand this
statement on whole plants for two subsequent seasons, but the results showed that the
beneficial results of the biochar did not have a long-term duration. Conversely, Shen et al.
(2016) observed a reduction of Zn and Ni in carbonic acid leachate after three years of biochar
and compost + soil incorporation in field experiment. In their study, the Zn contamination was
lower compared to those presented here and they also suggested a higher dosage of biochar

(<5%) is required to prevent the longer term efficiency of remediation.

Table 2. Uptake of cadmium, lead and zinc (mg / pot) by different parts of willow plants

at annual harvest.

Cd Pb Zn
Year |Plantpart| Treatment
(mg/pot)
C 0.564+0.128° 0.024+0.005° 31.9+48.94
L eaves 5% 1.77240.169" 0.10140.008® 87.6+8.02
10% 1.803+0.182° 0.093+0.012% 90.7+10.2°
1* year 15% 1.939+0.142° 0.203+0.050 116+9.53°
C 0.175+0.022° 0.051+0.011% 4.83+0.680°
Twigs 5% 0.46240.029° 0.090+0.006° 12.9+1.08%
10% 0.449+0.074° 0.076+0.014% 13.6+2.20™
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299

300
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305
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307

308

309

310

311

312

15% 0.584+0.105° 0.195+0.036° 21.5+3.18°

C 0.368+0.021° 0.061+0.024° 28.2+0.77°

L eaves 5% 0.872+0.090% 0.016+0.007 47.8+4.05%

10% 1.851+0.574° 0.058+0.019° 99.6+31.0%

2 year 15% 2.096+0.193° 0.115+0.039° 127+11.9°
C 0.115+0.013% 0.030+0.005° 5.02+0.75°

Twigs 5% 0.103+0.016° 0.021+0.003° 3.62+0.47°

10% 0.104+0.084° 0.026+0.021° 3.8542.52°

15% 0.507+0.097" 0.117+0.025° 18.5+3.50°

C 0.112+0.026° 0.009:£0.005° 14.8+2.93°

L eaves 5% 0.108+0.014 0.005+0.005° 14.1£1.58°

10% 0.167+0.038° <0.0001 21.7+2.90°

3 year 15% 0.084+0.020° <0.0001 17.7+0.35°
C 0.080+0.012° <0.0001 7.53+0.91°

Twigs 5% 0.093+0.015° 0.0030.0003° 7.79+0.40°

10% 0.122+0.022° 0.019+0.009° 8.93+0.68°

15% 0.089+0.020° 0.018+0.007° 8.23+0.69°

The values represent the means (+=SE) of data obtained in the experiment (n=5). Different

letters indicate significantly different values (P<0.05) in each year x treatment by Tukey’s post-

hoc test. Treatments were C-control, 5, 10 and 15% of applied biochar.

3.4 Heavy metals in leachate

Figures 2 a, b and ¢ show Cd, Pb, and Zn concentrations in leachate collected during the 3-
years of willow vegetation. As it was mentioned in Materials and Methods, in the first and
second year, leachate was sampled five times during the vegetative stage. In the third year, the
leachate was sampled only twice, due to the early termination of the experiment caused by
limited plant growth. Thus we obtained data from 12 leachate samples for Cd, Zn and 10
samples for PB and pH determination. In the first year, there was a visible decrease of cadmium
content in leachate with increasing rates of biochar at first and second sampling. After three
months, the reduction of cadmium content was by 97%, 99% and 99% at treatments with 5 %,

10 % and 15 % of applied biochar, respectively, in comparison to concentrations determined
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after one month of willow growth. In stronger acetic acid extract, Jiang et al. (2012) observed,
the Cd content decreased by 86 % after the addition of 3 % biochar with no significant
difference between 3 % and 5 % of biochar addition. Reduction of zinc was by 97 %, 97 % and
98 % at treatments, where 5 %, 10 % and 15 % of biochar was applied and reduction of lead
was by almost 100 % at all amended treatments. Alkaline materials like coal fly ash and red
mud (alkaline waste from the aluminium processing) also decreased Zn leaching by 99.7 % and
99.6 %, respectively (Ciccu et al., 2001), thus, the biochar provides a similar pattern to Zn
leaching. After one year of the experiment (sampling | — V), it may have been concluded that a
lower dose of biochar was a sufficient stabilization agent. In the second year, the content of
cadmium and zinc in leachate was stable and lower at treatments, where 10 and 15% of biochar
was applied, in comparison to the control (sampling V — X). At treatment, where 5% of biochar
was applied, the content of Cd and Zn slightly increased since the 8" sampling. At all amended
treatments, however, lower concentrations of Cd, Pb and Zn were determined in comparison to
the control.

In the last year (3" year), the concentration of Cd increased relatively to the previous years.
The Cd content increased at the last sampling by 37%, 300% and 207% and Zn concentration
increased by 15%, 150% and 124% in treatments 5%, 10% and 15% of applied biochar,
respectively. Lead was under the detection limit in last year. Figure 2d shows the pH of
sampled leachates. The pH value may be the key factor why the Cd and Zn content in leachate
increased at the beginning of third year. Whereas in previous years the leachate pH increased
with elevating rates of biochar and leachate from control treatment was slightly acidic. By the
third year the pH was similar across all treatments (amended ones and control) and moreover in
comparison to previous years, the pH decreased by 1. Table 3 also confirms the decrease of the
soil pH by the end of the experiment. Other research by Laird (2010) found the effect of the

biochar application (0.5, 1, 2 % of biochar) resulted in higher pH values (up to 1 pH unit)
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relative to the un-amended control in soil, however the experiment was 500-days column
experiment, without plants. Doerge and Garden (1984) explained reacidification of limed soils
by the acidifying processes such as nitrification, CO, release via plant and microbial
respiration, mineralization of organic matter and dissociation of organic acids, it is expected
that some of these aspects were prevalent in the decrease of soil pH in our experiment as well.
Bradl (2004) noted, as the metals ions are sorbed, the H* ions are released; this can influence
pH of soil and leachate in our case. Houben et al. (2013) showed that the application of biochar
resulted into Cd, Zn and Pb immobilization (documented as decrease of 0.01 mol L™ CaCl,
extractable element portions and phytoavailability). However, when they acidified the soil by
pH dependent on treatment, and assessed the leachate, they found that the metal release at a
defined pH was not affected by the presence of biochar. This indicates that biochar applications
did not lead to the new metal-bearing phase formation (more resistant to pH change) and that
the reaction between the heavy metals and biochar were thus pH-dependent and reversible at
acidic pH.

Questionable and worthy of further observation was that Cd and Zn reduction in leachate from
biochar treatments was substantial, whereas the concentration of these elements in the
aboveground biomass only changed a little. The reason for this can be explained by the plant
rhizosphere and its ability to make Cd, Zn available to plants. Rees et al. (2015) observed that
Nocaea caerulescens, a Cd- and Zn-hyperaccumulator, increased uptake of metals as a
response to the biochar amendment in contaminated soil, may be due to immobilization of

major cations.
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360  Figure 2 Content of cadmium, lead and zinc in leachate and pH of leachate collected
361  during vegetative growth over three years of the experiment. Treatments were C-control, 5,
362 10 and 15% of applied biochar.

363

364 3.5 Balance of Cd and Zn removal and their leachability.

365  An evaluation of the total Cd and Zn removal by the willow plants was calculated by using a
366  remediation factor (Rf) derived as a ratio of element removed by harvested biomass, to total
367  content of element in soil (Figure 3). The relative removal of Cd by willow plants was higher
368  than Zn removal. The lowest Rf for both Cd and Zn was observed in the control. For cadmium
369 the Rf was 2 and 3fold lower to the average Rf in the amended treatments in the first two years,
370  whereas in the 3" year the Rf values dropped down and did not differ significantly among all
371  the treatments. Rf of zinc in the control treatment was 2 and 2.6fold lower in first and second

372  year and in the third year the control Rf value was also comparable with Rf in amended
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373  treatments as was also observed for cadmium. The highest removal of both elements was
374  detected at 15% treatment in each year, e.g. in 1% year the values were: 2.7% for Cd and 1.3%
375 for Zn. Tlusto$ et al. (2007) investigated willow phytoextraction potential on highly
376  contaminated Fluvisol without any immobilization measure, resulting in phytoextraction
377  efficiency not exceeding 1% for both Cd and Zn. Jensen et al. (2009) concluded
378  phytoextraction by willows on heavily polluted soils was unsuitable, because of poor willow
379  growth. Thus, it seems that biochar did enhance the phytoextraction potential of willow in the
380 first and second year of our experiment, mainly due to increased biomass growth. The total
381  outflow of cadmium and zinc was calculated as ratio of total element in soil to amount of
382  leached water during whole willows vegetative period. The restriction of the heavy metal
383  transport through the soil profile in comparison to control was remarkable. Beesley et al. (2010)
384  observed a reduction of water-soluble Zn and Cd in an incubation experiment, where they
385 applied 1:1 (biochar:soil). In our experiment 5% of added biochar provided a significant
386  reduction of Cd and Zn leaching. Thus, biochar application was proved as an effective measure

387  for improvement of phytoremediation efficiency in extremely contaminated soils.
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Figure 3 Comparison of relative concentrations of leached and removed Cd, Zn by willow

plants. Treatments were C-control, 5, 10 and 15% of applied biochar.

3.6 The changes in soil physicochemical characteristics and element distribution after
three years of the experiment
Figure 4 showed the changes in heavy metal contents in different soil fractions. The highest
contents of Cd and Zn were in the soluble fraction in heavily contaminated soil. This is
confirmed by Pustisek et al. (1996), who described different distribution of Cd, Zn and Pb in
artificially contaminated and natural soils. In natural soils, Cd and Zn are mainly bound onto Fe
/ Mn oxides (reducible fraction) and silicates, respectively, whereas in contaminated soil, these
elements are distributed mainly in easily soluble fraction. Our results revealed decreasing Cd
and Zn content in the soluble fraction with increasing biochar rates after three years of willow
growth. The cadmium content decreased by 4, 11 and 12% while Zn content decreased by 3.5 6
and 7.5% at treatments with 5, 10 and 15% of applied biochar into soil. After 3-years of the
experiment, cadmium was predominately transferred onto Mn / Fe oxides. Zinc accumulation
was higher in the reducible and oxidizable fraction. Usually, in non-contaminated soil, lead is
bound onto oxidizable fraction, silicates and sulphides (Pustisek et al., 1996). In contaminated
soil, lead distribution was mainly in association with carbonates and the reducible (Mn / Fe
oxides) fraction (Stouraiti et al., 2000) or exchangeable fraction (Pustisek et al., 1996). In our
case, lead was mainly bound to the Mn / Fe oxides and there were only slight changes in Pb
distribution within the observed soil fractions. The lead affinity to Mn / Fe oxides has already
been described (McKenzie, 1980; Vanék et al., 2008), and in our case, there was a high
concentration of iron and manganese in the experimental soil (6.0 g kg™, 3.2 g kg,
respectively). Moreover, the portion of organically bound lead increased by 2% in the treatment

with 15% of applied biochar and residual lead increased by 3% in the same case compared to
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the original soil. Liang et al. (2014) applied 5% of dairy-manure derived biochar into neutral

pH contaminated soils at a rate of 5% and observed similar transformation in the fate of lead.
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Figure 4 Distribution of cadmium, lead and zinc in soil fractions after three years of the
experiment. (C-control; 5, 10 and 15% (w / w) treatments amended by different rates of

biochar; Original — soil before experiment set up)

The effect of biochar applications on the main soil properties at the end of experiment is
summarized in Table 3. Several studies describe increases in soil CEC as an effect of biochar
(Liang et al. 2006), although no significant differences in CEC levels when we compared the
beginning and termination soil CEC contents in this experiment. Electrical conductivity of soil
was low, however increased with increasing dose of biochar. The end value of pH was similar,
although lower at treatments with higher dose of applied biochar (10 and 15%). The pH of
leachate during three years of vegetative growth (Figure 2) suggested an increase in soil pH.

This alkaline effect of biochar has already explained by finding of Yuan et al. (2011). The X-
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429  ray diffraction spectra and the content of carbonates in biochars suggested that carbonates were
430 the major alkaline components in the biochars generated at the high temperature. As a result,
431  while we consider that the pH changing mechanism by biochar similar to lime, for the stability
432  of pH it would be necessary to apply biochar as regularly as lime.
433  Table 3 pH value, electric conductivity and cation exchange capacity of soil at individual
434 treatments at the beginning and the end of the experiment.
. CEC
H EC (pS cm™ .
Treatment P (uS em”) (mmol. kg™
entry final entry final final
C 5.66£0.07 ° | 5.35:0.02 | 45+2.8 948+14 | 160+6.4
5% 5.79+0.05 ° | 533£0.02 °| 101229 | 135¢19 | 148418 °
10% 5.98+0.03 | 5.11%0.03 | 13343.0 21848.0 | 154421 °
15% 6.33+0.13 | 5.10£0.05 °| 85+3.1 | 257440 | 140420 °
435  Treatments were C-control, 5, 10 and 15% of applied biochar. The values represent the means
436  (£SE) of data obtained in the experiment (n=5). Different letters and fonts indicate significantly
437  different values (P<0.05) in each year x treatment by Tukey’s post-hoc test.
438 4 Conclusions
439 In first two seasons of a three-year pot experiment, biochar applications increased biomass
440 yield, decreased Cd, Pb and Zn contents in leachates and significantly improved the
441  phytoextraction potential of Salix smithiana, in heavily contaminated alluvium soil. In the last
442  season, Cd and Zn were remobilized, which resulted in limited plant growth and substantial
443  phytotoxicity symptoms. Increasing the rate of biochar application resulted in an increased pH
444 of the sampled leachate. However in third year, the leachate and soil pH decreased. The most
445  crucial factor that limited biochar effectivity on the heavy metal reduction was pH. At the end
446  of the experiment, Cd and Zn transfer from the exchangeable fraction into the reducible
447  fraction was demonstrated by using sequential extraction procedures in the amended
448  treatments. However, due to extremely high contamination of soil and the prevailing content of
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these elements in the exchangeable fraction, the current transfer was not sufficient for Cd and
Zn immobilization. Therefore, although this preliminary investigation shows potential for this
technique in the remediation of soils contaminated with heavy metals, it is recommended that
further observation and evaluation of the efficiency and usefulness of biochar application into

heavily contaminated alluvium soil is required.
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In the present study, the content of risk elements and content of free amino acids were studied in spinach
(Spinacia oleracea L.) and mustard (Sinapis alba L.) subsequently grown on uncontaminated and
contaminated soils (5 mg Cd/kg, 1000 mg Pb/kg and 400 mg Zn/kg) with the addition of activated carbon
(from coconut shells) or biochar (derived from local wood residues planted for phytoextaction) in
different seasons (spring, summer and autumn). The results showed that activated carbon and biochar
increased biomass production on contaminated site. Application of amendments decreased Cd and Zn
uptake by spinach plants. Mustard significantly increased Pb accumulation in the biomass as well in
subsequently grown autumn spinach. Glutamic acid and glutamine were major free amino acids in leaves
of all plants (15—34% and 3—45%) from total content. Application of activated carbon and biochar
increased content of glutamic acid in all plants on uncontaminated and contaminated soils. Activated
carbon and biochar treatments also induced an increase of aspartic acid in spinach plants. Biochar
produced from biomass originated from phytoextraction technologies promoted higher spinach biomass
yield comparing unamended control and showed a tendency to reduce accumulation of cadmium and

zinc and thus it is promising soil amendment.

© 2016 Published by Elsevier Ltd.

1. Introduction

Under the European Union (EU) Thematic Strategy for Soil
Protection, the European Commission identified soil contamina-
tion; occurrence of 342 000 polluted sites was reported, most
commonly polluted with heavy metals and mineral oil (Panagos
et al, 2013). Key factor of elements toxicity or deficiency for
plants is their plant-available concentration in soil (Alloway, 2012;
Puga et al., 2015). Considering the reduction of hazardous elements
bioavailability, the promising in-situ remediation method is the
fixation of such elements by additives applied to the soil (Guo et al.,
2006). These materials predominantly form complexes, pre-
cipitates with risk elements, and thus reduce their mobility (Basta
and McGowen, 2004; Kumpiene et al., 2008).

Among a wide scale of available soil stabilization materials,
inorganic and organic substances based on coal-like materials or
combustion by-products have been investigated, e.g. coal or bio-
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0301-4797/© 2016 Published by Elsevier Ltd.
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fuel fly ashes (Clark et al., 2001) or lignite (Uzinger and Anton,
2008). In recent years the investigation was focused on biochar,
stable carbon-rich charred biomass and its utilization as a soil ad-
ditive (Qayyum et al., 2014).

Biochar (BC) has been evidenced to act as an efficient sorbent of
various contaminants, organic and inorganic, because of its huge
surface area and specific structure (Tang et al., 2013). Its sorption
capacity is given by both its property and characteristics of bind
element (Uchimiya et al, 2011). Mechanisms of risk element
immobilization by biochar are different: i) development of hy-
droxides, carbonates, or phosphates, ii) precipitation (thanks to
high pH of biochars, especially occurs for Pb immobilization; Wang
et al., 2015), iii) electrostatic interaction between cations and
functional groups (described as main mechanism for As sorption,
Wang et al., 2015), iv) surface chemisorption between d-electrons
of metals and w-electrons of biochar (Cao et al., 2009). Indirectly,
biochar can caused risk element immobilization by increasing of
pH, which increases negative charge of surface and thus increase
soil affinity to cations of risk elements (Jiang et al., 2012).

Increased growth of ryegrass on contaminated acidic soil was
observed, while metal uptake into shoots was reduced after biochar
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application. However, decreasing growth occurs on alkaline
contaminated soil where biochar dose excessing 0.5% was applied
(Rees et al., 2015).

Plant response to biochar application was observed by
Macdonald et al. (2014). They observed strong relationship be-
tween biochar effect on plant yield and soil type where biochar was
applied. The significant plant response was observed after biochar
application into acidic soils in comparison to alkaline ones, but high
contrasts occur between different acidic soil types. Negative effect
of biochar on plant growth was observed in acidic Arenosol, while
high biomass yield was achieved in acidic Ferrosol.

Gregory et al. (2014) observed increasing ryegrass shoot growth
after application of 1 and 2% of wood biochar into acidic soil. They
also showed higher arsenic extraction by ryegrass shoots at
amended treatments. Authors mentioned that more studies are
needed to understand the mechanisms through which these ben-
efits are provided.

The disposal of contaminated biomass is of major concern for
phytoexreaction, therefore pyrolysis of it can be suitable technique.
Application of biochar from contaminated biomass into soil was
described by Jones and Quilliam (2014) and Evangelou et al. (2015).

Activated carbon (AC) is the most commonly used sorbent and is
characterized by enhanced surface area due to thermal or chemical
activation. This material successfully adsorbs especially organic
substances (Bucheli and Gustafsson, 2000). Study of Kadirvelu et al.
(2001) confirmed the ability of AC to bind heavy metals. There is
lack of studies comparing biochar and AC sorption ability; however
Hale et al. (2011), observed comparable abilities of these materials
to adsorb organic substances.

There are studies describing BC or AC ability to reduce
bioavailability of risk elements, but we were not able to find an-
swers to the following questions:

Will be the effect of BC produced from local contaminated wood,
without any surface activation comparable to purchased AC in term
of reduction of risk elements bioavailability?

Can we observe any changes in metabolites reflecting external
influences in plants, which are grown on soil amended by BC or AC?

Will the plants respond to BC or AC application also on uncon-
taminated soil?

Hypothesis and objectives of our study:

Hypothesis

1) Biochar produced from local wood residue will have similar
ability to immobilize risk elements compare to activated carbon.

2) Plants grown in soil amended with biochar and activated carbon
change some metabolites in plants.

3) The carbonaceous amendments will improve plant growth on
contaminated soil in higher extend comparing uncontaminated
one.

First aim of our study was to compare the ability of purchased
AC produced from coconut shells with BC produced from local
wood residues of phytoextraction technology to reduce accumu-
lation of risk elements by spinach and mustard plants. The plants
will be planted in rotation spring spinach-mustard-autumn
spinach to observe amendments influence in longer term.

Secondly, the target was to show the direct and subsequent
molecular plant response to BC or AC application into soil.

The third aim was to compare the effectiveness of applied BC or
AC on contaminated and uncontaminated soils.

2. Materials and methods
2.1. Biochar and activated carbon characterization

Biochar was derived from willow biomass by pyrolysis. Willows
were harvested on medium contaminated side of old smelter area
of Piibram locality - short-rotation coppice plantations (49°42/24"
N, 13°58/32" E; Zarubovd et al., 2015). The process was conducted in
a muffle furnace in the inert nitrogen atmosphere (nitrogen flow
1 m3/h), at atmospheric pressure and retention time of 30 min. The
process followed final temperature of 500 °C. It was characterized
by: ash content = 13%, pHcaciz = 6.9, CEC = 176 mmol,/kg,
SSAger = 324 mz/g, particle fraction = 5 x 6 x 0.5 mm.

Activated carbon was purchased from Erspol., Ltd. (Czech Re-
public) and was derived from coconut shells was characterized by:
ash content = 12%, pHcacp = 89, CEC = 73 mmol,/kg,
SSAger = 486 m%/g (activated by water steam), particle
fraction = 4 x 2 x 2 mm.

Content of C was determined by using the apparatus Flash EA
1112 in the CHNS/O configuration (Thermo Fisher Scientific, USA).
The element content both in BC and AC were determined by
neutron activation analysis with kO standardization (kO-INAA) us-
ing short (1 min) and long irradiation (3 h) of neutrons in the
reactor LVR-15 with the heat flux density of epithermal and fast
neutrons (Kubesova and Kucera, 2010). Element contents of
amendments are given in Table 1. The biochar is characterized by
higher content of Cd, Pb, and Zn in comparison to AC.

2.2. Soil characterization

Soil was sampled from top layer (0—30 cm) of arable land in
Prague - Suchdol (Czech Republic; 50°8'8"” N, 14°22/43" E). The type
of soil was modal Chernozem: pHgc = 7.2, CEC = 258 mmol, /kg,
Corg. = 1.83%, contents of Cd = 0.3 mg/kg, Pb = 37.2 mg/kg and
Zn = 113 mg/kg. Soil was air-dried and homogenized.

For determination of the total content of risk elements in soils
0.5 g of soil sample was decomposed in a closed system with mi-
crowave heating in the device Ethos 1 (MLS GmbH, Germany) in a
mixture of 8 ml HNO3, 5 ml HCl and 2 ml HF. The element contents
in the soil digests and extracts were determined by inductively
coupled plasma-optical emission spectrometry (ICP-OES, Agilent
720, Agilent Technologies Inc., USA).

2.3. Experimental design

The experiment was established at greenhouse controlled con-
ditions. Each pot was filled with 2.5 kg of soil. Spinach (Spinacia
oleracea L. cv. Matador) and mustard (Sinapis alba L.) were chosen
as experimental plants, while the crop rotation was spinach -
mustard - spinach. Both plants are common edible crops and good
accumulators, thus the prevention of risk elements uptake is
necessary. The spinach (spinach 1 = S1) was sown in March and
harvested after 64 days. Mustard (M) was sown in May and har-
vested after 35 days. Late spinach (spinach 2 = S2) was sown in

Table 1
Total element contents of activated carbon and biochar.
K Ca Mg Fe Cd Pb Zn C N
glkg mg/kg (B wfw) (% wlw)
AC* 05 29 22 4.1 <0.1 nd” 8.3 93 0.2
BC* 16.1 28 - 2.8 27 282° 950 64 11

2 Determined by INAA.
b Determined by X-ray fluorescence; nd: levels below detection limit.
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August and harvested after 64 days. The harvest time was always
before blooming. The biomass production of tested plant was
evaluated.

The experiment consists of 6 treatments in 4 replications, half
pots were filled with contaminated soil, the next half with un-
contaminated soil (12 and 12 pots). The soil was spiked with cad-
mium, lead and zinc in concentration of 5, 1000 and 400 mg/kg,
respectively (by dilution of Cd(NOs),-4H,0; Pb(NOs3); and
Zn(NOs3),-6 Hy0) to get similar risk elements values like at Pribram
site, where the biomass for biochar production was harvested.
Contaminated and uncontaminated treatments consist of i) control
(with no applied BC or AC), ii) 5% of applied biochar from total mass
of soil (BC 5%) and iii) 5% of applied activated carbon from total
mass of soil (AC 5%) thoroughly mixed at individual pots. In each
pot, five plants were grown from seeds. Pots were uniquely fertil-
ized with 0.1 g N; 0.16 g P; 0.4 g K per 1 kg of soil (applied in the
form of NH4NO3 and Ky;HPO4).

The fertilizers were applied to each plant before sowing.

2.4. Analyses of plant biomass

2.4.1. Analyses of elements

Total element contents in plant aboveground biomass were
determined in the digests obtained by dry ashing decomposition
(Street et al., 2006) and Cd, Pb and Zn contents were determined
using inductively coupled plasma with optical emission spectros-
copy (ICP-OES, Agilent 720, Agilent Technologies Inc., USA). Con-
tents of Ca, Mg and K were determined by flame atomic absorption
spectroscopy (FAAS, VARIAN SpectrAA-280, Australia). Aliquots of
the certified reference material RM NCS DC 73350, poplar leaves
(purchased from Analytika, CZ), were mineralised under the same
conditions for quality assurance.

2.4.2. Analysis of free amino acids

The content of free amino acids (AAs) was determined after their
derivatisation by EZ:faast set (Phenomenex, USA). In this experi-
ment, 1.0 g samples of fresh biomass were extracted by incubation
in 15 mL of methanol + redistilled H,O (7:3, v/v) for 24 h. Deriva-
tisation of free AAs was performed according to the method of
Neuberg et al. (2010) and content was measured by GC-MS using a
Hewlett Packard 6890N/5975 MSD (Agilent Technologies, USA).
Samples were separated on a ZB-AAA 10 m x 0.25 mm AA analysis
GC column using a constant carrier gas (He) flow (1.1 mL/min). The
oven temperature program was as follows: initial temperature of
110 °C, increased by 30 °C min~! to 320 °C. The temperature of the
injection port was 280 °C. A 1.5 pL aliquot of sample was injected in
split mode (1:15, v/v). The MS conditions were as follows: MS
source 240 °C, MS quad 180 °C, auxiliary 310 °C, electron energy
70 eV, scan m/z range 45—450 and sampling rate 3.5 scan s~!
(Pavlik et al., 2012). The complex of free amino acids was deter-
mined in biomass of S1, M and S2 (alanine, glycine, valine, leucine,
isoleucine, threonine, serine, proline, asparagine, aspartic acid,
methionine, hydroxyproline, glutamic acid, y-amino-n-butyric
acid, phenylalanine, thioproline, a-aminoadipic acid, glutamine,
ornithine, histidine, tyrosine, tryptophane, cystine and glycyl-
proline.

2.5. Statistics

All statistical analyses were performed using the Statistica 12.0
(www.statsoft.com) and CANOCO 4.5 (ter Braak and Smilauer,
2002) programs. All data were checked for homogeneity of vari-
ance and normality (Levene and Shapiro-Wilk tests). Collected data
were evaluated by two-way ANOVA with multivariate F value
(Wilks’ lambda). A two-way ANOVA was applied to identify the
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effect of treatments, contamination and their interactions as in-
dependent variables, and yield of biomass, contents of free AAs and
elements as dependent variables. A two-way ANOVA was followed
by post-hoc comparison Tukey test (P < 0.05). The relationship
between contents of element and free AAs and the relationship
between total contents of free AAs and selected free AAs were
evaluated using linear regression. Principal component analysis
(PCA), using the CANOCO 4.5 program, was applied to all collected
data together (contents of free AAs and elements in the spinach and
mustard as well as biomass yield). We used standardised “species
data” because data of different character and units were analysed
together. The PCA was used to make visible correlations between all
analysed data and similarities of the different treatments. The re-
sults were visualised in the form of a bi-plot ordination diagram
using the CanoDraw program.

3. Results
3.1. Yield of biomass

Fig. 1 reported yield of aboveground biomass of S1, M and S2. It
was showed that the dry biomass of S1 increased with AC and BC
application, by 55% and 114% in comparison to control at uncon-
taminated treatment. The positive effect of amendments was more
significant at contaminated treatments, where S1 yield was higher
by 308% at AC and by 359% at BC in comparison to control (Fig. 2).

The highest biomass yield was determined at S2 (autumn). At
contaminated treatments, application of AC and BC increased the
yield 1.5-fold and 2.6-fold respectively in comparison to control.
The same effect, while AC and BC were applied was observed at
uncontaminated soil, while the yield increased by 197% and 332%
for AC and BC, respectively. Concerning S2, results revealed yield
increased by 27% at BC treatment, in comparison to uncontami-
nated treatment. M was characterized by yield decrease (by 44%) at
contaminated control treatment. The contamination negatively but
not significantly affected the mustard yield at AC and BC treatment
by 0.7% and 4% respectively. However, there is significantly higher
yield at AC and BC treatments in comparison to control on
contaminated soil (by 64% and 121% respectively).

3.2. Content of elements

Significant differences were observed between risk elements
content in all plants at contaminated and uncontaminated treat-
ments. Highest accumulation of Cd and Pb was determined in
contaminated M (Cd — 1.4-fold higher in comparison to S1, and 1.8-
fold higher than in S2, Pb — 28-fold higher than in S1, and 3-fold
higher than in S2). Content of Zn was highest in contaminated S1
(21-fold higher than M and 13-fold higher than S2). AC application
decreased accumulation of Cd (by 57% on average), Pb (by 44% on
average) and Zn (by 44% on average) on uncontaminated soil in all
plants. Application of BC decreased accumulation Cd (by 20% on
average) and Zn (by 28% on average) on contaminated soil in all
plants (Fig. 3).

To evaluate the BC and AC effect on risk element immobilization
and prevention their phytovailabity, the most significant differ-
ences were observed only in S2. In plant tissues of S2, there were
significantly higher contents of Cd and Pb at control. Content of Zn
did not differ at control and BC treatment, most probably due to of
high content of this element in BC. Because the significance was
observed in S2, the slow-acting effect of carbonaceous amend-
ments is evident (Fig. 4).

According to results of PCA (Figs. 5—7) contents of Cd, Pb and Zn
positively correlated with each other. This relationship was signif-
icant for Cd and Pb (S1: R = 0.65, M: R = 0.94, and S2: R = 0.98,
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Fig. 1. Biomass yield (g dry matter of 10 plants) of spinach and mustard grown in uncontaminated and contaminated soils. The values represent the means (+SE) of data
obtained in the experiment (n = 4). Different letters and fonts indicate significantly different values (P < 0.05) between yield and treatment x contamination. The differences were

determined by post-hoc Tukey’s test.
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Fig. 2. Content of Cd in biomass of spinach and mustard. The values represent the means (+SE) of data obtained in the experiment (n = 4). Different letters indicate significantly
different values (P < 0.05) between content of Cd and treatment x contamination. The differences were determined by post-hoc Tukey’s test.
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Fig. 3. Content of Pb in biomass of spinach and mustard. The values represent the means (+SE) of data obtained in the experiment (n = 4). Different letters indicate significantly
different values (P < 0.05) between content of Pb and treatment x contamination. The differences were determined by post-hoc Tukey’s test.

P < 0.001), Cd and Zn (S1: R = 0.97, M: R = 0.93, and S2: R = 0.80, 3.3. Free amino acids
P < 0.001) and Pb and Zn (S1: R = 0.71, M: R = 0.93, and S2:

R = 0.81, P < 0.001) in all plants. The most abundant free AAs in biomass of S1, M and S2 were

No differences were observed in soil pH between control and glutamic acid (Glu), glutamine (GIn), aspartic acid (Asp), asparagine
amended treatments at the end of experiment. The pH values at the (Asn) and alanine (Ala) (Table 2). Mentioned AAs represented
end were lower by 0.5 in comparison to original soil. approximately 73%, 35% and 83% of total content AAs in S1, M and

S2, respectively.
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Fig. 4. Content of Zn in biomass of spinach and mustard. The values represent the means (+SE) of data obtained in the experiment (n = 4). Different letters indicate significantly
different values (P < 0.05) between content of Zn and treatment x contamination. The differences were determined by post-hoc Tukey's test.
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Fig. 5. Ordination diagram showing the results of PCA analysis with selected pa-
rameters in uncontaminated and contaminated treatments of spinach 1. Parame-
ters abbreviations: yield - yield of biomass, = AA - total content of free amino acids, Cd
- total content of Cd, Pb - total content of Pb, Zn - total content of Zn, Ca - total content
of Ca, K - total content of K, Mg - total content of Mg, Asp - concentration of free
aspartic acid, Asn - concentration of free asparagine, Glu - concentration of free glu-
tamic acid, Gln - concentration of free glutamine, Ala - concentration of free alanine.

Glutamic acid was AA with the highest contents in S1 and M
(34% and 15% from total contents of free AAs, respectively). In S2
Gln (45%) and Glu (20%) formed the largest parts from total con-
tents of free AAs. Another AA with high contents in biomass were
Asp - S118.5%, M 10% and S2 12% from total contents of free AAs.
Contents of Gln in S1 and M were lower than in S2 (14% and 3% from
total contents of free AAs, respectively). Alanine was more abun-
dant in biomass of M (6% from total contents of free AAs) than S1
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Fig. 6. Ordination diagram showing the results of PCA analysis with selected pa-
rameters of uncontaminated and contaminated treatments of mustard. Parameters
abbreviations: yield - yield of biomass, = AA - total content of free amino acids, Cd -
total content of Cd, Pb - total content of Pb, Zn - total content of Zn, Ca - total content of
Ca, K - total content of K, Mg - total content of Mg, Asp - concentration of free aspartic
acid, Asn - concentration of free asparagine, Glu - concentration of free glutamic acid,
Gln - concentration of free glutamine, Ala - concentration of free alanine.

and S2 (3.5% and 2% from total contents of free AAs, respectively).
The lowest contents from selected AAs were for Asn - S13%, M 1%
and S2 4% from total contents of free AAs.

The total contents of free AAs were decreased by contamination
on control and BC treatments for all plants (control by 30% and BC
by 24% on average). Contamination on AC treatment increased total
contents of AAs in S1 and M (by 74% and 36%, respectively) and
decreased in S2 (by 41%). In all tested plants was recorded positive
relationship of total contents of free AAs and Asn (S1: R = 0.81, M:
R =0.77,and S2: R = 0.61, P < 0.001).

Contents of selected AAs were characterized by four different
effects of amendments (Table 2). (1) AA contents on uncontami-
nated and contaminated soil were increased by AC application. This
effect was found in S1 for Glu, Asp, and Ala and in S2 for Glu, Asp,
Asn and Ala. (2) Decrease of AA contents on uncontaminated and
contaminated soil was found only in S2 for GIn. (3) Results showed
decrease of AA content on uncontaminated soil and increase of AA
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Fig. 7. Ordination diagram showing the results of PCA analysis with selected pa-
rameters in uncontaminated and contaminated treatments of spinach 2. Parame-
ters abbreviations: yield - yield of biomass, = AA - total content of free amino acids, Cd
- total content of Cd, Pb - total content of Pb, Zn - total content of Zn, Ca - total content
of Ca, K - total content of K, Mg - total content of Mg, Asp - concentration of free
aspartic acid, Asn - concentration of free asparagine, Glu - concentration of free glu-
tamic acid, GIn - concentration of free glutamine, Ala - concentration of free alanine.

contents on contaminated soil - in S1 for Asn and Gln and in M for
Glu, Asn, Gln and Ala. (4) The opposite trend was confirmed only in
M for Asp.

The same effects as for AC application were reported for BC
application. Asp and Glu (in S1 and S2) and Asn and Ala in M for Asn
and Ala were increase by BC application. The second effect was
found in S1 for Asn and GIn and in S2 only for GIn. Decrease of AA
contents on uncontaminated soil and increase of AA contents on
contaminated soil was confirmed in S2 for Asn and in M for Gln. The
fourth effect was found in S1 and S2 for Ala and in M for Asp and
Glu.

Results given in Table 2 showed variable answer of selected AAs

to contamination in all plants. However risk elements contamina-
tion led to decrease of Asp and Gln on BC treatments and increase of
Glu on AC treatments in all plants. Comparing differences between
uncontaminated and contaminated soil, it was observed that risk
elements increased Ala content and decreased GIn content in all
plants on control treatments. In S1 and S2 was found statistical
significant relationship between Cd and Asn (S1: R = 0.52,
P=0.0129; S2: R=1-0.39,P =0.0066) and Zn and Asn (S1: R=0.6,
P = 0.0033; S2: R = 1-0.33, P = 0.0203). The negative correlation
Pb and Asn was found in plants of M (R = 1-0.30, P = 0.0432).

3.4. Relationships among content of AAs and elements and
treatment x contamination in spinach and mustard

Relationship was calculated using two-way analysis of variance
(two-way ANOVA), contents of AAs and elements were significantly
affected by treatment x contamination (S1: Wilks’ lambda
0.000000, F = 1009.7, p = 0.0000; M: Wilk's lambda 0.038293,
F = 9.485, p = 0.0000; S2: Wilks’ lambda 0.054597, F = 7.5686,
p = 0.0000). Results showed the most significant effect of
contamination.

3.5. Results of principal component analysis

Spinach 1. The first axis of the PCA analysis explained 40%, the
first two axes 66%, and the first four axes together 91% of the
variability of all analysed data (Fig. 5). The first ordination axis
divided individual pots into the uncontaminated group on the left
side and contaminated on the right side of the diagram. This in-
dicates a large effect of contamination on yield of biomass, content
of elements and content of free AAs. The marks for treatments
(control, AC and BC) were located in the comparatively different
parts of the diagram, which indicates a high effect of treatments on
all recorded data. The length and direction of the vectors of the
studied parameters show links among themselves with respect to
the treatments and contamination. The contents of free AAs (= AAs,
Ala, Asn and GIn), total concentrations of Cd, Pb, Zn, Ca and Mg
were accumulated more on contaminated soil. On the other hand,
concentrations of Asp, Glu and total concentrations of K were
accumulated more on uncontaminated soil. The content of Asp
positively correlated with content of Glu as indicated by narrow

Table 2
Total content of AAs and content of selected free AAs (umol/kg) in biomass of spinach and mustard.

Treatment Control AC BC
AAs Uncontaminated Contaminated Uncontaminated Contaminated Uncontaminated Contaminated

s1 Ala 122 + 172 318 £ 1° 127 +19° 324 +3° 146 + 242 174 + 9°
Asp 623 + 143° 540 + 0.4° 1035 + 5712 1103 + 25° 2048 + 275 1044 + 64°
Asn 191 + 162 223 +0.3% 86 + 17° 287 + 957 91 + 82 114 + 422
Glu 1547 + 3012 1440 + 3° 1694 + 28° 2139 + 264 2768 + 107° 1896 + 254"
Gln 2022 + 259° 843 + 18° 285 + 257 997 + 3512 512 + 86° 216 + 44°
SAAs 5908 + 576° 4722 + 14° 4365 + 712 7571 + 19032 6709 + 227° 5119 + 11112

M Ala 432 +20%° 442 + 40%° 345 + 367 694 + 35° 595 + 138 579 + 55%
Asp 708 + 372 857 + 25° 869 + 667 742 + 507 1220 + 3232 846 + 103?
Asn 87 + 8° 53 +7° 74 + 11° 85+ 7° 106 + 27° 62 + 8°
Glu 1176 + 1312 1335 + 1337 1142 + 63° 1423 + 83° 1251 + 4167 1295 + 637
Gln 286 + 797 228 + 14° 260 + 22° 385 + 24° 262 + 34° 258 + 21°
SAAs 8217 + 451%° 6908 + 868" 6693 + 4432 9131 + 1054 13484 + 3190° 9694 + 1507%°

S2 Ala 185 + 37 220 + 387 178 + 30% 130 + 10% 201 + 287 169 + 18%
Asp 785 + 63 500 + 55¢ 1273 + 185° 1562 + 185% 1175 + 1022 1104 + 133
Asn 477 + 58 243 + 50° 527 + 94° 460 + 76%° 259 + 43 310 + 66°°
Glu 1845 + 119ab 945 + 159° 2230 + 165° 2239 + 460? 1902 + 833 2095 + 293?
Gln 11721 + 7649 4953 + 854b° 5104 + 688¢ 1444 + 3612 4133 + 502%¢ 2267 + 698%°
SAAs 17397 + 677¢ 7954 + 823 11655 + 1123° 6851 + 10852 9335 + 802% 7521 + 1278

The values represent the means (+SE) of data obtained in the experiment (n = 8). Different letters indicate significantly different values (P < 0.05) between content of AAs and

treatment x contamination. The differences were determined by post-hoc Tukey’s test.

95



K. Brendova et al. / Journal of Environmental Management 181 (2016) 637—645 643

angle between them and negatively correlated with GIn. A long
vector for particular parameters indicates a strong effect on the
results of the analysis, and vice versa.

Mustard. The first axis of the PCA analysis explained 37%, the
first two axes 65%, and the first four axes together 84% of the
variability of all analysed data (Fig. 6). Similarly to spinach I. pot
division of soil contamination indicates a large effect of contami-
nation on yield of biomass, content of elements and contents of free
AAs. For mustard, treatments (control, AC and BC) were located in
same parts of the diagram, which indicates a low effect of treat-
ments on all the recorded data. The length and direction of the
vectors of the studied parameters indicate links among themselves
with respect to the treatments and contamination. The contents of
free AAs (= AAs, Ala, Asn, Asp, Glu and GIn), total contents of Cd, Pb,
Zn, Ca and Mg were accumulated more in contaminated treat-
ments. The contents of Asn and Asp were positively correlated with
S AAs. The content of Cd, Pb and Zn negatively correlated with
yield.

Spinach 2. The first axis of the PCA analysis explained 36%, the
first two axes 58%, and the first four axes together 83% of the
variability of all analysed data (Fig. 7). Again the large impact of
contamination on yield of biomass, content of elements and con-
tent of free AAs was observed. The marks for treatments (control -
down and AC, BC - up) were located in the comparatively different
parts of the diagram, which indicates a high effect of treatments on
all the recorded data. Link between studied parameters was
determined similarly to previous plants. The contents of free AAs (=
AAs, Ala, Asn, Asp, Glu and GIn), total contents of Ca and Mg were
accumulated more in uncontaminated treatments. On the other
hand, contents of Cd, Pb, Zn, K and yield were accumulated more on
contaminated soil. The content of Cd, Pb and Zn positively corre-
lated between them and negatively correlated with Glu and Asp.
There was no effect of treatments and contamination on the con-
tent of Ala in biomass.

4. Discussion
4.1. Yield of biomass

Generally, the application of biochar produced from biomass of
the phytoextraction does not have negative effect on the plant
growth. Conversely, it has positive effect on biomass yield.
Considering uncontaminated soil, previous studies confirmed that
biochar improves plant growth on uncontaminated soils due to the
improved fertility. For example Gregory et al. (2014) showed that
biochar promoted a 2-fold increase in shoot dry weight (DW) and a
3-fold increase in root DW under both biochar amendments (1%
and 2%). Thus we can consider the biochar improve soil properties
and possible release of nutrients could support plant growth.

Observing contaminated soil, the positive effect of amendments
on plant biomass production was evident in comparison to un-
amended control.

The lowest differences in biomass yield comparing contami-
nated and uncontaminated treatments were observed at M. This
low effect of carbonaceous amendments on biomass yield in plants
of Brassicacea family grown in contaminated soils was also
observed in study of Rees et al. (2015).

4.2. Content of elements

Positive effect of biochar, originated from contaminated biomass
to immobilize risk elements, has already been observed in labora-
tory batch sorption experiment (Bfendova et al., 2015a). The
highest trace element accumulation in plant tissues was observed
in M. Previously, Indian mustard has already been considered as a
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plant with high phytoextraction ability of trace elements with
bioconcentration ratios higher than 1 (Shaheen and Rinklebe,
2015). A good tolerance mechanism was provided by combined/
concerted action of non-protein thiols, glutathione, and phy-
tochelatins (Seth et al., 2012). In study of Rees et al. (2015), it was
observed that Nocaea caerulescens, a Cd- and Zn-hyperaccumulator,
increased uptake of metals as a respond to the biochar amendment
into contaminated soil may be due to invocation of immobilization
of major cations that is confirmed by PCA of S1 and S2. In Brendova
et al. (2015b), the results reveals no differences in metal accumu-
lation in willows tissues at amended treatments, moreover they
provided significantly higher yields with no signs of phytotoxicity
in comparison to control. However these results need further
research, it seems that biochar is suitable to support the metal
uptake of potential accumulating plants.

Alia et al. (2015) observed negative significant impact of heavy
metal concentrations (minimal doses: Pb 300 mg/kg, Cd 0.5 mg/kg,
Zn 250 mg/kg) on Spinach oleraces biomass. Our results revealed
several times higher contents of Cd, Pb, Zn at amended contami-
nated treatments (up to 10 mg/kg at S2 for Cd, 300 mg/kg at S2 for
Pb, 450 mg/kg at S1 for Zn) while the yield was significantly higher
(S1) or comparable to control and uncontaminated treatments.
Gartler et al. (2013) aimed biofortification of vegetables with zinc
using biochar amendment. They described higher accumulation of
zinc in spinach, when they amended soil with biochar. We observed
high ability to accumulate Zn in S1 (400—450 mg/kg) with higher
yield of biomass in comparison to control at contaminated
treatments.

AC and BC was described as reliable mediums for decreasing
trace elements phytoavailability Cd content in rapeseed decreased
by 23—31% at treatments amended with BC and AC, water-soluble
Zn decreased by 56% with BC amendment) (Shaheen et al., 2015).
These observations were also confirmed by our results. Effective-
ness of amendments to immobilize trace elements was rather
observed at AC treatments, e.g., contents of Cd, Pb and Zn were
lowest in S2. Further according to results of pH activated carbon
and biochar did not changed soil pH which could lead to decrease of
risk elements mobility and the potential immobilization indicated
sorption processes. However the pH determination was not con-
ducted periodically during experiment, the opinion of Rees et al.
(2015) has to be considered: biochar is mainly affecting the soil-
plant system by increasing soil pH. They suggested expectation
that a progressive soil acidification may slowly decrease the effi-
ciency of biochar in future.

4.3. Free amino acids

The results of our study depicted reaction of AAs metabolism in
leaves of selected plants from family Brassicaceae (mustard) and
Amaranthaceae (spinach) on the presence of activated carbon and
biochar in uncontaminated and contaminated soil. Several studies
(e.g. Kumar et al., 2014; Sharma and Dietz, 2006; Zagorchev et al.,
2013) presents important role of AAs in plant metabolism under
stress condition, but effect of BC on these metabolites were pub-
lished only in Younis et al. (2015a,b). These authors observed total
content of AAs in spinach and fenugreek on BC-amended sewage-
irrigated contaminated soil (Cd and Ni).

Pavlik et al. (2010) reported that metabolism of AAs has the
central role in plant abiotic stress resistance. This confirmed results
of our study for control and BC treatments, where total content of
AAs was the lowest in leaves of spinach and mustard on contami-
nated soil. Decrease in this content indicates probable utilization of
AAs for defence to risk elements. Kumar et al. (2014) reported
significant roles of AAs in metal binding, antioxidant defence, and
signalling in plants during heavy metal stress. According to Sharma
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and Dietz (2006) AAs play pivotal role in detoxification of heavy
metals. Also Tripathi et al. (2012) and Zagorchev et al. (2013) re-
ported crucial role AAs in osmotic adjustment or as phytochelatins.
Our results confirmed differences in metabolism of AAs in leaves of
spinach and mustard not only depending on presence of risk ele-
ments in soil, but also depending on plant species (Table 2). Results
of S1 and M showed same effect of BC on total content of AAs as
results of Younis et al. (2015a). Presence of BC in soil increased total
content of AAs. Opposite effect was found in leaves of S2. Similar
data was found for AC amendment.

As reported by Lea and Forde (1994) AAs play pivotal role in
interaction between C and N metabolisms, where N-containing
metabolites are required to allow C utilization for growth. The main
AAs essential for metabolism are Glu, Gln, Asp, Asn and Ala. All
these AAs had high content in leaves of studied plants, especially
Glu, GIn and Asp. In S1 and M was determined Glu as major AAs.
Similar results found Zemanova et al. (2014, 2015) in spinach and
Noccaea caerulescens, both stressed by Cd and Xie et al. (2014) in
leaves of bermudagrass (Cynodon dactylon L. Pers.) under Cd stress.
The major AA in leaves of S2 was GIn. Same results observed Sung
et al. (2015) in leaves of tomato plants growing under N, P or K-
deficient (content of Gln 58—70% of total content AAs). Aspartic acid
reached approximately half the contents of Glu in all studied plants.
According to results of PCA (Figs. 5—7), content of Glu and Asp in S1,
M and S2 showed positive correlation. Leasure and He (2015) re-
ported Asp as one of the first AAs formed during ammonia fixation.
As already mentioned above, Glu metabolism is centrally involved
in the process of assimilation and remobilization of N, but it also
has important function in the development of adaptive metabo-
lites, such as proline and y-aminobutyric acid, developing in
response to environmental stress (Planchet and Limami, 2015).
Content of Gln and Asn decreased in order: S2 > S1 > M. Zhang et al.
(2013) reported that Asn is the major form of N transported to sink
tissues in Arabidopsis mutants. Although mustard and Arabidopsis
belong to same family their content of AAs is different, mainly Asn
content, which was not main AA in mustard. Asn as major AA found
Pavlikovd et al. (2014) in leaves of tobacco plants under Zn stress.
Souza et al. (2014) founded Asn as AA with second highest content
after arginine in Calopogonium mucunoides under Pb stress. Ac-
cording to Bottari and Festa (1996) and Planchet and Limami (2015)
Asn has ability to bind metals as Cd, Pb and Zn by forming intra-
cellular Asn-metal complex, which are useful for reducing the
metal toxicity. This associated with accumulation of Asn in plants
exposed to risk elements. However, our results confirmed this only
in S1.

Ala is one of major AAs in plants and its synthesis by transfer of
amino group from Glu. Ala acts as an important connector of C and
N metabolism and balance (Miyashita et al., 2007; Rocha et al,,
2010). Amendment of BC increased content of Ala in comparison
to control. This effect was observed for AC only in leaves of S1.
Increased content of Ala might be caused by a reduction in the rate
of protein syntheses (Hjorth et al., 2006). According to Pavlik et al.
(2010) Ala is markedly accumulated in response to stress in plants
and it is especially discussed in relation to intracellular pH regu-
lation. Content of Ala decreased in order: M > S1 >> S2.

5. Conclusion

e Biochar produced from biomass originated from phytoex-
traction technologies did not have negative effect on plants
growth.

e Both carbonaceous materials promoted spinach biomass yield,
especially at contaminated treatments.

e Metal uptake differed according to plant and series, Cd was
accumulated similarly by all three plants, accumulation of Pb

was significantly highest by mustard, affecting also third plant,
mobile Zn was mostly taken by first spinach

e Application of AC and BC to soil did not demonstrate significant
effect on the content of AAs in mustard, while effect of BC on AAs
metabolism was confirmed in spinach, this explains differences
of trace element accumulation and biomass yield of spinach and
mustard plants.
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ABSTRACT

Zemanova V., Bfendova K., Pavlikova D., Kubatovd P., Tlusto$ P. (2017): Effect of biochar application on the content
of nutrients (Ca, Fe, K, Mg, Na, P) and amino acids in subsequently growing spinach and mustard. Plant Soil Envi-
ron., 63: 322-327.

The objective of this study was to assess the effect of biochar on growth and metabolism of spinach (Spinacia
oleracea L.) and mustard (Sinapis alba L.) planted in crop rotation: spinach (spring)-mustard-spinach (autumn).
The impact of biochar soil application (5% per mass of soil) on the availability of Ca, Fe, K, Mg, Na and P to plants
as well as the content of free proline and total amino acids contents were evaluated at degraded Chernozem soil.
The results showed that biochar soil addition significantly increased spinach growth by 102% and 353% in spring
and autumn, respectively. Biochar limited plant content of Ca, Mg and Na, however K content increased in all
plants. Inconsistent effect was determined for Fe and P content in plants biomass. Total content of free amino acids
was higher in plants harvested at amended treatments, except autumn spinach. Biochar increased proline content
in all plants in comparison to control. The highest increase was obtained in mustard — by 186%. The results showed

a more sensitive reaction of mustard to biochar application than spinach.

Keywords: carbonaceous amendment; macroelement; plant; stress metabolism

Biochar (BC) is a carbon-rich material produced
by pyrolysis. In recent decade, it is widely described
as a soil amendment improving soil quality. The
main reason for the positive impact on soil proper-
ties, plant and microbial ecosystem is a direct BC
influence on soil physical-chemical properties, nu-
trients available contents, and on its ability to sorb
nutrients and release them slowly into soil solution
(Atkinson et al. 2010). Nutrient composition of BC
depends on the feedstock material and conditions
of pyrolysis (Mukherjee and Zimmerman 2013).
However, many studies described a positive effect
of BC application to soil, whereas the responses on

crop yields are not consistent (Novak et al. 2016).
According to Brendova et al. (2015) BC ability to
increase pH value is probably one of the crucial
factors of reduction of element leachability.

As mentioned by Rizwan et al. (2016), there is a
limited number of reports describing the effect of
BC on the biochemical and physiological activities
of plants. One of the important indicators of plant
metabolism is composition and content of amino
acids (AAs), which are affected by environmental
conditions (Nikiforova et al. 2006). According to
Singh (1999), amino acid metabolism may play an
important role in plant stress resistance, by osmotic
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adjustment and the accumulation of compatible
osmolyte, detoxification of active oxygen species
and heavy metals, and intracellular pH regula-
tion. Proline (Pro) is specific free AA which is
involved in stress metabolism and tolerance of
plants (Pavlikov4 et al. 2014).

Our study aimed to compare the ability of spinach
and mustard accumulation of nutrients and amino
acids as a response to biochar application to soil.

MATERIAL AND METHODS

Experimental design and soil characteristics.
The experiment was conducted at greenhouse con-
trolled conditions. Spinach (Spinacia oleracea L.)
and mustard (Sinapis alba L.) were chosen as
experimental plants, while the crop rotation was
spinach-mustard-spinach. Firstly, spinach was sown
in March and harvested after 64 days. Mustard
was sown in May and harvested after 35 days.
Late spinach was sown in August, harvested af-
ter 64 days. Biomass of both spinaches was sam-
pled once during vegetation, after 42 days. Modal
Chernozem soil (2.5 kg; Prague-Suchdol, Czech
Republic; pH, = 7.2, cation exchange capac-
ity (CEC) = 258 mmol+/kg, COrg = 1.83%, avail-
able content of elements: Ca = 6754 mg/kg; K =
233 mg/kg; Fe = 153 mg/kg, Mg = 191 mg/kg;
P = 74 mg/kg) was uniquely fertilized with 0.1 g
N, 0.16 g P and 0.4 g K per 1 kg of soil (applied
in the form of NH,NO, and I(ZHPO4), only at the
beginning of the experiment. The experiment
consists of 2 treatments: (i) control (without BC)
and (ii) 5% of the applied BC from total mass of
soil (BC 5%) thoroughly mixed with soil volume.

Biochar characteristics. Detailed biochar prop-
erties were described in Brendova et al. (2016).
Biochar was characterized by: ash content = 13%;
PH¢ ¢, = 6.9; CEC = 176 mmol /kg; specific sur-
face area = 324 m?/g and particle fraction = 5 x
6 x 0.5 mm. The total contents of elements in
biochar were: K = 16.1 g/kg; Ca = 28 g/kg; Fe =
2.8 g/kg; C, .., = 64% (w/w) and N = 1.1% (w/w).
Total content of Mg was not determined.

Analysis of plant biomass. Dry-ashing decom-
position was used for analyses of total element
contents in plants (Street et al. 2006). The total
contents of elements were determined by ICP-OES
(Agilent 720, Agilent Technologies Inc., Torrance,
USA) for Ca, Fe, Mg and P and by FAAS (Varian

doi: 10.17221/318/2017-PSE

SpectrAA-280, Mulgrave, Australia) for K and Na.
Aliquots of the certified reference material RM
NCS DC 73350, poplar leaves (Analytika, Prague,
Czech Republic), were determined under the same
conditions to test quality assurance.

The contents of free AAs were determined after
their derivatisation in extracts (1.0 g of fresh biomass,
15 mL of methanol + redistilled H,O (7:3,v/v), 24 h)
by EZ:faast set (Phenomenex, Santa Clara, USA).
Samples were measured by GC-MS (Hewlett Packard
6890N/5975 MSD, Agilent Technologies, Torrance,
USA) with a ZB-AAA 10 m x 0.25 mm AA analysis
GC column (Zemanova et al. 2013).

Statistical analysis. All statistical analyses
were performed using the Statistica 12.0 program
(StatSoft, Tulsa, USA, www.statsoft.com). Collected
data were performed using the non-parametric
Kruskal-Wallis test.

RESULTS AND DISCUSSION

Biomass yield and proline content. Results
presented in Table 1 showed fresh biomass yield
of all treatments. Dry biomass of control and BC-
amended spinaches were 9.6% and 9.7% on aver-
age, respectively. Application of BC increased dry
biomass of both spinaches by 0.1% on average in
comparison to control. The highest dry matter
of biomass was found in mustard — 11% and was
decreased by 2% at BC treatment. Application of
BC significantly increased spinach biomass yields
by 102% (spring) and 353% (autumn) on average,
respectively in comparison to control. Same effect
of BC was determined in mustard biomass yield
(increase by 69%), but this effect was not statisti-
cally significant. According to Mukherjee and Lal
(2014) application of BC may have positive, mixed
or negative effect on yield of biomass. Jones et al.
(2012) showed that BC application had no effect
on maize growth, but did enhance the growth of
the subsequent grass crop. Evangelou et al. (2014)
using contaminated BC achieved higher yields of
ryegrass in comparison to unamended treatment.

Amino acids are critically important for plant
metabolism to make bridges between C and N
metabolisms (Foyer et al. 2003). Plants can pro-
duce high quantities of AAs under limited stress
conditions (Younis et al. 2015). In previous papers,
there is a lack of information of the BC effect on
composition and content of amino acids. Only
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Table 1. Biomass yield (BY), total content of amino acids (£ AAs) and free proline content (Pro) of spinach and mustard

42 days 64 days
control BC 5% control BC 5%
Spinach - spring
BY (g per pot FM) 23.5 + 2.334 46.4 + 1.6PA 28.5 + 2.534 58.7 + 2.3bA
¥ AAs (umol/kg FM) 5386 + 78934 5420 + 27934 5908 + 36434 6709 + 14428
Pro (umol/kg FM) 349 + 342B 1052 + 369PB 147 + 1334 167 + 3624
Spinach — autumn
BY (g per pot FM) 12.4 + 1.324A 57.8 + 2.9bA 15.3 + 2.42A 67.4 + 3.5PA
> AAs (umol/kg FM) 22 890 + 5483bA 10 110 + 230534 17 397 + 6774 9335 + 80234
Pro (umol/kg FM) 131 + 1024 154 + 2024 149 + 3224 180 + 6024
35 days
control BC 5%
Mustard
BY (g per pot FM) 30.6 + 1.42 51.7 + 2.22
> AAs (umol/kg FM) 8217 + 4512 13 484 + 31902
Pro (umol/kg FM) 2371 + 3952 6771 + 21912

The values represent the means (+ standard error) of data obtained in the experiment (n = 4). Different letters indicate

significantly different values (P < 0.05) between treatments (a, b) and sampling period (A, B). FM — fresh matter

Zhang et al. (2014) and Younis et al. (2015) meas-
ured AAs content in plants grown in B-amended
soil. The results presented in Table 1 showed total
contents of free AAs in all tested plants. In spring
spinach and mustard planted at BC treatment, total
content of free AAs was increased by 7% on average
and by 64%, respectively, however not significantly,
in comparison to control. Similarly, Younis et al.
(2015) obtained increasing production of AAs by
BC application under toxic levels of Cd and Ni in
spinach and fenugreek. According to these authors,
high production of AAs and also proteins indicated
the activation of defensive mechanism against oxi-
dative damage. Opposite effect of BC — decrease of
total content of free AAs (by 51% on average) was
observed in spinach-autumn. However, this decrease
can be partly influence due to the inhibition of pho-
tosynthesis by lower irradiance. Synthesis of AAs
depends on photosynthetic activity, which, in turn,
depends on other factors e.g. nutrient availability
(Weckopp and Kopriva 2015).

Proline is a multifunctional AA accumulated in
plant cells in response to various stresses (Szabados
and Savouré 2010). In our study, Pro found in
spring spinach, mustard and autumn spinach rep-
resented 8, 40 and 1% on average of total content
of free AAs (Table 1). The highest content of Pro
was accumulated in mustard, and the content was
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15-fold higher on average and 31-fold higher on
average than in spring spinach and autumn spin-
ach, respectively. As presented by Jogaiah et al.
(2013), Pro is known as an osmoprotectant and
antioxidant, playing an important role in stress
management in plants. Application of BC increased
Pro content in all tested plants, but significantly
only in spring spinach after 42 days of growth.
Different results were obtained by Kammann et al.
(2011) in the study with Chenopodium quinoa. In
these plants under drought stress, application of
BC decreased Pro content in leaves. Also Zhang
et al. (2014) reported a decrease of Pro content
in rice by BC soil application in comparison to
unamended treatments.

Elements contents in plant tissues. The results,
presented in Figure 1, showed diverse accumula-
tion of selected elements in spinach and mustard
after BC application. The contents of Ca, Mg and
Na were reduced by BC application in all tested
plants. The content of Ca was decreased in both
spinach treatments — spring and autumn — by 45%
and 30% on average, and in mustard — by 34%. The
highest Ca content was measured in mustard both
at control (3.5%) and at BC treatment (2.3%). The
same effect of BC on the Ca content was found
in corn ear-leaf and soybean plants (Brantley et
al. 2016, Waqas et al. 2017). In comparison to
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control, BC application decreased Mg content in
spring spinach (26% on average), mustard (27%)
and autumn spinach (20%). Significant changes of
Mg content in lettuce plants by BC soil applica-
tion were confirmed by Woldetsadik et al. (2016).
These authors observed a decrease of Mg content
on sandy loam soil and an increase of Mg content
on silty loam soil after BC application. Increase
of Mg was found in dry beans (Phaseolus vulgaris
L.) by Gao et al. (2016). Potassium concentration
in plant tissues indicated high consumption in
our experiment, thus the content of Mg could be
depressed by antagonistic interaction mechanism
of these two elements, which is seated in the trans-
location step from the root to the shoot (Ohno and
Grunes 1985). The highest Mg content was measured
in autumn spinach at both treatments — 1.4% at

doi: 10.17221/318/2017-PSE

control and 0.9% at BC. The lowest Mg content was
measured in mustard — 0.3% at control and 0.2% at
BC. Like Mg, Na content could be reduced by high
K consumption. In all plants, Na content decreased
in spring spinach (88% on average), mustard (64%)
and autumn spinach (79% on average) by BC ap-
plication. Decrease of sodium content was found
in maize (Kim et al. 2016) by BC treatment and in
mixed biomass of grasses and forbs on temperate
grassland (Schimmelpfennig et al. 2015).

The positive effect of BC application on plant
accumulation of elements was observed only for
K. Although this element was applied to the soil
as a fertilizer at the beginning of the experiment,
BC increased K availability and its accumulation
in the tested plants during the whole experiment
(Figure 1, Table 2). The same results — increase of K

) Content of K 4 Content of Ca
12 -
trol
o | bB [ contro bA _IIg_ bB
W BC5% 3 | bA _I_ i
s ®1aB bB . 2 A .
A 6 2 | a a
o bA aA bA aA
& . ] aA . b aA an
1
2 - ﬂ
0 0
2.0 - Content of Mg 1.0 - Content of P
bB
0.8 4 bB
~ 15 bB
2 ™ aB A aB
a 0.6 an - ap aA2A
=
< 1.0 bB aA A
A a
bA 2 0.4 a a
aA aA
0.5 I I . 0
a
0.0 ﬂ. 0.0
0.5 Content of Na Content of Fe
: bA bA 0.14 bB
0.20 B ‘:[‘ 0.12 E3
= 0.10
= 015 b 0.08 aB
g bA bA ' aA aA
< 0.10 0.06 a a
a 004 | aA aA
0.05 aA aB i aA aA  0.02 ﬂ ﬂ I F%aA
0.00 || ] [ | 0.00 [ |
42 days 64 days | 35days | 42 days 64 days 42days 64 days | 35days | 42days 64 days
Spinach — spring [ Mustard | Spinach — autumn Spinach — spring | Mustard | Spinach — autumn

Figure 1. Content of nutrients (%) in spinach and mustard dry biomass. The values represent the means

(+ standard error) of data obtained in the experiment (n = 4). Different letters indicate significantly different values
(P < 0.05) between treatments (a, b) and sampling period (A, B). DM - dry matter
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Table 2. Content of soil available nutrients (Mehlich III)
and pH at the end of the experiment

Ca Fe K Mg Na P

H
(mg/kg) P
Control 11784 0.26 279 225 30.3 75.1 6.51
BC5% 13704 0.47 480 350 34.3 199 6.61
BC - biochar

availability, was found by Kraska et al. (2016) after
application of BC derived from wheat straw. The
content of K was increased in spring spinach (72%
on average), mustard (16%) and autumn spinach
(36% on average) by BC. Significantly increased
K content was found in stems, leaves and roots of
green bean (Vigna radiata L.) by Prapagdee and
Tawinteung (2017). Also Zhang et al. (2016b) ob-
served an increase of K content by BC application.
The highest K content was measured in autumn
spinach in both treatments — 4.4% in control and
5.9% in BC. Evangelou et al. (2014) found that the
BC application increased significantly K and Zn
content in plant shoots, however no differences
were found in P, Fe, Mg, Mn and Cu concentra-
tion comparing control and amended treatments.

The mixed effect of BC application on nutrients
accumulation in plants was obtained for Fe and P
content. The content of Fe was non-significantly af-
fected by BC application, except autumn spinach at
64 days. The content of P was significantly affected by
BC application only in spinaches (Figure 1). Similar
results were found by Prapagdee and Tawinteung
(2017), who reported no significant difference of
P content in green bean parts at all BC treatments.
Biochar can be a potential P source and some BC
can also adsorb P efficiently from solutions (Peng
etal. 2012, Yao et al. 2013). They suggested that BC
could play a role in retaining P applied as fertilizer.
However, information of the effect of BC on phos-
phate retention in soils is limited (Zhang et al. 2016a).
In our experiment, P was applied as fertilizer — just
at the beginning (before spring spinach sowing) and
the positive effect of BC on the P plant content was
shown in the end of spring and autumn spinach plants
(increase by 27.5% on average). Gonzaga et al. (2017)
observed same effect of BC derived from biosolids.
Phosphorus contents in above-ground biomass of
maize increased with increasing BC application rates.
According to Chintala et al. (2014) and Zhang et al.
(20164a), the ability of BC to increase P retention in
soils is quite variable and it varies with concentration
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of P in the soil solution. Although the Mehlich III —
available contents of Fe and P increased with BC
application (Table 2), only Fe was not accumulated
into plant tissues. Similar trend was observed for
Fe in Evangelou et al. (2014). Sorrenti et al. (2016)
showed a decrease of Fe content in nectarine leaf.
Opposite effect — Fe increase by BC was found by
Gao et al. (2016) in dry beans.

Biochar from contaminated biomass has a posi-
tive effect on plant growth. Positive effect of BC
application on accumulation of K and P was shown
especially after longer exposure. Biochar increased
proline and reduced availability of some nutrients
(Ca, Mg and Na), which means that BC amend-
ment may cause stress for plants, especially at the
beginning of the growth. Our results of nutrient
and proline contents showed a different response of
mustard and spinach. According to the lowest yield
of biomass and higher proline content, mustard is
more sensitive to BC soil application than spinach.
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5. Sumarni diskuze

Diskuze je rozdélena podle jednotlivych sérii experimentd, které byly pfipraveny
a provadény tak, aby se postupné plnily vytycené cile prace. Nejprve byl pfipravovan biochar
Z kontaminované rostlinné biomasy za raznych teplot pyrolyzy (400, 450, 500, 550 a 600
°C), stejného atmosférického tlaku a doby zdrzeni 30 minut (nosny plyn dusik). Ziskané
materialy, biochary, byly analyzovany abyly stanoveny fyzikalni a chemické vlastnosti:
obsah popela, elementarni analyza, urCeni pH hodnoty, stanoveni specifického povrchu
riznymi metodami, urceni distribuce port, skuteéné a zdanlivé hustoty.

Nasledn¢ byly vybrany tfi typy biocharu: biochar pfipraveny z kontaminovanych
rostlin kukufice, kontaminovaného dieva vrb anekontaminovaného dfeva topolu.
Ve vsadkovych inkubaénich experimentech byly testovany schopnosti téchto biochart
sorbovat kadmium, olovo a zinek ve stfedné kontaminované pidé. Soucasné byla pozorovana
mira desorpce prvki obsazenych V pfipravenych materidlech a smésich s pidou V riznych
typech vyluhovadel.

Paralelné byl zalozen nadobovy experiment V kontrolovanych podminkach. Zde byl
sledovan vliv aplikace komer¢né dostupného biocharu na transfer kadmia, olova a zinku
pudnim profilem Vv extrémné kontaminované pidé€. Pro tento ucel byly pouzity lyzimetrické
nadoby. Dale byl testovan vliv aplikace biocharu na rist rychle rostoucich dievin Vv této
kontaminované pude¢.

V ptedchozich experimentech byla pouZzita pida z Ptibrami, kontaminovana
v disledku dlouhodobé dilni ahutni Cinnosti. V poslednim pokusu byla zvolena
nekontaminovana puda obohacena pfidavkem rizikovych prvki (Cd, Pb, Zn) v koncentracich
srovnatelnych s pudou z Piibrami. Tento ptistup byl zvolen proto, aby mohla byt porovnana
biochemicka odezva rostlin rostoucich jak v kontaminované, tak i v nekontaminované pudé.
V pudé byly péstovany rostliny ve sledu Spenat — hoicice — Spendt a byl sledovan vliv
aplikace biocharu a komeréné dostupného aktivniho uhli na ptistupnost prvka rostlinam a vliv

na oxidativni stres rostlin.

5.1 Fyzikalni a chemické vlastnosti biocharii jako vysledek rozdilnych vstupnich
materiali a teplot pyrolyzy: predurcuji osud téchto materialit v piidé?

Velka diverzita vstupnich materiali a stejné tak irizné postupy pyrolyzy (teplota,

doba zdrZeni, atd.) ovliviiuji kvalitu vysledného biocharu avedou k vysoce rozdilnym

chemickym (obsah uhliku, zastoupeni dal$i prvkid, mnozstvi funkénich skupin) a fyzikdlnim
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(velikost specifického povrchu, struktura, distribuce pord) vlastnostem (Keiluweit a kol.,
2010; Sohi a kol., 2010; Mohan a kol., 2006; Fu a kol., 2009; Ahmad a kol., 2012; Lua a kol.,
2004; Lua akol., 2006; Biendova a kol., 2017). Znalost fyzikalnich vlastnosti biocharu je
nezbytna vzhledem K interakcim v pidnim systému, které jsou podminény t€mito vlastnostmi
(Downie a kol., 2009). Aller (2016) shrnuje dostupna publikovana data tykajici se fyzikalnich
vlastnosti biochari a zavérem udava, ze Vv porovnani S ostatnimi vlastnostmi biocharu jsou
tato data nedostate¢nd pro komplexni hodnoceni vlastnosti biocharu.

Zhao a kol. (2013) hodnotili efekt vstupniho materialu a finalni teploty pyrolyzy na pH
biocharu. Zjistili, Ze tato vlastnost je pfedevS§im podminéna teplotou pyrolyzy. V nasi studii
byla potvrzena linearni korelace teploty pyrolyzy a hodnoty pH vysledného biocharu.

Aplikuje-li se biochar do pudy, polocas rozpadu se udava v fadu tisice let, pokud je
pomér obsahu kysliku K uhliku nizsi nez 0,2. Tudiz lze piedpokladat, ze biochary ptipravené
v nasem experimentu budou Vv pudé stabilni (Spokas, 2010). Jestlize porovname molarni
poméry nasich materidlli S organickymi slozkami vlastnimi ptd¢, jsou tyto poméry U biochart
niz§i (pomér O /C u huminovych je obvykle 0,5 a u fulvo kyselin 0,7 ; pomér H /C u obou
typt kyselin se blizi 1,0 (Stevenson, 1994).

Fyzikalni vlastnosti biocharu, jakymi jsou jeho specificky povrch, objem poéra
I pramérna velikost port, jsou obvykle spojovany S jeho schopnosti sorpce, vodozadrznosti,
atudiz souvisi s pusobenim biocharu na pudni strukturu, mobilitu kontaminanti a jeho
interakci s mikroorganismy (Zhao a kol., 2013).

Specificky povrch biocharu ur¢eny BET metodou (Sger) vzrustal logaritmicky (dievo
bez kury: R?=0,98; dievo s kiirou: R?=0,98; kukufice: R?=0,89; lu¢ni seno: R*=0,99; slama
pSenice ozimé: R?=0,94; zrno pSenice ozimé: R220,55) se vzristajici findlni teplotou
pyrolyzy. Napitiklad specificky povrch biocharu z kornatého dieva vzristal z 124,4 m? g tna
428,1 m%.g " z kukufice z hodnoty 4,75 na 105 m%.g ™ Tento jev je pravdépodobn& zpiisoben
unikem tékavé organické slozky ze vstupniho materialu, ¢imz dochazi k tvorbé poért ve
vysledném produktu, biocharu (Downie a kol., 2009).

Bachmann a kol. (2016) uvadéji, ze uréovani specifického povrchu podle BET modelu
je zavislé na velikosti adistribuci pért, atak muze vést K pfecenovani ¢i podcenovani
celkového specifického povrchu zavisejiciho na poméru parcialniho tlaku méfeni a na typu
pori dominujicich v analyzovaném vzorku. Vétsina dostupné literatury vénujici se biocharu
uvadi specificky povrch uréeny metodou BET, je ale zapotiebi dal§iho vyzkumu pro uréeni

vztahu téchto méfeni K mnozstvi reaktivnich mist povrchu biocharu (Brewer, 2009). Tudiz by
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se obecn¢ dalo navrhnout, ze specificky povrch biocharu uréeny BET metodou je vhodné
doplnit dal$imi vlastnostmi povrchu pro dikladngjsi ur€eni vlastnosti tohoto materialu.

Struktura pora ovliviiuje fyzikalni, chemické i biologické vlastnosti pudy, jako je
difize plynu, distribuce azadrznost vody, mechanickd odolnost, dynamika uhliku, vyskyt
mikrobl a pronikani kofent (Zaffar, a kol., 2015). Distribuce a velikost port je klicovy
parametr v charakteristice porézniho aktivniho uhli (Jiménez-Cordero akol., 2013). Tvar
adsorp¢nich izoterem urcujicich velikost port v materialech ziskanych pyrolyzou v nasi studii
koresponduje s 1. alll. typem dle ITUPAC (2015). Profil izoterem naznauje piitomnost
velkého mnozstvi mikroport ve vSech vzorcich biocharu, ato ve vétsi mife v biocharech ze
dfeva oproti materidliim z bylinné biomasy.

Jestlize uvazujeme 0 poréznim biocharu pro ucéely pudni aplikace, 1ze toto aditivum
srovnat s poréznimi jilovitymi mineraly bézné se vyskytujicimi v ptid€. Objem pori biochart
z dfevni biomasy je srovnatelny s p¥irodnim zeolitem (~0,3 cm®.g™; Herron and Corbin,
1995) & montmorillonitem (~0,21 cm®.g ™; Diamond, 1970), pfi¢emZ objem port biochari
Z bylinné biomasy je nizsi.

Hustota a porozita jsou zdkladnimi fyzikalnimi charakteristikami, které hraji jednu
z hlavnich roli urcujicich stabilitu dievéného uhli v pidé (Massiello a kol., 2012). Zatimco
skute¢na hustota biochart pfipravenych vV nasem experimentu se zvySovala S finalni teplotou
pyrolyzy, zdanlivd hustota téchto materiali slabé klesala nebo nebyl sledovan Zadny vliv
finalni teploty pyrolyzy.

Porozita biocharu zavisela na vstupnim materidlu a findlni teplota pyrolyzy tuto
vlastnost neovlivnila. Naptiklad porozita biocharu z dfevni biomasy se pohybovala v rozmezi
od 54 do 58 % napti¢ zkouSenymi teplotami pyrolyzy. Porozita je povazovana jako zasadni
vlastnost umoziujici v dané matrici zadrZzovat vodu. Biochary pfipravené za nizkych teplot
pyrolyzy se vyznacuji niZs§i schopnosti poutat vodu, avSak poutaji stejné mnoZzstvi etanolu. To
naznacuje, ze rozdily V zadrznosti vody V materidlech pfipravenych za rtiznych teplot
pyrolyzy reflektuji spiSe rozdily v hydrofobnim charakteru (Gray akol., 2014). Podobné
Brewer a kol. (2014) popisuji vysledky méteni skutecné a zdanlivé hustoty biocharu. Jejich
zjisténé hodnoty skutené hustoty se pohybuji v rozmezi od 1,34 g.cm™do 1,96 g.cm™a jsou
srovnatelné s nasimi vysledky. Hodnoty zdanlivé hustoty (0,25 g.cm™>do 0,60 g.cm™) se
pohybovaly v niz§im rozmezi nez v této praci. Navic byly pozorovany vyssi hodnoty tohoto

parametru u biocharu z dfevni biomasy nez z bylinné.
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5.2 Biochar a jeho schopnost sorpce kadmia, olova a zinku

Ve srovnani s vychozi surovinou byly rizikové prvky zakoncentrovany v ptipraveném
biocharu. Ctyfikrat vys§i obsah zinku byl detekovan V biocharu ze dfeva, desetkrat vyssi
v biocharu z kukutice a Sestkrat vyssi v nekontaminovaném biocharu oproti obsahiim ve
vstupnich materidlech. V porovnani se vstupnimi materialy je obsah kadmia nizsi
v ptipravenych biocharech, coz potvrzuje tékavost kadmia pii vysSich teplotach pyrolyzy
(Stals a kol., 2010). Problematika zachycovani kadmia pfi pyrolyze dale zistava oteviena
dal$imu vyzkumu.

V desorpcnim experimentu se ze sledovanych matric nejvice uvolnoval zinek, ato
ziejm¢ diky jeho vysokému obsahu Vv biocharu v porovnani s ostatnimi sledovanymi prvky.
Extrakce zinku byla nejvyssi z biocharu z kukutice a kontaminovaného dieva (az 25 %) ve
srovnani S biocharem z nekontaminovaného dfeva ataké s pudou, predev§im Vv kyselém
prostiedi roztoku CH3COOH. Jestlize uvaZzujeme zinek nejen jako rizikovy prvek, ale také
jako mikrozivinu, pak jeho pomalé uvoliiovani nemusi znamenat zpétnou kontaminaci pudy.
Naopak by tento biochar mohl byt vyuzit jako hnojivo s pozvolna se uvolnujici zivinou,
zinkem, vhodné Kk aplikaci na ptudach s deficitem tohoto prvku. Tuto problematiku jiz popisuji
autofi Evangelou a kol. (2014) a Biendova a kol. (2016).

Pro popis sorpénich schopnosti biocharu ve smésich s pidou byly pouzity sorpéni
izotermy. Sorpcni schopnost smési biocharu Spidou byla porovnavana se sorpénimi
schopnostmi pidy samotné. Bylo pozorovano, ze vSechny sledované typy biochar sorpéni
schopnost pidy zvySuji. Podobné jak uvadi Uchymia a kol. (2011a, b, c), i v nasi studii bylo
zfejmé, Ze sorpcni schopnost biocharu silné zavisi na typu sorbovaného iontu (Vv nasi studii
byl pozorovan trend intenzity sorpce: Cd*’<Zn®*<<Pb?"). Ipies rozdilny typ biocharu
(ptipraveny z hovéziho hnoje za nizsi teploty pyrolyzy, tj. 350°C ), sled maximalni sorp¢ni
kapacity pro dané ionty byl obdobny iV dalsich publikacich, napt. Xu a kol. (2013) a Cao
akol. (2009) ato: Zn?*<Cd**<<Pb®*. Tyto vysledky poukazuji na silnou afinitu olova na
biocharovou matrici oproti ostatnim sledovanym prvkim. Vysokou G¢innost sorpce olova ve
srovnani S kadmiem doklada ipublikace Mohan akol. (2007). Ackoliv nejvyssi sorpéni
kapacita byla zjisténa umatrice biocharu z kukutice + puada, nelze vtomto ptipadé
namodelovat izotermy dle Langmuirova modelu. Sorp¢ni izotermy jednotlivych smési obou
druhti dieva a pudy jsou srovnatelné. Xu a kol. (2013) zjistili, ze vice nez 75 % retence kovi
se pfipisuje srazeni, zvlast¢ diky karbondtovym funkénim skupinam. Proto rozdily
Vv piitomnosti konkrétnich funk¢nich skupin u jednotlivych biochart mohou byt vztazeny
K jejich riznému chovani v pude¢.
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Aplikace biocharu do pudy zvysuje jeji hodnotu pH (Lehmann, 2007a). Zvyseni pH
pudy muize vést ke zvySeni negativniho povrchového naboje a tudiz lze ocekavat, ze afinita
pudy spolu sbiocharem ke kationtim vzroste (Jiang akol., 2012). ZlepSujici efekt
aplikovaného biocharu do kyselé¢ pudy — spocivajici bud’ ve zvySeni pH piidy nebo lepsi
retenci zivin, piipadné obéma faktory — popsali Yuan akol. (2011). V na$i studii jsme
pozorovali vysokou afinitu sledovanych kovii na matrice biochar + puda pfi jejich nizsich
koncentracich v roztoku. Tento jev byl provazen vysokym pH systému. Nasledné bylo
pozorovano, 7e sorpce kationtli kovil byla doprovazena uvoliiovanim H ™ iontl zpét do
podobn¢ jako to zaznamenali Mustafa a kol. (2002). Diky schopnosti biocharu z kukufice
zvysit pH systému aZ na hodnotu 9 doslo ke sraZeni iontd Cd a Zn (az 80 % Cd?*, Zn ™).
Toto chovani bylo vyvozeno na zakladé dle modelovani dat softwarem Visual MINTEQ
(mnozstvi aniontli uvolnénych z pidy bylo zanedbano). Jestlize jsme vzali v potaz obsah
aniontd v pudé (SO, 3,2mmol.L™ PO.*: 1,6 mmol.L™; extrahovano KNO3), bylo
zjisténo, ze az 98 % Cd bylo s nejvyssi pravdépodobnosti vysrazeno jako komplexy se sulfaty
a hydroxidy, ato v celé koncentra¢ni fadé¢ ptidavaného kadmia. Zinek mohl byt taktéz
vysrazen S fosforeCnany v matrici biochar z kukufice + puda a v matrici nekontaminované
nepiimo, ale vyznamné ovliviiuje sorpci rizikovych prvki v pade.

Opacny trend byl pozorovan pfi sorpci olova na matrice biochar z kukutice a dieva +
puda, kde pH systémil témétr nevzrustalo pii vzristajici koncentraci sorbovaného kovu.
Sorpce by vtomto piipadé mohla byt vysvétlena pfitomnosti amorfniho SiO, v obou
matricich, k némuZ mohou mit ionty Pb%* silnou afinitu. Této vlastnosti vyuzili Hao a kol.
(2012), ktefi popsali kompozit SiO./grafen s vysokou sorpéni efektivitou a schopnosti
navozeni rychlé sorpéni rovnovéhy jako prakticky sorbent Pb®* iontu. Lu akol. (2012)
pozorovali pii sorpci olova na biocharu z Cistirenského kalu srazeni tohoto kovu
s fosfatosilikatovym komplexem, a tudiz potvrzuji podstatnou roli silikatu pii sorpci olova.
lonty Pb?* v systému biochar z nekontaminovaného dieva + piida byly ziejms vysraZeny jako
Pb(SO,), atak se pH systému snizovalo za uvoliiovani H * pii srazeni vyssich koncentraci
tohoto kationtu.

Data ziskana vsadkovym experimentem byla také modelovana pomoci Langmuirovy
izotermy. Dle Nash-Sutcliffova koeficientu efektivnosti modelu (E ) (Nash a Sutcliffe, 1970),
je Langmuirova izoterma vhodné&j$i pro popis sledovanych matric ajejich sorpénich

schopnosti ve srovnani S jinymi modely. K podobnym zavéram, dospéli i Mohan a kol.
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(2007), kteti studovali vlastnosti biocharu ze dieva, pyrolyzovaného pii 450°C. Diky tomu, ze
naSe data odpovidaji danému modelu, 1ze shrnout, ze povrch matric je homogenni, sorpce
ionti kovli je monovrstevna asorbované ionty nemohou byt vzijemné ovliviiovany
(Langmuir, 1916). Maximalni sorp¢ni kapacity sledovanych matric byly sefazeny dle
nejvyssich hodnot pro jednotlivé kovy: biochar zkukufice + puada> biochar
z nekontaminovaného dfeva + puada>pida pro olovo; biochar ze dfeva > biochar
Z nekontaminovaného difeva > biochar z kukufice pro kadmium a biochar z kukufice >

biochar z nekontaminovaného dieva > biochar ze dieva pro zinek.

5.3 Biochar a jeho vliv na rist rostlin a pohyb rizikovych prvkii v kontaminované pudé

Legislativa zatim neupravuje limity pro obsahy rizikovych prvka v biocharu pii jeho
aplikaci do pady. Mezindrodni iniciativa pro biochar (International Biochar Initiative)
navrhuje nasledujici maximalni obsahy vybranych prvkl v biocharu, pokud je uvazovan jako
pidni aditivum: Cd: 1.4 -39, Zn: 416-7400 and Pb: 121-300 mg.kg™" Biochar pouZity v nasi
studii je dle téchto kritérii vhodny pro aplikaci do pudy (biochar-internationl.org). Vyhlaskou
153/2016 Sb. jsou dany indikacni hodnoty pro obsah kadmia, olova azinku v puadé.
Piekroc¢enim téchto hodnot pro kadmium a olovo mize byt ohrozena zdravotni nezavadnost
potravin a krmiv a piekro¢enim hodnoty obsahu zinku muze byt podezieni z ohroZeni ristu
rostlin a produkéni funkce pudy. Obsahy prvkd v pidé zkoumané Vv nasem experimentu
pievysovaly tyto hodnoty nékolikanasobné (Cd: 27krat, Pb: 12krat a zinek 14krat). Aluvialni
uzemi feky Litavky, odkud zemina pro experiment prochazi, bylo diive studovano Vainkem
a kol. (2005). Tito autofi zjistili, ze V povodiiovych oblastech byl primérny obsah Cd, Pb a Zn
vorné padé 34; 2979; a3363 mg.kg™ K vysoké kontaminaci doglo v disledku protrzeni
zadrznych lagun kovohuti a odpad byl vyplaven a rozsiten do nivy feky Litavky v disledku
povodni (Borivka and Vacha, 2006; Borivka a kol., 1996). Rizikové prvky kontaminujici
fluvizemé se vyznacuji vysokou rozpustnosti (Vacha akol., 2002), tudiz takto extrémné
zatizena pida vyzadovala specificky pfistup ametody, aby se piedeSlo Sifeni téchto
rizikovych prvkil do potravniho fetézce.

Ackoliv Novak a kol. (2016) popsali nejednoznac¢ny vliv biocharu na vynos péstované
biomasy, nase vysledky dokazuji pozitivni ptisobeni biocharu na jeji produkci: zvySeni
vynosu biomasy V prvnim a druhém roce péstovani. Meers a kol. (2007) péstovali vrby na

kontaminované piidé v nadobovém experimentu (5 mg Cd kg ™ 275 mg Zn kg ™

; vyluh
lu¢avkou kralovskou) a doséhli vynosu (nadzemni biomasa) 1,4 g .rostlina™ v 3 kg pudy.

V nasem experimentu jsme testovali extrémné kontaminovanou ptdu a na varianté, kde bylo
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aplikovano 5 % biocharu, jsme dosahli vynosu 10 g na rostlinu v prvnim roce péstovani,
nizsiho pak v roce druhém. Aplikace biocharu potlacila fytotoxicitu extrémné kontaminované
pudy ve dvou po sob¢ jdoucich sezonach péstovani.

Vzhledem k tomu, ze zinek je pro rostliny mikrozivina, bylo mozno pfedpokladat, ze
ho rostliny budou akumulovat ve vyssSich koncentracich nez olovo a kadmium (Tlustos$ a kol.,
2007). Koncentrace zinku ve vétvich se pohybovaly Vrozmezich 1828-2103 mg.kg
1 vprvnim roce, 2070-3442 mg.kg've druhém a2980-3505 mg.kglve tietim roce
péstovani. Statisticky vyznamné nejvy$$i schopnost odebirat zinek z pudy do pletiv byla
pozorovana U rostlin vrb na varianté, kde bylo aplikovano 15 % biocharu, v prvnim a druhém
roce péstovani. Vondrackova a kol. (2015) péstovali vrby na padé ze stejné lokality jako
v naSem experimentu a obsah zinku v pletivech stanovali v rozmezi 2074-3488 mg.kg™ tedy
srovnatelné s nasimi hodnotami. Obsah kadmia a zinku v listech byl nékolikanasobné vyssi
oproti vétvim, tento jev pozorovali iLettens akol. (2011), kteti popsali zvySujici se
koncentraci prvku v listech ke konci vegetace. Robinson a kol. (2000) navrhuje kvili vysoké
koncentraci Cd aZn kazdoro¢ni sklizeni listové biomasy, aby se zabranilo zpétnému
uvolnovani akumulovanych prvki do prostiedi rozkladem opadanych listi. Odlisné chovani
se projevilo ve tietim roce péstovani, kdy nebyl zaznamenan zadny rozdil mezi variantami
v akumulaci a koncentraci kadmia a zinku, a vynos biomasy byl nejnizsi pti srovnani vsech tii
sezon.

Hodnota obsahu zinku povazovana za hrani¢ni pro projev fytotoxicity je 400 mg.kg
! (Kabata Pendias a Pendias, 2001). A&koliv byla tato hodnota ve sledovanych rostlinach
nckolikanasobné piekrocena, rostliny na variantach s biocharem neprojevily Zadné znamky
fytotoxicity v prvnim adruhém roce péstovani. Beesley akol. (2010) popsali snizeni
fytotoxického pisobeni zinku diky ptidavku biocharu do pudy pii testu fytotoxicity na
semenech. Nase studie tudiz mize toto tvrzeni potvrdit a navic pozitivni pisobeni biocharu
roz8ifit také na celé rostliny. OvSem pozitivni efekt nemél dlouhotrvajici ucinek, byl
pozorovan pouze ve dvou ze tii let pozorovani. Naproti tomu Shen akol. (2016) popsali
snizeni dostupného obsahu zinku a niklu (stanoveného ve vyluhu kyselinou uhli¢itou) v pudé
oSetiené biocharem a kompostem po tfech letech spoluptisobeni V polnich podminkach.
V jejich studii vSak byla kontaminace zinku v pidé zna¢né nizsi nez v nasi, a tak i pozitivné
pusobici davka biocharu byla Vv jejich studii nizsi (<5 %).

Redukce mobilniho obsahu rizikovych prvka (stanoveno ve vyluzich riznymi
extrakénimi ¢inidly) riznych matric vlivem alkalickych materiald pozorovali napiiklad Jiang

a kol. (2012); Ciccu a kol. (2003). Ve vyluhu silnéjsi kyselinou octovou zjistili Jiang a kol.
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(2012) snizeni obsahu kadmia 0 86 %, po pridani 3 % biocharu a nenalezli vyznamny rozdil
mezi davkou 3a5% biocharu. Ciccu akol. (2003) sledovali vlivem aplikace popilku
a ¢erveného kalu do ptdy snizeni vyluhovatelnosti zinku az 0 99 %. V naSem experimentu byl
v perkolatu obsah zinku a kadmia redukovan 0 97 % (pramér ze vSech stanoveni na vSech
variantach) na vSech variantach, kde byl aplikovan biochar ve srovnani s kontrolou. Obsah
olova v perkolatu byl pod mezi detekce stanoveni. OvSem pouze V prvnich dvou letech
experimentu. Ve tfetim roce péstovani se koncentrace kadmia Vv perkolatu zvysila 0 37 %,
300 % a 207 %, zinku 0 15 %, 150 % a 124 % na variantach 5 %, 10 % a 15 % aplikovaného
biocharu (prvni odbér ve tfetim roce), pii ¢emz koncentrace olova zlstala pod mezi detekce.
Zda se, ze rozhodujicim faktorem, ktery ovlivnil pribéh experimentu, je hodnota pH. V prvni
a druhém roce pH perkolatu vzristalo se vzristajici ddvkou biocharu. Ve tietim roce nebyl
zjistén rozdil mezi variantami a hodnota pH perkolatu klesla 0 1,5. Laird a kol. (2010a, b)
popsali v kolonovém experimentu zvySeni pH vyluhu na variantach, kde byl aplikovan
biochar o jednotku Vv porovnani S kontrolou bez biocharu (davka biocharu 0,5; 1,2 %j;
experiment bez rostlin, trvani experimentu: 500 dnd). Doerge a Garden (1984) vysvétluji
reacidifikaci vapnéné pudy okyselujicimi procesy jako je napiiklad nitrifikace. CO, je
uvoliiovan rostlinami, mikrobidlni respiraci, mineralizaci organick¢ hmoty a disociaci
organickych kyselin. VSechny tyto aspekty mohou vést ke snizeni pH piady. Bradl (2004)
popisuje uvoliovani H ™ iontll pfi sorpci kovill, coz V naSem piipadé mohlo také hrat roli.
Houben a kol. (2013) pozorovali imobilizaci kadmia, olova a zinku po aplikaci biocharu
(snizeni extrahovatelného podilu téchto prvka v 0,01 mol.l 1 CaCly). Jakmile vsak hodnotu
pH ptdy snizili, zjistili, Ze uvoliiovani kovi pii pfesné¢ definovaném pH nebylo ovlivnéno
pfitomnosti biocharu. To naznacuje, ze aplikace biocharu nutné nevede k nové vytvofenym
slou¢eninam odolnym ke zménam pH, takze interakce mezi biocharem a sledovanymi prvky
je plné zavisla na pH a pfi acidifikaci je reverzibilni.

Dalsi otazky vyvolava nase pozorovani vyznamné redukce obsahu sledovanych prvka
v perkolatu a soucasn€ jen malé zmeény V jejich akumulaci do pletiv rostlin ve srovnani
s kontrolou. Diivodem miiZze byt schopnost rhizosféry rostlin zpfistupnit prvky rostlindm.
Mize také dojit K jisté kompetici prvki, kdy biochar imobilizuje nekteré kationty a jiné jsou
pak pfednostné pfijimany, jak to pozorovali Rees a kol. (2015) u hyperakumulatoru Nocaea
caerulescens, péstovaném na kontaminované pud¢, kde vlivem biocharu bylo docileno
zvySeného piijmu kadmia a zinku.

Tlustos a kol. (2007) stanovili fytoextrakéni potencial vrb na vysoce kontaminované

fluvizemi bez jakychkoliv imobiliza¢nich opatieni, kdy efektivnost fytoextrakce nepiekrocila
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1 % pro kadmium a zinek. Jako nevhodné remediacni opatieni tézce zatizenych pid oznacuji
fytoextraéni metody také Jensen a kol. (2009) s odiivodnénim nedostate¢né tvorby biomasy.
V prvnich dvou letech uz 5 % biocharu aplikovaného do siln¢ kontaminované pidy podpoftilo
rast vrb a tim i jejich fytoextrakeni potencial.

Po ukonceni experimentu byla piida podrobena sekvenéni analyze. Nejvyssi obsahy
kadmia a zinku byly stanoveny ve snadno rozpustné frakci. To je ve shod¢ s vysledky, které
publikovali Pustisek a kol. (2001). Tito autofi popsali riznou distribuci kadmia, olova a zinku
v uméle a prirozené kontaminované ptd¢. Pfirozené se kadmium a zinek vyskytuji predevsim
vazané na Fe/Mn oxidy (redukovatelna frakce) a silikaty, kdezto v kontaminovanych pidach
se tyto prvky vyskytuji predev§im ve snadno rozpustné frakci. NaSe vysledky ukazuji
sniZujici se obsah pozorovanych prvkl v této frakci na variantach s biocharem po tiech letech
pestovani a navysSeni zastoupeni kadmia v redukovatelné frakci. Zinek byl stanoven ve vyssi
mife iV oxidovatelné frakci. ZvySenim pH pudy Vv dusledku plsobeni biocharu dochazi
k zvySeni negativniho naboje na povrchu pudy, atak dochazi ke zvySeni sorpce kadmia
azinku (Chang akol., 2013). V nekontaminovanych ptadach je olovo obvykle vazano na
oxidovatelnou frakci, silikaty a sulfidy (Pustisek a kol., 2001). V kontaminovanych pudach je
olovo distribuovano hlavné v karbonatech a Fe/Mn oxidech (Stouraiti a kol., 2000) nebo ve
vyménné frakci (PustiSek a kol., 2001). V nasem ptipadé bylo pfedev§im vazano na Fe/Mn
oxidy. Afinita olova na Mn/Fe oxidy byla popsana (McKenzie, 1980; Vanék a kol., 2005)
a v pidé naseho experimentu byl stanoven vysoky obsah manganu i Zeleza (Mn: 6,0 g.kg™;
Fe: 3,2g.kg™). Mnozstvi organicky vazaného olova se zvysilo 02 % a v rezidulni frakei
03 % na varianté, kde bylo aplikovano 15 % biocharu. Liang a kol. (2014) ve své studii
aplikovali 5 % biocharu z kravského hnoje do kontaminované pudy a pozorovali podobnou
distribuci olova jako v nasem experimentu.

Ackoliv ne€které studie popisuji, Ze biochar zvySuje KVK pudy (Liang a kol., 2006;
Novak a kol., 2009a), v nasem experimentu se KVK pidy po tifech letech nezménila. Zjisténé
pH perkolatu v prvnich dvou letech péstovani poukazovalo na zvySeni pH pudy. Takzvany
»liming efekt“ biocharu popsali jiz Yuan akol. (2011). Rentgenova difrakce biocharu
poukazuje na to, ze karbonaty jsou hlavni alkalickou slozkou biocharu. Jestlize biochar
prispiva ke zménam pH plidy podobné jako véapnéni, z vysledkli nasi studie vyplyva, Ze

i aplikace biocharu bude nutné pravidelné opakovat.
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5.4 Biochar piipraveny z kontaminované biomasy a jeho piisobeni na rist rostlin

Gregory a kol. (2014) sledovali, Ze aplikace biocharu v ddvce 1 -2 % zvysila vynos
nadzemni biomasy dvakrat a kofenové biomasy ttikrat oproti kontrole bez biocharu. V nasi
studii dokumentujeme, Ze biochar pfipraveny z kontaminované biomasy tvorbu biomasy
podporuje, ato piedevsim na kontaminované pud¢ u Spenatu. V piipadé hoicice byl efekt
biocharu nizky, ale nizky efekt ptisobeni uhlikatych aditiv na vynos biomasy rostlin z ¢eledi
Brassicaceae zaznamenali napt. i Rees a kol. (2015).

Negativni vliv rizikovych prvki (v davkach Pb 300 mgkg™ Cd 0,5 mg.kg™ Zn 250
mg.kg™) na tvorbu biomasy Spenatu popsali Ali akol. (2015). Nase vysledky ukazaly, Ze
aplikaci biocharu bylo dosazeno vyssSich vynosti na kontaminovanych variantach (Cd: 10
mg.kg™; Ph: 300 mg.kgta zZn: 450 mg.kg?). Gartler akol. (2013) docilili biofortifikace
zeleniny zinkem pfi pouziti biocharu jako aditiva do substratu. V nasem experimentu doslo
K vyssi schopnosti Spenatu akumulovat zinek — pii vy$8im vynosu — ve variantach, kde byl
aplikovan biochar (400-450 mg.kg™ ). Biochar a aktivni uhli byly popsany jako vhodna média
snizujici dostupnost kadmia i zinku rostlinam (Shaheen a kol., 2015). Schopnost imobilizovat
tézké kovy byly Vv nasi studii pozorovany predevSim na variantidch, kde bylo aplikovano
aktivni uhli. Rees a kol. (2015) uvadéji, ze zvySeni pH aplikaci biocharu je pravé ten faktor,
ktery ovliviiuje systém puda — rostlina. A dale vyvozuji, ze efektivita biocharu se vlivem
reacidifikace tudiz snizi s ¢asem. V nasem experimentu bylo stanoveno pH pud az po jeho
ukonceni a bylo zjisténo, ze biochar a aktivni uhli nezvysily pH sledovanych ptd.

Vysledky nasi studie popisuji reakci metabolismu aminokyselin V rostlinach Spenétu
ahof¢ice Vv pfitomnosti aktivniho uhli abiocharu vpidé na kontaminované
I nekontaminované pud¢é. Vyznamna role aminokyselin vV metabolismu rostlin ve stresovych
podminkach je znama (napf. Kumar a kol., 2014; Sharma a Dietz, 2006; Zagorchev a kol.,
2013). Efekt biocharu na tvorbu téchto metabolitt popisuje pouze Younis a kol. (2015a,b ),
ktefi stanovovali celkovy obsah aminokyselin ve S$penatu a piskavici péstovanych na
kontaminované pudé (Cd a Ni) spiidavkem biocharu. Pavlik akol. (2010) uvadéji, ze
metabolismus aminokyselin hraje velkou roli v rezistenci rostlin vici abiotickym stresim. To
se potvrdilo v nasi studii, kde byla nalezena niz$i hodnota sou¢tu obsahu aminokyselin na
kontaminované pudé ve srovnani S nekontaminovanou. Snizeni obsahu aminokyselin je
zfejme zpusobeno jejich vyuzitim rostliny pii obrané proti zvysenému obsahu tézkych kovi
v pid¢. Funkce aminokyselin pii téchto pochodech byla pozorovana pti poutani té¢zkych kovii,
antioxidacnich procesech, osmotickych procesech a tvorbé fytochelatinti (Kumar a kol., 2014;
Sharma a Dietz 2006; Zagorchev a kol., 2013). Rozdily v metabolismu aminokyselin byly
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V naSem experimentu zavislé nejen na pfitomnosti zvySenych obsahti prvkda, ale také na druhu
pozorované rostliny. Pfitomnost biocharu v kontaminované pidé zvysila obsah aminokyselin
ve $penatu a nasledné péstované hoi¢ici oproti kontrole, coz potvrzuji i Younis a kol. (2015a).

Podobné vysledky byly pozorovany i pro aktivni uhli.
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6. Zavér

Pfirodni zdroje jsou jedineCné aje tfeba 0 n¢ nalezit¢ pecCovat. Pida je jednim
Z hlavnich zdroji Zivota. Kontaminace antropogennimi aktivitami jsou zavazné, a to tim spise
jedna-li se o kontaminaci prvky, které nedegraduji a z pidy se obtizné odstranuji. Ve své
praci jsem navazala na dlouhodoby vyzkum svych mentorti a kolegii z Katedry tykajici se
vyzkumu oblasti Pfibramska a moZnostmi ozdravéni zdejS$i kontaminované pudy. V této
lokalité jiz byly zavedeny fytoextrakéni aVv men$i mife stabilizatni metody remediace.
Vyuziti moderniho materialu biocharu nabizi urcity potencial pii zavadéni ucinnych
remediacnich postupll zejména na vysoce kontaminované pade.

Pii fytoextrakénich postupech byla vyprodukovana kontaminovana biomasa, kterou —
bylinnou idfevni — jsme podrobili pyrolyze asledovali fyzikalni achemické vlastnosti
biocharu. Vlastnosti pfipravenych biochari zavisely vyznamné na vstupni biomase a teploté
pyrolyzy. Mezi parametry vstupni biomasy a vysledného biocharu se projevily specifické
vztahy, napt. vztah mezi obsahem ligninu (logaritmicky) a popela (linearni) ve vstupni
biomase a tvorbou poru. Biochar z dfevni biomasy vykazoval vys§i hodnoty specifického
povrchu oproti biocharu z biomasy bylinné (nejvyssi specificky povrch byl stanoven
u biocharu piipraveného z dievni biomasy: 511 m?. g ™) a obsahoval vyssi obsah mikropori.
Jestlize se uvazuje, ze bude pfipraveny biochar aplikovan do pidy pro sorpéni ucely, biochar
z dfevni biomasy se diky svym povrchovym vlastnostem jevi jako vhodné&j§i material oproti
biocharu z rostlinné biomasy. Obecné by stanovené vlastnosti méli napomoci pii tvorbé
takzvaného biocharu na miru — pro konkrétni ucely konkrétniho mista.

Pti studiu sorpénich vlastnosti biocharti pfipravenych z kontaminované biomasy vrb,
kukufice a nekontaminovaného topolu (teplota pyrolyza 600 °C) jsme pozorovali Gspé$nou
imobilizaci sledovanych prvkid: kadmia, olova a zinku. Pomoci modelt sorpénich izoterem
a softwaru VisualMinteq byla zjisténa vysoka afinita sledovanych prvka ke smésim piady
s biocharem ajako hlavni faktor ovliviiujici imobilizaci Cd, Pb aZn bylo pH systému.
Dilezité zjisténi bylo, Ze se sledované tézké kovy z biochari v kratkodobém laboratornim
testu zpétné€ neuvoliiovaly.

Nadobovy lyzimetricky experiment probihal po dobu tii let. Do extrémné
kontaminované pudy byl aplikovan komeréné dostupny biochar a v nadobach péstovany vrby.
V prvnich dvou letech jsme zaznamenali pozitivni u€inky biocharu, rist biomasy bez
fytotoxickych symptomu oproti kontrole jiz na varianté, kde bylo aplikovano 5 % biocharu.

Obsah Cd, Pb a Zn v perkolatu se s biocharem snizil, pH prusakové vody se zvysilo. OvSem
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ve tfetim roce se narust biomasy oproti kontrole nelisil aobsah sledovanych kovi se
Vv perkolatu rapidné zvysil, zatimco pH se naopak snizilo. Mozna pfic¢ina byla ziejmé
reacidifikace pudy. Vysledky tohoto experimentu naznacuji, Ze biochar by bylo zapotiebi
V polnich — tedy redlnych — podminkach aplikovat opakované. Dalsi vyzkum V podobné
polniho experimentu je V tomto piipadé€ z hlediska praxe nutny.

Pfi studiu vlivu biocharu na rst rostlin byl do ptidy aplikovan biochar vlastni vyroby,
z kontaminované biomasy vrb a byly porovnany jeho G¢inky na rust rostlin v kontaminované
pudé v porovnani s piidavkem s aktivnim uhlim. Byl zjistén pozitivni vliv obou aditiv na rust
rostlin v kontaminované¢ pidé asoucasné¢ nebylo zjisténo negativni pusobeni

kontaminovaného biocharu na rtst péstovanych rostlin.
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